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ABSTRACT

This research was done to demonstrate the usefulness of the local structural geology characteristics to
predict indoor radon concentrations. The presence of geologic faults near dwellings increases the
vulnerability of the dwellings to elevated indoor radon by providing favorable pathways from the source
uranium-rich bedrock units to the surface. Kruskal—Wallis one-way analyses of variance by ranks were
used to determine the distance where faults have statistically significant influence on indoor radon
concentrations. The great-circle distance between the 640 spatially referenced basement radon con-
centration measurements and the nearest fault was calculated using the Haversine formula and the
spherical law of cosines. It was shown that dwellings located less than 150 m from a major fault had a
higher radon potential. The 150 m threshold was determined using Kruskal—Wallis ANOVA on: (1) all the
basement radon measurements dataset and; (2) the basement radon measurements located on uranium-
rich bedrock units only. The results indicated that 22.8% of the dwellings located less than 150 m from a
fault exceeded the Canadian radon guideline of 200 Bq/m> when using all the basement radon mea-
surements dataset. This percentage fell to 15.2% for the dwellings located between 150 m and 700 m
from a fault. When using only the basement radon measurements located on uranium-rich bedrock
units, these percentages were 30.7% (0—150 m) and 17.5% (150 m—700 m). The assessment and man-
agement of risk can be improved where structural geology characteristics base maps are available by
using this proxy indicator.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Radon is one of the six noble gases that occur naturally. Radon-
222 (*?Rn), the most stable radon isotope, is an indirect radioactive
product of uranium-238 (238U). Consequently, the main sources of
radon are the underlying rocks and soils (Borgoni et al., 2011;
Hunter et al., 2009; IARC, 1988; Kochis and Leavitt, 1997; Nazaroff
and Nero, 1988; Wattananikorn et al., 2008; Zhu et al., 1998). The
alpha-particles emitted from the decaying of radon and its proge-
nies represent the most important human exposure to ionizing
radiation from environmental source (Cosma et al., 2013; Genay
et al., 2006; Hauri et al., 2013). Epidemiological studies concluded
that 2?Rn and some of its daughter elements (especially polonium-
218 and polonium-214) are a major risk for lung cancer (Bochicchio,
2005; Darby et al., 2006) and are considered the second leading
cause of lung cancer after tobacco smoking (WHO, 2009). Turner
et al. (2011) noted a significant positive linear trend between
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lung cancer mortality and the categories of radon concentrations
(p = 0.02) from the data of the American Cancer Society Cancer
Prevention Study-II (CPS-II) prospective cohort. A 15% (95% confi-
dence interval 1-31%) increase in the risk to die from lung cancer
per each 100 Bq/m> radon was also observed. The 5-year survival
rate for lung cancer is less than 20% (CCS, 2014).

In Canada, approximately 3261 cases of lung cancer are attrib-
utable to high indoor radon concentration exposure annually (Chen
et al,, 2012). Canadian public health authorities asked for maps of
the radon potential to limit the radon exposure of its population.
British Columbia (Branion-Calles et al., 2015; Rauch and Henderson,
2013), Ontario (Ford et al., 2014) and Nova Scotia (O'Reilly et al.,
2013) prepared such radon risk maps along with a cross-Canada
residential radon survey that collected approximately 14,000 in-
door radon measurements (Health Canada, 2012; mapped in
Hystad et al., 2014). In the Province of Quebec, an Action plan about
radon was prepared by the Quebec intersectorial radon committee
(QIRC). Effective in 2008, the main objectives were to develop a
geogenic map of the radon potential for the Province of Quebec, to
use the map as a preventive tool and to sensitize its population to
the risk of high indoor radon concentration exposure. Drolet et al.
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(2013) established positive proportion relationships between the
bedrock units, the quaternary sediment deposits at the surface, the
equivalent uranium concentrations from surface gamma-ray mea-
surements, the uranium concentrations interpolated from
geochemical surveys in sediments and 1417 basement radon con-
centration measurements in Quebec. The Quebec map of the radon
potential based on radiogeochemical data was created using these
relationships (Drolet et al., 2014).

This provincial-scale study was conducted to highlight radon-
prone areas based on large scale predictors. The present paper fo-
cuses on the relevance of using local structural geology character-
istics as complementary data to improve the radon potential map
(prone areas). The research assumption is that using such com-
plementary data should enhance the effectiveness of the predicted
radon concentration in dwellings.

2. Material and methods
2.1. Available datasets

Four datasets were used: (1) major faults location, (2) bedrock
units, (3) quaternary surficial deposits and (4) basement radon
concentration measurements. The available airborne gamma-ray
measurements of equivalent uranium concentration within the
first 30 cm of earth surface and the uranium concentrations from
geochemical surveys in lake and water course sediments were not
included in this study because they are surficial surveys. The ob-
jectives of this study is to determine the relationships between
indoor radon concentrations and the presence (or not) of a fault in
the vicinity of the radon measurement points within or without
uranium-rich bedrock units. The uranium surficial surveys
mentioned above are not relevant for the study presented herein.

Both the fault locations and the bedrock unit base maps are
available on SIGEOM, a georeferenced geoscientific database pro-
vided by the Ministere de I'Energie et des Ressources naturelles of
Québec. The surficial sediments base map is a combination of nine
Quaternary geological maps (Dredge, 1983; Lamarche, 2011; Lasalle
and Tremblay, 1978; Parent, 2014; St-Onge, 2009; Veillette, 1996;
Veillette and Cloutier, 1993, 2014; Veillette et al., 2003). The base-
ment radon concentration dataset was made of 3983 measure-
ments from the ministére de la Santé et des Services sociaux (MSSS)
(Fig. 1). This dataset is made of 3374 basement radon measure-
ments performed by homeowners who asked for a radon test in
their dwelling on a voluntary basis that was compiled by the
Quebec Lung Association (QLA). Health Canada randomly sampled
the other 609 dwellings all around the Province of Quebec for their
basement radon concentrations. The basement radon concentra-
tions were preferred than the measurements on other dwelling
levels because they are generally higher and represent a worst case
scenario. The radon concentrations in basements are also more
directly related to the radon concentrations in the soil and bedrock
that surrounds the dwellings foundations. The rate at which radon
gas is diluted from basement to other floor levels is not necessarily
constant depending on external factors such as the type of house
and the indoor/outdoor air exchange. Using only the basement
radon measurements ensures a more homogeneous dataset. These
basement radon concentration measurements in dwellings are
sparsely distributed over the entire province but show a higher
density in highly populated areas such as Montréal, Québec City
and Gatineau areas. The addresses of the basement radon mea-
surements were geo-referenced using the G.0.LOC tool (Gestion
des opérations de localisation et de cartographie). G.0.LOC. is a free
application of the ministere de la Sécurité publique du Québec
(MSP) that accurately transforms the input addresses into
geographic coordinates.

2.2. Methodology

2.2.1. Calculation of the great-circle distances

The study was restricted to areas where the density of radon
measurements was significant on an extended area and where
detailed geological information including structural geology data
were available. The objective was to verify if a correlation exists
between radon gas concentrations in the basement of dwellings
and distance to existing faults. The Communauté métropolitaine de
Montréal (CMM) and the Communauté métropolitaine de Québec
(CMQ) were the selected areas because they are the most populated
of the Province of Quebec and have both the above cited selection
criteria. The numerous measurements ensured that the distances
between the faults and the basement radon measurements covered
a wide range of values and were then statistically reliable. Having
many measurements points in the vicinity of faults and also far
from them strengthen the statistical robustness of the established
relationships. The Gatineau area is a highly populated municipality
that could have been included in the study, but most of the base-
ment radon measurements in this zone are far from major faults.
Also, there are not many uranium-rich bedrock units in the Gati-
neau area, so it was not relevant to add these data in the study.
However, the basement radon measurements in the Gatineau area
were used as a validation dataset to test the approach for the non-
uranium-rich bedrock units.

The basement radon concentration measurements were super-
imposed on major faults identified on the geological base map
using the ESRI's ArcGIS 10.1 environment (ESRI, 2012). The distance
from the basement radon measurement point to the nearest fault
was calculated using the NEAR function (Fig. 2). The distances
calculated by this function are in the same units as the coordinate
system of the input features (major fault location and basement
radon concentration measurements). Using a geographic coordi-
nate system leads to a calculated NEAR distance in decimal degrees
(as opposed to linear units). However, the geographic coordinate
system (NAD 1983) was chosen for the input datasets because they
cover a large area. A projected coordinate system might involve
distortion at large scale (Natural Resources Canada, 2014), so the
calculated distance between the basement radon measurement
points and the nearest fault might be erroneous. The ArcGIS NEAR
function has the option to identify where in the fault polyline is the
nearest coordinates to the basement radon measurements point.

The great-circle distances between the basement radon mea-
surement points and the nearest fault point identified from the
ArcGIS NEAR function were calculated from the modified Haversine
formula (Eqs. (1) and (2)) (Robusto, 1957; Seema and Sheema,
2009) and the spherical law of cosines (Eq. (3)) (Chen et al,
2004). These equations assume a spherical earth and ignore the
ellipsoidal effects, but are accurate approximations to calculate the
distance between two points on earth knowing their coordinates.

DHAVERSINE = 2R * a tan2 (\/E vV1-— a) (Eq 1)
. . 2 (D2 — D1 ) 12 - 11
with a = sin 5 ) *cos (@1) cos(@y) sin 3
(Eq. 2)
Dcosines = R*cos™! [sin(@1) sin(@;)
+ c0s(@1) cos(@3) cos(Az — Aq)] (Eq. 3)

where D: distance between two points at the surface of earth (in m)

R: radius of the sphere
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2.2.2. Statistical analysis
Two approaches were investigated to determine the statistical
relationship between the basement radon concentration

measurements and the distance to faults. The first approach used
all the radon concentration measurements dataset in the CMM and
the CMQ areas. For the second approach, the statistical relation-
ships were determined only for the basement radon measurement
points located on high radon potential zones based on the bedrock
units and the surficial deposits criteria. The basement radon mea-
surement points located on non-uranium-rich bedrock units or
located on more than 3 m of low permeability surficial deposits
made of clay or silt were removed from the calculations. This sec-
ond approach was made in order to test the effect of faults on
basement radon concentrations in an environment where the
generation of the radon gas by the bedrock is potentially high.
Fig. 3A shows the location of the basement radon concentration
measurements and the faults in the CMM area whereas Fig. 3B
shows these datasets in the CMQ. A total of 2264 basement radon
measurement points were located in these two areas. The 2264
measurements were compared to the distances to the nearest fault
to evaluate if the radon potential is higher in the vicinity of faults.
Since the relationships between basement radon concentrations
and geological indicators are not straight forward, (i.e. a small
variation of the independent indicators are not necessarily associ-
ated with a proportional variation in radon concentration) (Drolet
et al., 2013), the distances to faults were discretized in classes
instead of working with a continuous dataset. Also, the statistical
study included only the basement radon concentration measure-
ments that were not further than 700 m from the nearest fault. The
presence of a fault in the underlying ground has a major impact on
the 222Rn concentrations in soil gas. However, the lateral contri-
bution of this favorable/permeable geological structure is less than
50 m each side of the fault (Ioannides et al., 2003; Swakon et al.,
2005; Varley and Flowers, 1993; Wiegand, 2001) (Fig. 4). Also, a
multi-factor scoring system used 50 m as a threshold when
determining the soil radon potential in Hong Kong (Tung et al.,
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Fig. 3. Location of the basement radon concentration measurements and the major faults in (A) the communauté métropolitaine de Montréal (CMM) and (B) the communauté
métropolitaine de Québec (CMQ).

2013). A larger range of distances between the radon measurement of levels and indoor/outdoor air exchange also play a role in the
points and the faults were considered and extended to 700 m indoor radon air levels (Hunter et al., 2009; Jelle, 2012; Kemski
because multiple structural factors such as type of house, number et al., 2001; Kropat et al., 2014). Finally, three conditions had to



12 J.-P. Drolet, R. Martel / Journal of Environmental Radioactivity 152 (2016) 8—15
ms
A1 ; ic l r
%0 i 200000 T Fesilon ot T T T T %00 Wp g ¢ s
5 180000 main fault . rRe?? T /,/
' Sl o
5. 160000 . R -400 5 ///
m g 120F _—"1¢
< 140000 2
s N I AP e
5 120000 Pomllon'c! - 300 0 10 20 30 40 50 & 70 80
5 branch fault o
= 100000 )
g /\ 1 K] h
£ 80000 . - 200 wl /\
~ 60000 LA \ A/ s /A
90 T T x S 4 M A E I \
so| A2 —o— ISeries] | 40000 RS &\ 4 \ om0 Sl )\
(AlphaGUARD method) l’g e e (VRN \ ) / \
70 1 20000 - “ »...z_\ » < / \
”g 60 - 1 1 1 1 L L \/ ‘ 0 »g 5 // \
Isof = 0 100 200 300 400 500 600 2 \
‘E‘m Distance (m) 2 / \
« g / \
8§ o1 gasl |/ \\
g Lr e
20t 3 / — B
& ‘ ™~
10+ A
0 (IO CHRPURS: TP (SRE] [N OO 0 S BRYO | ot T o8 T L
50 100 150 200 250 300 350 400 450 500 6 % 30 & % & T i6

Distance [m]

Distancealong the traverse (m)
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Flowers, 1993); (C) geological transect and ??°Rn profile across the Gerakarou fault in Greece (modified from (loannides et al., 2003).

be respected when discretizing the dependent criterion: (1) at least
50 basement radon concentration measurements were required
per class to be statistically relevant; (2) classes had to encompass
approximately the same number of radon measurements and; (3)
classes had to cover approximately an equal range of distances to
fault (modified from Drolet et al., 2013).

Kruskal—Wallis one-way analyses of variance on ranks (ANOVA)
were performed on the basement radon concentration measure-
ments within each class. One-way ANOVA have the capability to
calculate the strength of the relationships between indoor radon
concentrations and their dependent geological indicators
(Smethurst et al., 2012; Drolet et al., 2013, 2014). The p-values
calculated by the Kruskal-Wallis ANOVA allowed determining if
the medians of the basement radon concentrations within each
class were statistically similar or different than the ones within the
other classes. A threshold of 0.05 for the p-value was set. A p-value
above 0.05 meant that the compared classes shared a common
median of basement radon concentrations. For the sake of
simplicity, these classes will be stated as statistically similar
because they represent a similar radon potential level. The two
classes could then be merged together. The relationship between
the basement radon concentrations within each class and the dis-
tances to fault were determined by calculating:

- the percentage of dwellings exceeding the Canadian radon
guideline (200 Bq/m>);

- the percentage of dwellings exceeding the radon immediate
action level suggested by Health Canada (600 Bq/m?) (Health
Canada, 2014);

- the geometric mean (GM);

- the geometric standard deviation (GSD).

The second approach was done to verify if the relationship be-
tween the basement radon concentration measurements and the
distance to fault was stronger when only using radon measure-
ments located in a radon-prone area based on the bedrock units
and the surficial deposits. As a daughter element of 238U, 22?Rn
indoor concentration is more likely higher where uranium-rich
bedrock units are present. Potentially uranium-rich bedrock units
across Quebec were presented in Drolet et al. (2013). The type and
the thickness of the surficial deposits are also related to the indoor

radon levels. The radon gas generated by the underground sources
(uranium-rich bedrocks) must migrate through the soil and reach
the dwellings before decaying into his daughter element to have an
influence on the indoor radon concentration level. It is known that
fine grained surficial deposits like clay and silt create a barrier to
the vertical migration of radon gas (Alexander and Devocelle, 1997;
Miles and Ball, 1996). A uranium-rich bedrock unit not capped by a
silt/clay barrier was considered as a radon-prone area from a
geological point of view. If the silt/clay barrier was thinner than
3 m, it was not considered a barrier because most of the overburden
will be removed by excavation during dwelling construction. Drolet
etal.(2013) combined the source parameter (uranium-rich bedrock
units) and the migration parameter (surficial deposits) into a ge-
ology criterion.

The same methodology described previously (creating classes,
testing the statistical similarities from Kruskal—-Wallis ANOVA)
were performed on the basement radon concentration measure-
ments located in radon-prone areas based on the geology criterion.
The hypothesis was that the influence of the distance to fault might
be more important in zones where a more important source of
radon is present in bedrock. The effect of the presence of a natural
migration pathway (faults) on indoor radon concentrations was
more directly tested where the soil gas radon concentrations ten-
ded to be higher. The effect of a fault where the bedrock is non-
uranium-rich might only add noise to the statistical model.

3. Results
3.1. Calculation of the great-circle distances

The results obtained for all the 2264 radon measurements
points are not presented herein to avoid redundancy. The two
formulas give approximatively the same great-circle distances. The
maximum A distance between the Haversine formula and the
spherical law of cosines was 1.083 x 103 m.

3.2. Statistical analysis
The first statistical analysis included the all-basements radon

concentration dataset, whether they are located in a high radon
potential level area or not (based on the geology criterion) (Table 1).
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Table 1

Kruskal—Wallis one-way ANOVA on ranks on the five classes of distances between
the basement radon concentration points and the nearest fault. The median of
basement radon concentration (Bq/m?>) was added in parenthesis. Bold characters
are for classes that have a p-value above the threshold of 0.05.

Table 3

Kruskal—Wallis one-way ANOVA on ranks on the three classes of distances between
the basement radon concentration points and the nearest fault. The median of
basement radon concentration (Bq/m?) was added in parenthesis. Bold characters
are for classes that have a p-value above the threshold of 0.05.

Compared class 1 (median) Compared class 2 (median) p-value Compared class 1 (median) Compared class 2 (median) p-value
0-75 m (85) 75-150 m (78) 0.564 0-150 m (89) 150—300 m (59) 0.094
0—-75 m (85) 150—300 m (72) 0.048 0—-150 m (89) 300-700 m (63) 0.026
0-75 m (85) 300-500 m (70) 0.043 150-300 m (59) 300-700 m (63) 0.882
0-75 m (85) 500—700 m (56) 0.001

75—-150 m (78) 150—300 m (72) 0.232

75-150 m (78) 300-500 m (70) 0.194 ) o

75—150 m (78) 500—700 m (56) 0.013 concentration measurements within the “150—300 m” and
150-300 m (72) 300—500 m (70) 0.937 “300—700 m” classes was notably stronger having a p-value of
150-300 m (72) 500700 m (56) 0.120 0.882 against a p-value of 0.094 when comparing the “0—150 m”
300-500 m (70) 500-700 m (56) 0.126

The Kruskal—Wallis one-way ANOVA on ranks is a non-parametric
test. This test was chosen because the radon concentration dataset
are not from a normally distributed population (tested by Shapir-
o—Wilk tests). A p-value calculated by the Kruskal—Wallis ANOVA
above 0.05 means that the assumption that the two compared
classes shared a common median cannot be rejected at the 95%
confidence level, i.e. they include basement radon concentrations
that are statistically similar.

The “0—75 m” and “75—150 m” classes were merged because
they presented a statistically similar median radon potential based
on a high p-value of 0.564. The “75—150 m” class also had statistical
similarities with the “150—300 m” and “300—500 m” classes, but it
was more strongly related to the “0—75 m” class based on a higher
p-value (0.564 vs 0.232 and 0.194). Also, there were 22.9% and
22.8% of the basement radon concentration measurements that
exceeded the Canadian radon guideline of 200 Bg/m?® in the
“0—75 m” and “75—150 m” classes respectively (not shown in the
table). These percentages drop to 15.2% for the “150—300 m” class
and 17.0% for the “300—500 m” class. The strength of the statistical
relationship is then more important between the first two classes.
Proceeding with the same methodology led to merging the
“150—300 m”, “300—500 m” and “500—700 m” classes together
based on the calculated p-values. As a lexical distinction, classes
were renamed as a “group” after being merged. The two statistical
different groups created from the Kruskal—Wallis one-way ANOVA
on ranks are presented in Table 2.

The 540 basement radon concentration measurements were
located in radon-prone areas based on the geology criterion sug-
gested by Drolet et al. (2013, 2014) (358 in the CMM and 182 in the
CMQ). Only 212 measurements are closer than 700 m from the
nearest fault. Three classes of distances were created to respect the
three conditions cited above in the 2.2.2 section: “0—150 m”,
“150—300 m” and “300—700 m”. Table 3 shows the results of the
Kruskal—Wallis one-way ANOVA on ranks when comparing the
three classes. The “150—300 m” was statistically similar to the
“0—150 m” and “300—700 m” classes based on p-values above 0.05.
However, the statistical relationship between the basement radon

Table 2

and “150—300 m” classes. The percentage of basement radon
concentration measurements that exceeded the Canadian radon
guideline of 200 Bq/m> was also more similar for the two farthest
distance classes (18.6% and 16.7% compared to 30.7% for the
“0—150 m” class). The “150—300 m” and “300—700 m” classes were
merged for these reasons. The descriptive statistics and the Krus-
kal-Wallis one-way ANOVA results when comparing the
“0—150 m” class and the “150—700 m” group are shown in Table 4.

4. Discussion

The faults are mapped from different techniques depending on
the geological context. Faults can be mapped from direct field ob-
servations where the bedrock outcrops. Breccia will indicate the
presence of a fault and its location will be determined from GPS.
Deeper faults covered by surficial deposits were mapped based on
the discontinuities of the physical properties measured from
geophysical surveys (seismic methods and aeromagnetic surveys)
and the log data. The precision of all these methods is approxi-
mately in the meter range. The radon measurement points also
have uncertainties in the meter range caused by the geo-
referencing of the addresses. The maximum A distances, in abso-
lute value, is 1.8 mm so both equations could be used for the pur-
pose of this study.

The Kruskal—Wallis one-way ANOVA on rank indicated that the
dwellings located within 150 m from the nearest major fault were
in an area where the radon potential was higher. Medians, 25th and
75th percentiles, geometric means and percentages of basements
radon measurements above the Canadian radon guideline are
higher within that range (Tables 2 and 4). For Strand et al. (2005),
an area where 20% of the radon concentration measurements
exceed 200 Bq/m> was considered a high-risk zone in Norway. Our
study determined that the buffer zone on 150 m each side of a
major fault has a high radon potential: 22.8% of the basement radon
measurements within 150 m from a fault were above the Canadian
radon guideline of 200 Bq/m> in the CMM and the CMQ when
considering the all-measurement dataset. This percentage rose to
30.7% for the basement radon measurements located in radon-
prone areas based on the geology criterion. The difference is
caused by the presence of a uranium-rich bedrock unit (potential

Descriptive statistics and Kruskal—Wallis one-way ANOVA on two groups of distances between the basement radon measurement points and the nearest fault. All the
basement radon measurement dataset of the CMM and the CMQ was included for these calculations.

Group (xinm) n

Median (Bq/m®  25th Percentile (Bq/m®) 75th Percentile (Bq/m®) GM (Bq/m®) GSD (Bq/m®) % [Rn] > 200 Bq/m®> % [Rn] > 600 Bq/m>

0<x<150 206 81 43 190
150 <x <700 434 67 33 137

88 2.6 22.8 1.0
69 2.7 15.2 14

¥2 = 8.899 with 1 degree of freedom. (p-value between two groups = 0.003; statistically significant difference)x: distance between dwelling and fault.

GM: geometric mean.
GSD: geometric standard deviation.
% [Rn] >: percentage of dwellings above the criteria below.
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Table 4

Descriptive statistics and Kruskal—Wallis one-way ANOVA on one group and one class of distances between the radon measurement points and the nearest fault. Only the
basement radon concentration measurements located in high radon potential areas based on the geology criterion were included for the calculations presented herein.

Group (yinm) n

Median (Bq/m>) 25th Percentile (Bq/m?) 75th Percentil (Bq/m?) GM (Bq/m?®) GSDm (Bq/m?®) % [Rn] > 200 Bq/m*> % [Rn] > 600 Bq/m>

0<y<150
150 <y <700

75 89 37 226
137 59 26 137

93 3.0 30.7 2.7
66 29 17.5 2.2

%2 = 5.297 with 1 degree of freedom. (p-value between two groups = 0.021; statistically significant difference)y: distance between dwelling and fault.

GM: geometric mean.
GSD: geometric standard deviation.
% [Rn] >: percentage of dwellings above the criteria below.

radon source) in the subsurface for the second approach. In the first
case, some dwellings were located in the vicinity of a fault, but
there was less radon emission by the underlying bedrocks. The
faults are a favorable pathway for radon gas migration, but the gas
migrating through it by diffusion/advection/convection has a low
radon concentration, thus resulting in lower indoor radon con-
centrations in the surrounding dwellings.

The Gatineau area was used to validate the 150 m thresholds. As
mentioned previously, the Gatineau area is populous, but most of
the basement radon measurements are far from faults and were not
included in the main core of the statistical study. However, 4 of the
12 dwellings (33.3%) located less than 150 m from the nearest fault
in the Gatineau area exceeded 200 Bq/m> in this zone. In the
150—700 m range, only 6 basement radon measurements exceeded
200 Bg/m? on the 36 dwellings found (16.7%). These two ratios are
in accordance with those found in the CMM and the CMQ areas.
Note that the 48 basement radon measurements in the Gatineau
area were located on non-uranium-rich bedrock units.

The descriptive statistics in Tables 2 and 4 confirm the hy-
pothesis that the influence of the distance to fault is more impor-
tant in radon-prone areas based on the geology criterion. The
differences in medians, 25th and 75th percentiles, geometric
means and percentages of basements radon measurements above
the Canadian radon guidelines were greater when considering only
the basement radon concentration measurements where a
uranium-rich bedrock unit was present. The occurrence of faults in
the near environment (<150 m) had a greater influence on indoor
radon concentrations in this case. A p-value of 0.021 calculated
with the Kruskal—Wallis ANOVA confirmed that the radon potential
associated to the “0—150 m” class was statistically different than
the one of the “150—700 m” group.

A p-value of 0.003 was calculated from the Kruskal—Wallis
ANOVA when using all the basement radon measurement dataset.
The p-values calculated from the two methodologies (0.003 and
0.021) confirmed that the basement radon concentration mea-
surements located within 150 m from the nearest fault were sta-
tistically different from the radon measurements farther away. This
indicates that there were statistical differences in the medians of
radon measurements among the compared groups, i.e. the hy-
pothesis that the compared groups share a common median can be
rejected and the statistical differences were not due to random
sampling variability. The areas within 150 m on each side of a fault
could be used as an aggravating indicator for the radon potential.
lelsch et al. (2010) applied this strategy when determining the
geogenic radon potential in Bourgogne (France).

5. Conclusion

The Kruskal—Wallis one-way ANOVA on ranks established the
relationships between the basement radon concentration mea-
surements based on their distances to the nearest fault. The dis-
tances from the nearest fault were discretized in classes. The
statistical relationships of the radon measurements within each

class were calculated and statistically similar classes were then
merged. A threshold of 150 m was determined as the cut-off value
where the radon potential based on the distance from the nearest
fault rises significantly. The relationships between the basement
radon concentration measurements and the distance to the nearest
fault found in the present study played a major role in a radon
assessment and management risk context. The Quebec public
health authorities could use the available structural geology base
maps as a complementary tool to the geogenic map of the radon
potential already in use (Drolet et al., 2014). The areas near a
favourable/permeable pathway to radon migration should be of
concern to promote collection of indoor radon measurements and
mitigation actions regardless of the determined geogenic radon
potential level. Zones of high geogenic radon potential within
150 m of a fault are of great importance as approximately 1
dwelling out of 3 exceeds the Canadian radon guideline when built
on uranium-rich bedrock units and approximately 1 dwelling out of
4 without uranium-rich bedrock units. In comparison, less than 1
dwelling out of 5 (18.7% exactly) exceeds 200 Bq/m? in the actual
Province of Quebec dataset. The basement radon measurements in
the vicinity of a fault (<150 m) are then more prone to high levels.
The structural geology characteristics base maps should be
included in models when mapping the geogenic radon potential.
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