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Abstract 
In this study, radon-222 concentrations were measured within 34 houses distributed in the 
northern, southern, and central areas of the city of Querétaro in 2007. The objective of this study 
was to establish the spatial distribution of radon with respect to geological faults and its relation 
to certain environmental variables. For each sampling site, the radon-222 concentration was ana-
lyzed as a function of various climate variables, relative humidity, temperature, and atmospheric 
pressure, in addition to the ventilation of the house and distance of each site from any geological 
faults in the area. A multivariate statistical technique was used to analyze these variables based on 
two components. For component 1, the relative humidity and temperature had the greatest weight, 
0.677 and 0.492, respectively, while for component 2, the greatest weights corresponded to radon 
and the temperature with 0.693 and 0.609, respectively. The average radon concentration across 
the entire sampling period was 38.92 Bq/m3, the minimum detected value was 6.01 Bq/m3 for site 
91GAG0607, and the maximum detected value was 225.95 Bq/m3 for site 91CAM20907. This last 
value is outside the standards permitted by the Environmental Protection Agency of the United 
Stated, which is 148 Bq/m3 for indoor environments. With respect to geological faults and their 
relationship to radon-222, the concentrations for the sampling sites had no relationship to the 
closeness or distance to these faults. 
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1. Introduction 
Radon is a gaseous, colorless, and tasteless element. It is chemically inert and has several isotopes, but the most 
important is radon-222 with a half-life of 3.8 days. This atom is the direct product of the decay of radon-226, 
which is produced in turn by the decay of uranium-238. The particularity of elemental radon is that it is a gas 
naturally emitted at geological faults, which makes it hazardous to health. Radon is present in outdoor environ-
ments in low concentrations. However, in indoor environments, radon can accumulate until it poses a potential 
long-term health risk. Given the solubility of radon in air and its abundance, the U.S. Environmental Protection 
Agency (EPA) defines 4 pCi/L, which equals 148 Bq/m3, as the maximum allowed radon concentration in 
homes [1]. Most of the natural radioactivity human beings are exposed to be due to radon [2]. This element is 
capable of traveling through pores in the ground until it reaches the surface, where it is diluted with other at-
mospheric gases or penetrates into buildings that are not appropriately protected. In both cases, its decay process 
is completed. After penetrating a closed space, radon accumulates and increases in concentration. It is possible 
that problems related to high levels of radon in indoor environments could be more common in certain geo-
graphical regions due to their topography and orography.  

The state of Querétaro is bordered by volcanoes and regional faults that affect the area and are grouped into 
two primary, active systems [3]-[5]. These faults are consistent in both direction and kinematics with the two re-
gional fault systems (with north-south and east-west orientations). Because of this, the local geological struc-
tures of the state and its environmental impact have been independently studied [5] [6]. Distributed along the 
two large geological faults crossing the state (Tlacote and 5 de Febrero) are three urban centers important to the 
state of Querétaro (Juriquilla, Jurica, and the City Center). Juriquilla is located in the northern part of the state at 
the exit of the Querétaro-San Luis Potosí highway and is surrounded by large residential complexes with dense 
commercial activity and large university campuses. Jurica, located 15 km from the center of the state, is sur-
rounded by ranches, residential zones, and small areas dedicated to local agriculture. The capital city, an area 
with dense commercial and tourist activity, is surrounded by streets with intense vehicle traffic.  

Based on the above, this study proposed to determine the spatial distribution of radon with respect to geolog-
ical faults and its relationship to certain environmental variables. The concentration of radon was determined in 
34 residences in 2007 across two periods, March-June and September-November, which correspond to the 
dry-hot and wet periods, respectively. Figure 1 shows the distribution of the sampling sites in each of the se-
lected areas (Juriquilla, Jurica, and City Center, Querétaro).  

2. Methodology 
2.1. Sampling Sites 
Because of the interest in the behavior of radon gas in indoor environments, this study samples houses in the city 
of Queretaro due to their aforementioned geological history and the ability are provided to evaluate the air qual-
ity that inhabitants are most likely exposed to, especially housewives and children who spend most of their time 
in these environments with the latter being the most vulnerable. The initial idea was to monitor houses with sim-
ilar construction characteristics, and typical problems encountered were owners’ availability and the complex 
architecture of houses in the study areas.  

2.2. Sampling 
Sampling was performed using an SARAD Radon Scout instrument. Its design and memory size allowed for 
real-time measurements with high accuracy. This instrument can exactly determine variations in radon-222, 
even at low concentrations. The instrument consists of sensors that measure the humidity, temperature, and ba-
rometric pressure using the SARAD GmbH software, version 5.0. The measurement periods varied from 7 to 15 
days, and the integration time was one hour (one sample per hour) for all of the measurements.  
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Figure 1. Location of the 34 homes sampled in Juriquilla room, Jurica and the Center 
Querétaro, México.                                                                

3. Results  
Table 1 presents the maximum (max), average (avg), minimum (min) values of the measured variables and the 
geographical coordinates of the sampled sites. Any sites with an average radon concentration above 148 Bq/m3, 
which is the highest level recommended by the U.S. EPA, are highlighted in black. 

3.1. Statistical Analysis 
Using the obtained results, a Spearman’s rank correlation analysis was performed to determine whether any sta-
tistically significant linear correlations existed with a confidence level of 95% among the analyzed variables. 
According to the analysis, no linear correlations existed (See Annex A). However, this does not necessarily 
imply that the variables are independent because they could be non-linearly related. 

3.2. Cluster Analysis (CA) 
The following variables were observed at each site: temperature (˚C), relative humidity (%), atmospheric pres-
sure, and radon concentration. Additionally, a multivariate statistical analysis was performed. A cluster analysis 
(CA) was applied by forming 3 groups: group 1 is comprised of 12 residences located in the central zone and  
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Table 1. The maximum (max), average (avg), and minimum (min) values of radon-222 (bq/m3) concentration; temperature 
(˚C); relative humidity (%); atmospheric pressure; and geographical coordinates at the sampled sites.                             

Site Reference Radon 
(Bq/m3) Temperature (˚C) Relative 

Humidity (%) Pressure Latitude Longitud 

1 149FER1207 14.63 16.85 54.83 821.11 20.5816 −100.3780 

2 148TER1107 17.54 19.04 48.97 820.44 20.5976 −100.3906 

3 92RPE21107 32.07 18.34 52.61 820.52 20.5363 −100.4226 

4 91JUR10307 11.69 21.76 37.24 806.37 20.7020 −100.4471 

5 92JUR20307 44.46 19.97 40.20 808.95 20.7025 −100.4467 

6 90JUR0307 21.17 19.53 43.54 806.94 20.7020 −100.4476 

7 92LCA0407 22.85 21.18 32.75 806.40 20.7227 −100.4412 

8 90FRZ0407 45.57 24.88 34.46 811.42 20.7111 −100.4588 

9 91RPE0407 13.90 22.57 34.38 817.53 20.5364 −100.4227 

10 90DIL0507 13.51 24.46 38.61 819.39 20.5889 −100.4319 

11 90ROD0507 31.84 27.00 33.02 808.54 20.6557 −100.3940 

12 91CAM10507 192.43 24.69 48.74 819.99 20.6595 −100.4475 

13 90VAS0607 34.86 27.04 37.90 819.22 20.6574 −100.4428 

14 92JAR0607 20.75 22.59 43.12 810.06 20.7022 −100.4538 

15 91GAG0607 6.01 24.01 38.69 811.61 20.5714 −100.3807 

16 92GEO0607 31.08 21.24 54.64 822.00 20.6483 −100.4433 

17 91ANS0607 18.10 22.73 55.13 809.92 20.6396 −100.4042 

18 90JML0607 9.63 19.48 70.76 811.27 20.6344 −100.4762 

19 91MPE0707 16.85 22.44 59.74 813.39 20.6340 −100.4761 

20 92LIL0707 12.93 22.72 57.56 822.77 20.5827 −100.3918 

21 90MCH0707 11.41 22.65 60.82 810.72 20.7109 −100.4545 

22 91CAM20907 225.95 22.00 64.99 819.61 20.6595 −100.4475 

23 92CAM30907 27.70 20.78 66.93 821.18 20.6595 −100.4475 

24 91MAR1007 19.23 22.22 56.04 819.77 20.6542 −100.4381 

25 92HAR1007 10.51 21.19 54.08 811.49 20.7088 −100.4562 

26 147DOR1007 9.10 20.91 56.68 814.86 20.6603 −100.4222 

27 92GIL1007 79.62 21.40 55.43 817.44 20.5950 −100.3890 

28 149ALX1107 163.18 19.12 55.26 812.48 20.6493 −100.4470 

29 91MAN1007 22.45 20.74 57.39 804.29 20.7158 −100.4462 

30 148SUM1007 16.67 20.30 50.94 817.93 20.5636 −100.4160 

31 90JUV11007 57.76 24.07 47.33 817.03 20.6247 −100.5020 

32 147REF1007 41.67 20.97 51.40 821.06 20.5443 −100.4190 

33 91ANT1107 13.18 18.37 47.74 809.29 20.7166 −100.4426 

34 147CRL1107 13.07 19.30 40.84 824.92 20.5745 −100.4137 

 MAX 225.95 27.0 70.8 824.9   

 MED 38.92 21.7 49.5 815.0   

 MIN 6.01 16.9 32.8 804.3   
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corresponds to 35% of the total of sampled houses; group 2 is comprised of 19 residences and corresponds to 56% 
of the samples; group 3 is comprised of 9% of the samples. In this last group, sites 12, 22, and 28 differ from the 
other sampled sites because they had radon concentrations above the norms permitted by the U.S. EPA (148 
Bq/m3) for indoor environments (Table 2). In Figure 2, the distribution of the sites with respect to their group-
ing is presented. It is worth noting that the distribution of houses at each site depended upon the availability and 
help from the proprietor of the house. Although a similar number of samplings were planned for each site, this 
goal was not possible. The aforementioned groups differ in their variables as shown in Table 3, and one can ob-
serve the centroids of each variable in each group. This analysis indicates group 3 is influenced by humidity. 
 
Table 2. Formation of 3 groups, cluster analysis.                                                                         

Cluster N˚ Dendrogram Site 

1 

1 149FER1207 

2 148TER1107 

3 92RPE21107 

16 92GEO0607 

20 92LIL0707 

23 92CAM30907 

24 91MAR1007 

27 92GIL1007 

30 148SUM1007 

31 90JUV11007 

32 147REF1007 

34 147CRL1107 

2 

4 91JUR10307 

5 92JUR20307 

6 90JUR0307 

7 92LCA0407 

8 90FRZ0407 

9 91RPE0407 

10 90DIL0507 

11 90ROD0507 

13 90VAS0607 

14 92JAR0607 

15 91GAG0607 

17 91ANS0607 

18 90JML0607 

19 91MPE0707 

21 90MCH0707 

25 92HAR1007 

26 147DOR1007 

29 91MAN1007 

33 91ANT1107 

3 
12 91CAM10507 

22 91CAM20907 

28 149ALX1107 
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Table 3. Centroids for each variable radon-222 (Bq/m3) concentration; temperature (˚C); relative humidity (%); atmospheric 
pressure.                                                                                                       

Cluster Radon (Bq/m3) Temperature (˚C) Relative Humidity (%) Atmospheric Pressure 

1 30.33 20.60 53.12 820.51 

2 19.88 22.28 46.11 811.14 

3 193.85 21.93 56.33 817.36 

 

 
Figure 2. Geographic location of the sites with respect to formation of Cluster Analysis.     

3.3. Principal Component Analysis (PCA)  
A principal component analysis or factor analysis was performed to determine the associations between the 
analyzed variables and estimate the possible origins of the radon concentrations in the indoor environments of 
the 34 sampled houses [7] [8]. The first two components of this principal component analysis that obtained an 
eigenvalue above 1 were extracted and represent 67.29% of the variability in the observed data (Table 4), which 
is assumed sufficient for the analysis performed here. 

Table 5 presents the weights for each component variable. In it, one can observe that for component 1, rela-  
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Table 4. Principal Component Analysis (PCA).                                                                         

Component Number Eigenvalue Percent of Variance Cumulative Percentage 

1 1.530 38.267 38.267 

2 1.161 29.032 67.299 

3 0.801 20.032 87.331 

4 0.506 12.669 100.000 

 
Table 5. Weights for each component variable.                                                                         

Variable Component 1 Component 2 

Relative humidity 0.677 −0.111 

Atmospheric pressure 0.460 0.369 

Radon 0.294 0.693 

Temperature −0.491 0.608 

 
tive humidity and temperature have the highest weights, 0.677 and 0.492, respectively; while the greatest 
weights for component 2 correspond to radon and temperature with values of 0.693 and 0.609, respectively. Us-
ing the obtained radon concentrations, we attempted to establish the spatial distribution of radon with respect to 
the geological faults. However, there was no evidence that the location of the houses and the faults were directly 
related, which was verified by the PCA results.  

3.4. Factor Analysis (FA) 
The purpose of the FA was to strengthen the PCA results and obtain a number of factors to explain most of the 
variability in the three meteorological variables measured (relative humidity, temperature, and atmospheric 
pressure) across two periods, March-June and September-November, which correspond to the dry-hot and wet 
periods, respectively. The relative humidity and temperature that exist within the houses determined the flow of 
radon towards the interior.  

In the PCA, two factors were found to represent 67.29% of the variability in the original data (Table 4). The 
FA corroborates what was observed in the PCA and shows that the relative humidity and temperature have the 
greatest weights for factor 1 with values of −0.747 and 0.878, respectively, while the greatest weights for factor 
2 correspond to radon and the pressure with values of 0.818 and 0.657, respectively (Table 6). These findings 
allow us to infer that component 1, or factor 1, is influenced by environmental conditions relating to the humid-
ity and temperature because some periods of the year could be cold dry, cold wet, hot dry, or hot wet for example.  

In contrast, component 2, or factor 2, favors certain mixing conditions or the presence of certain substances in 
the air. For these reasons, it is important to consider how wind acts on the indoor radon concentration in two 
opposing manners. On the one hand, the wind can favor the exchange of air between the interior and exterior of 
a dwelling depending on its architectural characteristics. On the other hand, the wind induces a local pressure 
difference between the interior and exterior, which favors the entry of radon into closed sites. These atmospheric 
variables do not affect the air of houses in the same way and a phase difference occurs over time until the condi-
tions equilibrate. 

4. Conclusions 
The results obtained for the concentration of radon-222 in the 34 sampled residences did not show a relationship 
to the distance of the residence from the geological faults in the region. In addition, the radon-222 concentration 
and its relationship to the studied meteorological variables (relative humidity, temperature, and atmospheric 
pressure) were independent of the sampling periods, March-June and September-November, which correspond 
to the dry-hot and wet periods, respectively. Using the obtained data, statistical tests of the linear region were 
performed to determine whether seasonal variations in the radon-222 concentration existed. However, convinc-
ing results that would permit us to explain the variation were not obtained. If one rules out faults as a cause of  
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Table 6. Factor matrix after rotation varimax.                                                                            

Variable Factor 1 Factor 2 

Relative humidity −0.747 0.397 

Atmospheric pressure −0.225 0.657 

Radon 0.146 0.818 

Temperature 0.878 0.170 

 
the radon-222 distribution in dwellings, then it is probable that the data obtained obey other factors, such as the 
construction material or ventilation conditions of each home, which were not considered in this study.  

This work, together with that of [9]-[11], helps provide an explanation or cause for the radon-222 concentra-
tions in dwellings. Future studies must account for a greater number of variables and residences and include si-
multaneous sampling of both indoor and outdoor environments to better reflect reality when explaining what 
occurs in dwellings in the state of Querétaro. 
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