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Abstract: The activity concentrations of 2>2Rn were measured in 53 public water supplies of under-
ground (50) and surface (3) origin, and the relation of such with five geological units where these
supplies are located, in the central Ecuadorian Andes, was also explored. These units supply drinking
water to 10 cities, located between the 1500 and 3120 m.a.s.l. The experimental setup consisted
of the RADY7 radon detector and the RAD H,O degassing system. The 222Rn levels measured in
groundwater ranged from 0.53 to 14.78 Bq/L while surface waters did not indicate detectable radon
levels. The radon concentrations were below the parametric value of 100 Bq/L for water intended
for human consumption, recommended by the European Atomic Energy Community (EURATOM)
in its Directive 2013/51, and the alternative maximum contamination level (AMCL) of 150 Bq/L,
proposed by the Environmental Protection Agency (EPA). The Pisayambo Volcanic unit, mapped as
intermediate volcaniclastic to felsic deposits, presented a mean radon concentration higher than the
other geological units and lithologies (9.58 £ 3.04 Bq/L). The Cunupogyo well (11.36 & 0.48 Bq/L)
presented a radon concentration more than 70% higher than the neighboring springs, which may be
explained by its proximity to the Pallatanga geological fault. The maximum annual effective doses,
by cities, due to the ingestion and inhalation of radon, ranged from 0.010 to 0.108 mSv and from
0.008 to 0.091 mSy, respectively; therefore, these waters do not represent a risk to the health of the
population. In addition, a correlation was observed between the activity concentration of 2?2Rn and
the activity concentration of the parent ?>°Ra in samples collected from some springs.

Keywords: 222Rqa; 226Ra; spring water; annual effective doses; drinking water; Ecuador

1. Introduction

The greatest exposure of the population to ionizing radiation is due to 2?Rn, a colorless,
odorless, and tasteless natural radioactive gas that is formed during the disintegration of
2381, with a known half-life of 3825 days [1-5]. Radon is soluble in water, and its solubility
decreases rapidly with increasing temperature [6-8]. Drinking water supplies, which
originate from groundwater in contact with rocks containing 2*U or 2?Ra, may contain
high levels of radon, which may be the case of supplies located in volcanic areas and near
tectonic faults [9-13]. In surface waters, such as lakes and rivers, radon is easily released
into the outdoor air, so low concentrations of radon are encountered in surface drinking
water supplies [14-16].

Radon ingested in drinking water will deliver a radiation dose to the stomach lining
and other internal organs [17,18]. In situations such as showering, washing clothes, and
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boiling water, some of the dissolved radon is released from the water and mixed with indoor
air [19,20]. This, added to radon from other sources such as soil and building materials,
will result in a radiation dose to the respiratory system when the gas is inhaled [21-25].
The health risk posed by exposure to radon through ingestion of drinking water, is much
less than that caused by inhalation of radon released into indoor air from water [26]. Radon
is a known cause of lung and stomach cancer [27-34].

The European Nuclear Energy Community in the EURATOM Directive 2013 /51 estab-
lishes requirements for the protection of the health of the general public, with respect to
radioactive substances in water intended for human consumption, and for radon recom-
mends a parametric value of 100 Bq/L. Corrective action is considered justified for reasons
of radiological protection when radon concentrations exceed 1000 Bq/L [35]. The United
States Environmental Protection Agency (EPA) in 1991 proposed a maximum contami-
nation level (MCL) for radon of 11 Bq/L (about 300 pCi/L) in drinking water [36]. The
EPA also currently recommends an alternative maximum contamination level (AMCL),
which represents the concentration of radon in water that would cause an increase in
indoor air radon no greater than the level of radon naturally present in outdoor air. The
average outdoor air concentration across the United States is approximately 15 Bq/m3 or
405 pCi/m3. The EPA has determined that the AMCL for radon in water is approximately
150 Bq/L (4050 pCi/L). For public supplies, if the dissolved radon in the water is greater
than the AMCL or is between the MCL and the AMCL, the EPA recommends reducing
the radon concentration to the MCL [18,37]. Ecuador has no national regulation for radon
levels in drinking water.

This study, for the first time as reported so far, focuses on determining the con-
centrations of radon in the drinking water supplies of the main cities of the province of
Chimborazo, with the purpose of evaluating the risk to the health of the population through
the calculation of the annual effective dose by ingestion and inhalation of radon dissolved
in water. At the same time, a second objective was defined to relate the mean concentrations
of radon with the different geological units—lithologies, which are present in the study
area. Finally, a third objective was developed in order to study the relationship between
the activity concentration of 2?Rn and the activity concentration of its parent, 2?°Ra, in
samples that were collected from all water sources.

2. Materials and Methods
2.1. Geology of the Study Area

The Chimborazo province is located in the northern Andes of South America, along a
mountain range which includes the Western Cordillera, the Inter-Andean Depression, and
Eastern Cordillera [38—40]. The local geology is varied in age, lithology, types of deposits,
and geological environments of formation, due to the geodynamic evolution of the active
continental margin [41-45]. The rock formations range from a late Cretaceous accretion of
an allochthonous oceanic terrane towards the more stable South American craton, between
the long orogenic evolution that have shaped the local Andes. The Western Cordillera in
the study area is built on the oceanic plateau accreted in the Late Cretaceous, presenting
a series of Late Cretaceous and Paleogene marine detrital sequences that were deposited
close to the continental margin, and a long-lived, dominantly intermediate and related
with magmatism of subduction origin, expressed as a continental volcanic arc since the
Neogene [46—49]. The inter-Andean Depression, on the other hand, rests on the Guamote
Terrane (Guasuntos Unit), which consists of sequences of marine deposits of conglomerates,
turbidites, quartzites, and slates, which have been deposited from the Lower Jurassic to the
Lower Cretaceous, whose source has been the continental margin [50,51]. The intermediate
continental volcanic arcs, related to subduction, developed from the Oligocene, while the
longitudinally sectioned inter-Andean valley developed, received, and currently receives
sediments from both mountain ranges and their volcanic arc [52-54]. The Eastern Cordillera
is the oldest and presents mainly metamorphic rocks, which vary from west to east, from
an ophiolitic mélange to a proposed forearc, arc, and rear-arc from the lower Jurassic to the
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Cretaceous, which encompasses various lithologies that vary from mafic to ultramafic, to
intermediate igneous lithologies, with their corresponding sedimentary facies. However,
this range is also composed of igneous and meta-sedimentary units of Triassic to Paleozoic
age, to the east, in the Sub-Andean zone [55-57]. Nonetheless, these units to the east of the
Eastern Cordillera do not influence the present study.

The main source of 2??Rn in groundwater is the radioactivity of the rocks, while the
emanation coefficient depends on the type of rock, its structure, and porosity; due to the
presence of water in the pore space, radon atoms can dissolve in groundwater [58,59]. The
underground drinking water supplies analyzed are located in five different geological or
lithological units (L1-L5). Hereby, L1 is represented by the Tarqui Volcanics of the Cisaran
Formation, which includes intermediate to felsic volcaniclastic deposits, and intermedi-
ate lavas [60,61]; L2 is composed of distal facies Cotopaxi Volcanics, being intermediate,
primary, reworked volcanoclastic deposits, debris avalanches, and lavas [62-65]; L3 are
the Pisayambo Volcanics, being intermediate to felsic volcaniclastic deposits [66]; L4 is
the Yunguilla Unit, which is composed of shales, calcareous and siliceous siltstones, as
well as sandstones, bioclastic limestones, and mafic volcanoclasts [67,68]; L5 is represented
by the Peltetec unit, which is an ophiolitic mélange of serpentinites, basalts, and meta
basalts [69-71]. Figure 1 illustrates the geological map of the study region with the location
of the sampling points.
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Figure 1. Geological map of the province of Chimborazo with the sampling points monitored in this
study. Inlet indicates the position of Ecuador and the Province of Chimborazo.
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2.2. Experimental Setup

The measurement of the 222Rn activity concentration (hereinafter, we will only use the
term “radon concentration”) in the water samples was performed using the emanometric
method, which consists of degassing the sample and transferring the radon from the water
to the air through a system of tubes the air enriched with radon is conducted to an alpha
particle detector [72-74]. The experimental setup consisted of the RAD7 radon detector and
the RAD H;0 degassing system, both manufactured by Durridge Company Inc., Billerica,
MA, USA [75,76].

RAD?7 is a continuous radon monitor, which uses a solid state, ion-implanted, planar,
silicon, alpha detector [77-79]. When the daughters of radon and thoron—deposited on
the detector surface—decay, they emit alpha particles, with a characteristic energy directly
into the solid-state detector. The detector produces an electrical signal. Electronic circuitry
amplifies the signal, and then converts it into a digital format. The RAD7’s microprocessor
picks up the signal and stores it in a special place in its memory, according to the energy of
the particle. The accumulation of several signals generates a spectrum. The energy range
covered by the RAD 7 spectrum is 2 to 10 MeV. In the spectrum, a combination of different
alpha emitters appears as a series of different peaks. The 2!8Po peak is centered at 6.00 MeV,
while the 214Po peak is centered at 7.69 MeV. The 5.49 MeV alpha particle directly emitted
by ?22Rn does not appear in the RAD7 spectrum because it was created in air, not on the
detector surface. The 222Rn atom is inert and electrically neutral, and cannot be attracted
to the solid-state detector. Only after it decays into 28Po, the atom becomes positively
charged and thus propelled towards the detector’s surface. The RAD7 spectrum indicates
radon descendants, but not radon itself [80].

RAD H;0O is an accessory to the RAD? that allows to measure radon in water with
a sensitivity that equals or exceeds that of liquid scintillation methods. The lower limit
of detection (LLD) is less than 10 pCi/L (0.37 Bq/L) [81]. Hereby, different components
of the RAD H;O kit are connected, forming a closed circuit with the RAD7 detector. The
RAD-H,0 method employs a closed loop aeration scheme whereby the volume of air and
water are constant and independent of flow rate. The air recirculates through the water
and continuously draws the radon back to an equilibrium state. The RAD-H,O system
reaches this equilibrium state within about five minutes, after which no more radon can
be extracted from the water. The extraction efficiency, or percentage of radon removed
from the water to the air circuit, is very high, typically 99% for a 40 mL sample and 94%
for a 250 mL sample [81]. The RAD-H;O requires desiccant to be used at all times to dry
the airstream before it enters the RAD?. If the desiccant is not used correctly, the RAD?7
can give incorrect concentrations of radon, or it can be damaged due to condensation on
sensitive internal components [81].

After performing a measurement of radon in water, the RAD7’s internal cell will
still contain the radon that was measured. This is of particular concern when the radon
concentration from the last measurement was high relative to the next measurement. To
remove radon from the RAD7 and its accessories—including the aerator head, tubing, and
desiccant—as thoroughly as possible, the system must be purged. To purge the system, it is
necessary to have a source of radon-free (or relatively radon-free) air or inert gas. For most
occasions, ambient air is good enough. The RAD? has the “Purge Test” command. In either
case, it is also necessary to purge to remove any accumulated water vapor from the system.

2.3. Sampling Protocol

Overall, 53 water supplies that feed the drinking water systems of the 10 capital cities of
the cantons, on the Chimborazo province, were monitored; of these, 50 were underground
and 3 of surface origin (rivers). In Figure 1, the location of the groundwater sources are
the sampling points, the yellow triangles represent the springs, the green circles the wells,
and the black crosses the treatment plants, in the case of rivers. The sampling points are
the places closest to the water intake that leads to the treatment plant and are represented
by the light blue diamonds. Three independent samples were collected from each water
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source, in a short period of time and under the same experimental conditions, with the
purpose of observing the variability of the results in the radon concentration and evaluating
the effectiveness of the sampling protocol. Hereby, a total of 150 untreated groundwater
samples were collected, of which 84 samples correspond to 28 springs, 45 samples to
15 wells, and 21 samples from 7 reservoir tanks located in the treatment plants of some
cantons, where water from various sources are collected from underground springs. In
addition, 9 surface water samples corresponding to 3 rivers were also collected.

The protocol for wells and springs equipped with a tap consisted of connecting a tube
to the tap and letting the water run for 10 min to ensure a fresh sample, then placing the
tube in a deep 4 L container until the water overflowed from the container; then, the vial
was immersed in the bottom of the container and capped under water. The water sample
without bubbles was then labeled with the name of the source, date, and time of sampling.
In springs where the water sprouts from the ground and accumulates in catchment tanks,
the water was collected in a 4 L container. The vial was submerged in the bottom of the
container. It was closed under the water and once it was verified that the sample was free
of bubbles, the corresponding label was applied. In rivers, the sample collection procedure
was the same as in the catchment tanks. In all cases, 250 mL vials from Durridge Company
were used; these have lids with an internal rubber disc that guarantee low permeability
of radon and high hermeticity. The vials were previously washed and dried. The vials
were transported upside down in an isothermal container. In the laboratory, the samples
were kept in the refrigerator until the start of the measurement. The time elapsed between
sampling and analysis is in the range from 4 to 36 h.

2.4. 222Rn Activity Concentration Measurements

The first step to determine the concentration of radon in the water sample is to purge
the detection system; this procedure was performed with laboratory air for 10 to 15 min,
until obtaining a relative humidity of 6%, as recommended by the manufacturer. After
purging, the RAD7 was configured with the Wat-250 protocol and the vial was immediately
integrated into the detection system. When starting the test, the internal pump of the
RAD7 monitor runs for five minutes, aerating the sample and delivering the radon to the
detector. The system waits five more minutes and then starts counting. After five minutes,
it prints a short report. The same happens five minutes later, and for two more five-minute
periods after that. At the end of the run (30 min after the start), the RAD7 prints a summary,
yielding the radon mean and standard deviation of the four counted cycles, a bar graph
of the four readings, and a cumulative spectrum. All data, except the spectrum, are also
stored in the memory and can be downloaded to a computer or other device.

Considering that the samples were not immediately analyzed, the results of the
concentration were corrected by decay of radon in the water. The decay correction factor
(DCF) is given by the following formula:

DCF=exp (In2/Tq /) t e8]

where Ty /; is the half-life of a radon atom (132.4 h) and t is the time elapsed from sampling
to degassing of the sample in hours.

Finally, the weighted mean of the radon concentration in each water source was
calculated, using the results of the three samples collected, with the following equation:

A
_ L WS
- n

5 Wi
where ¢j is the mean concentration of radon in sample j, reported by RAD7, wj is the weight
of the measurement, defined as follows:

Cw ji=1,23 )

1
wj = o2 3)
)
sz is the standard deviation of sample j, reported by RAD?7.
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The variance and standard deviation of the weighted mean were calculated with the
following equations:

e @)

Oc = - @)

2.5. Calculation of Effective Dose

The total annual effective dose to the population caused by the presence of radon in
drinking water and its domestic use is the sum of the effective doses due to ingestion of
radon dissolved in the water and inhalation of radon escaping from the water. The annual
effective dose due to ingestion was calculated using Equation (6) [82]:

Eing = DCF x Cgy % Vu (6)

where Ej is the annual effective dose from ingestion in Sv, DCF is the conversion factor of
the ingested dose of 222Rn (1078 Sv/ Bq [83]), Crn is the radon concentration in drinking
water in Bq/L, and V, is the annual volume of water consumed. To calculate the dose, a
consumption of two liters per day was assumed, multiplied by the 365 days of the year; it
is found that the water consumption for a standard adult drinking the same water directly
from the tap is 730 L [84-87].

The inhalation dose of waterborne radon was calculated from Equation (7) [82],

Ejun =DCF X Cra x T X F x t (7)

where E;,;, is the annual effective inhalation dose in Sv, DCF is the conversion factor of
the inhaled dose of 2?Rn (22 x 1072 Sy m3/ Bq h [88]), Cry, is the radon concentration in
drinking water in Bq/L, T is the radon transfer coefficient from water to air, 0.1 L/ m3, tis
the mean annual indoor occupancy in hours, which in this study was considered 7000 h,
and F is the balance factor of indoor radon daughters with a value of 0.4 [89].

2.6. Calculation of the Activity Concentration of *°Ra

The activity concentration of 22°Ra (hereinafter we will only use the term “radium
concentration”) was evaluated with the RAD HyO method. After we proceeded with the
radon measurements in water samples (day 1), the vials were hermetically sealed in order to
allow the radon concentration from radium to increase in the samples. A new measurement
of radon levels was performed after 10 days, considering that after this time the radon
concentration reached secular equilibrium. The calculation of the radium concentration
was carried out using Equation (8) [90]:

1
where Cry, is the radon concentration after 10 days (Bq/L), Arn, is the decay constant of
222Rn (1/d), and Cg, is the radium concentration in the water sample.

3. Results
3.1. Activity Concentration of >**Rn

The name of the springs and wells, canton or city, geographic location, and weighted
mean of the radon concentration and the geological units are presented in Tables 1 and 2,
respectively. Uncertainty of radon concentration is the standard deviation, calculated
with Equation (5), using the results of the three samples collected at the same time from
the water source. The spring with the highest level of radon is Catequilla on Chambo
canton (14.78 Bq/L), where local geology is mapped as “Pisayambo volcanics”, consist-
ing of volcaniclastic deposits of intermediate to felsic affinity and the Miocene-Pliocene
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age [91]. The well with the highest concentration of radon is Cunupogyo in the Colta canton
(11.36 Bq/L); it is 150 m deep, so it is most likely within the Tarqui Unit (Cisaran Forma-
tion) of the Miocene-Pliocene age, which consists of volcaniclastic deposits of intermediate
to felsic affinity and intermediate lavas, a unit that would overlie the locally unknown
basement. The Cunupogyo well presents a concentration 70% greater than the Guacona
and La Compaifiia-El Mexicano springs, located in the same canton and geological unit. It
should be noted that this well is located approximately 1 km east of the Pallatanga fault,
which locally is expressed on the surface as a set of dextral, inverse, normal faults, with
pull apart basin-type structures and linear ridges among others, so it cannot be ruled out
that there may be an influence of internal structures related to the fault with the aquifer and
the considered well. In contrast, the Aypud and Gampala springs—in Alausi to the south
of the province, also located in the Tarqui geological unit (Cisardan Formation)—present
concentrations below the lower detection limit of the technique. This difference can be
explained because this geological unit presents local variations along the country, province,
and cantons, in terms of age fluctuating from the late Miocene to the early Pliocene, while
its affinity varies from intermediate to felsic, presenting primary and reworked, intrusive
and extrusive facies.

Table 1. Monitored water springs in the Chimborazo province, classified according to geological

units or lithologies and weighted mean concentration of 222Rn.

. Coordinates 222 ivi Geological

No. Water Sources Canton/City Latitude Longitude cgnceﬁﬁﬁf;mgq/m Unit/Lit%lology
1 Aypud Alausi 2°11'36.40" S 78°49'43.76" W 0.24 + 0.05

2 Casual Alausi 2°11/39.88"” S 78°50/25.23" W 0.92 +0.14

3 Gampala Alausi 2°12'7.78" S 78°50/28.78" W 0.07 £+ 0.05 (L1)
4 Guaro Pallatanga 2°0'13.01”S  78°55'49.02" W 233 +0.27

5 Guacona Colta 1°43/22.01” S 78°47'31.00" W 2.56 + 0.40

6 La Compafia—El Mexicano Colta 1°42'12.01” S 78°47'32.02" W 2.0540.22

7 Chacaza Matipanga Guamote 1°56/58.24" S 78°44'54.03" W 0.95 + 0.07

8 Guayco 1 Guano 1°35'2.69” S 78°41'57.78" W 3.54 +0.27 (12)
9 Guayco 3 Guano 1°35'2.69” S 78°41'57.78" W 2.98 +0.42

10 Villagran Guano 1°36/32.70" S 78°38/40.16"” W 2.87 £ 0.22

11 Ambato Pogio Guamote 1°58'40.35” S 78°43'7.02" W 421 +£044

12 Chipo Chico Guamote 1°58/13.25” S 78°43/12.59” W 8.05 + 0.38

13 Catequilla Chambo 1°43/39.89” S 78°34/50.01” W 14.78 4+ 0.99

14 Galtén 1 Chambo 1°43/33.07" S 78°352.41" W 11.22 +0.94

15 Galtén 2 Chambo  1°43/33.07"S  78°35/2.41" W 9.23 + 0.68 (L3)
16 Galtén 3 Chambo 1°43'33.07" S 78°35'2.41" W 8.16 + 0.66

17 Galtén 4 Chambo 1°43'33.07” S 78°35'2.41" W 9.65 + 0.50

18 Matus Alto (Hacienda) Penipe 1°34'16.80" S 78°30'15.56"” W 12.65 £ 0.56

19  Matus Alto (El Bosque) Penipe 1°34'0.74" S 78°30/28.12" W 8.24 + 0.30

20 El Sagrario 1 Pallatanga 1°57'47.01” S 78°56/25.02" W 1.05 + 0.06

21 El Sagrario 2 Pallatanga 1°57'47.01” S 78°56/25.02" W 4.02 +0.46

22 El Sagrario 3 Pallatanga 1°57'47.01” S 78°56/25.02" W 2.20 +0.09

23 Las Palmas Pallatanga 1°58'49.01” S 78°57'10.00” W 7.52 +£0.29 (L4)
24 Lugmapata Pallatanga 1°59'8.03” S 78°57'16.03” W 1.19 +£0.21

25 Milliguayco 1 Pallatanga 1°58'0.02” S 78°56'40.01” W 1.69 £ 0.12

26 Milliguayco 2 Pallatanga 1°58/0.02" S 78°56'40.01” W 1.82 £0.10

27 Morera Pallatanga 1°59'27.00" S 78°57'41.01" W 3.20 £ 0.27

28 La Moya (Penicucho) Penipe 1°34/23.52" S 78°31'20.61” W 1.69 £+ 0.21 (L5)

The results of the radon measurements in the samples from the reservoir tanks,

where water from several underground springs converge, for the cities of Chunchi, Alausi,
Chambo, and Cumanda, are listed in Table 3. The highest concentration was observed in
the Colta (PT) reservoir of the Colta city (2.01 Bq/L), while the reservoir of the Cumanda
city presented a radon level below the lower detection limit of the technique (0.37 Bq/L).
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Table 2. Wells studied in the Chimborazo province, classification according to geological units—lithologies
and weighted mean concentration of 2??Rn.

. Coordinates 222Rn Activit Geological
No. Water Sources Canton/City Latitude Longitude Concentration (Byq/L) Unit/Litﬁology
1 Cunupogyo Colta 1°42/32.61” S 78°46'10.17" W 11.36 £ 0.48 (L1)
2 Abras Riobamba 1°38/46.46" S 78°38'46.54" W 1.75 £ 0.36
3 Estadio Riobamba 1°41'8.91" S 78°40'19.31" W 4.00 £ 0.42
4 Hierbas Riobamba 1°39'1.79" S 78°39/38.49" W 0.96 £0.22
5 La Huerta Riobamba 1°39'48.29" S 78°40'35.64" W 2.61 £0.25
6 Llio1 Riobamba 1°33/42.75" S 78°42'46.80" W 191 £0.22
7 Llio 2 Riobamba 1°33/42.75" S 78°42/46.80" W 2.10 £ 0.17
8 Llio 3 Riobamba 1°33/42.75" S 78°42/46.80" W 450 £ 0.77 (L2)
9 Llio 4 Riobamba 1°33/42.75" S 78°42'46.80" W 1.14 £ 0.28
10 Llio 5 Riobamba 1°33/42.75" S 78°42/46.80" W 2.56 + 0.49
11 Llio 6 Riobamba 1°33/42.75" S 78°42/46.80" W 1.53 +£0.28
12 Llio 7 Riobamba 1°33/42.75" S 78°42'46.80" W 3.26 £0.37
13 Maldonado Riobamba 1°39/19.86" S 78°38'52.87"" W 0.53 £ 0.09
14 San Pablo Riobamba 1°33/44.92" S 78°43/3.71" W 4.08 + 0.37
15 Servidores Riobamba 1°39/32.88" S 78°40'18.87"" W 1.07 £0.19
Table 3. Reservoir tanks studied in the Chimborazo province and weighted mean concentrations of 2?2Rn.
. Coordinates 222Rn Activit
No. Water Sources Canton/City Latitude Longitude Concentration (Byq/L)
1 Colta (PT) Colta 1°42/23.70" S 78°46'42.75" W 2.01 £ 0.58
2 Bacun Chunchi 2°18/25.55" S 78°52/40.33" W 1.65 £0.20
3 Chitaquies Alausi 2°12/26.00" S 78°5047.00" W 1.32 £ 0.13
4 Plaza de Rastro Alausi 2°13'10.53" S 78°51'14.40" W 0.99 +0.16
5 Tixan Alausi 2°9/4.25" S 78°48/35.42" W 1.05 £0.28
6 Cubillines (PT) Chambo 1°44’52.16" S 78°32'15.74" W 0.55 £ 0.16
7 Cumanda (PT) Cumanda 2°12/36.01" S 79°7'46.01" W 0.18 £ 0.10

For the Chunchi, Chambo, and Cumanda cities, in addition to groundwater supplies,
the water intended for human consumption is collected from the Zaguan, La Y, and Chilcay
rivers, respectively. Samples from these surface waters did not present detectable levels
of radon.

A descriptive statistical analysis based on the various lithologies on which the springs
and wells are located is presented in Table 4. For each geological unit—lithology, the
detectable minimum, the maximum radon concentration, central tendency values (mean
and median)—the standard deviation and the coefficient of variation are presented. For
L1 lithology, the outlier concentration from the Cunupogyo well and the values below the
RAD? detection level were not considered in the calculations. A particular case is the L5
lithology with a single spring.

Yunguilla geological unit L4 (composed of shales, calcareous and siliceous siltstones,
as well as sandstones, bioclastic limestones, and mafic volcanoclasts), presented the highest
variation coefficient (0.75), which implies that the variability of radon concentrations is high
in relation with the mean. This geological unit corresponds to a submarine fan of late Cre-
taceous age, primarily consisting of mafic and possibly metamorphic components, which
presents a wide variability of sediments sourced from different environments, conditions
of formation, and ages.
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Table 4. Statistical parameters of the radon concentration in groundwater according to geological
units—lithologies present in the study area.

Geological No Min. Max. Mean Median Standard Deviation  Coefficient
Unit/Lithology ) (Bq/L) (Bq/L) (Bq/L) (Bq/L) (Bq/L) of Variation
L1 4 0.92 2.56 1.97 2.19 0.73 0.37
L2 18 0.53 4.50 2.35 2.33 1.20 0.51
L3 9 4.21 14.78 9.58 9.23 3.04 0.32
L4 8 1.05 7.52 2.84 2.01 2.14 0.75
L5 1 1.69 1.69 1.69 1.69 - -

The comparison of the mean concentrations of 2?2Rn by each geological unit—lithology
is presented in Figure 2. All lithologies present equal mean values, within uncertainties
(10), except for lithology L3 (intermediate volcaniclastic to felsic deposits), which presents
the highest mean concentration.
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o 2]
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|

Activity concentration of ?22Rn (Bq/l)
N
1

N
!
—

@
*

0 | I | I I
L1 L2 L3 L4 L5

Lithology

Figure 2. Mean values of radon concentrations of springs and wells, according to each geological
unit—lithology on the Chimborazo province (L1-L5). Error bars represent the standard deviation.

3.2. Evaluation of the Sampling Protocol

The sampling technique is generally the main source of error in the measurement of
radon content in water. During collection, transport, and storage, a significant fraction
of radon can be lost with a significant impact on the measurement results [92-94]. The
collection of three samples in each water source allowed to evaluate the effect of the
sampling on the precision of a measurement of radon in water. In all cases, the results
of the three measurements were comparable and therefore the protocol used guarantees
the repeatability of the measurements. Table 5 presents the radon concentrations for the
Catequilla spring and the Plaza de Rastro reservoir, chosen for this analysis because they
represent the high and low levels of the values observed in this research.
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Table 5. Radon concentration in three samples from two water supplies.

Water Supply

Sample Number

Activity Concentration of

22Rp (Bq/L) Weighted Mean (Bq/L) Ordinary Mean (Bq/L)

Plaza de Rastro

1.36 £ 42%

1.60 £+ 29% 0.99 + 0.16 1.27 £ 0.37
0.86 £ 21%

Catequilla

13.56 £ 12%

15.47 £ 12% 14.78 + 0.99 14.83 £1.10
15.45 £ 11%

W NP WN -

Activity concentration of ??Rn (Bg/l)

| Plaza de Rastro Reservoir [ = Weight mean

In the case of the Catequilla spring, the three concentrations presented a better pre-
cision, expressed in terms of percentage error, than the Plaza de Rastro reservoir. This is
due to the fact that a higher concentration of radon gives a greater number of counts per
minute above the RAD7 background, yielding more favorable count statistics [81].

Figure 3 presents the comparison between the ordinary mean with the weighted mean
for the water sources in Table 5. For the Plaza de Rastro reservoir, the weighted mean is
close to the most precise value (0.86 £ 21%) and is lower than the ordinary mean. In the
case of the Catequilla spring, the weighted and ordinary mean are compatible because the
three measurements have almost the same precision. In both cases, the standard deviation
of the weighted mean is less than the standard deviation of the ordinary mean.

20

Catequilla Spring - Weight Mean
— Ordinary Mean

L= Ordina!'ymmearl

18 +

|

HEREN ~uu“‘“u““.“““.T

14

12 1

Activity concentration of 222Rn (Bg/l)

: 10 ; :

2 3 1 2 3
Samples Samples

(a) (b)

Figure 3. Comparison between the ordinary mean and weight mean of radon concentrations of three
samples collected in the same drinking water supplies: (a) Plaza de Rastro reservoir; (b) Catequilla spring.

3.3. Doses

The annual effective doses due to ingestion and inhalation of radon dissolved in
water, were calculated using the maximum value of the concentration observed by each
city (Table 6).

The maximum annual effective dose that people can receive as a result of drinking
water that contains radon depends on the city where they live and varies from 0.010 to
0.108 mSv. The maximum annual effective dose due to inhaled radon ranges from 0.008 to
0.091 mSv. Chambo is the city with the highest annual effective doses while Cumanda city
presents negligible values.
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Table 6. Maximum annual effective doses by ingestion and inhalation of radon contained in the water.

Maximum Activity

Maximum Annual Effective Dose

City Concentration of >’Rn (Bq/L) Ingestion (mSv) Inhalation (mSv)
Colta 11.36 £ 0.48 0.083 & 0.004 0.070 % 0.003
Pallatanga 7.52 4+ 0.29 0.055 £ 0.002 0.046 £ 0.002
Guano 3.54 £+ 0.27 0.026 £ 0.002 0.022 £ 0.002
Chambo 14.78 £ 0.99 0.108 £ 0.007 0.091 £ 0.006
Penipe 12.65 £ 0.56 0.092 £ 0.004 0.078 £ 0.003
Chunchi 1.65 £0.2 0.012 £ 0.001 0.010 £ 0.001
Alausi 1.32£0.13 0.010 £ 0.001 0.008 + 0.001
Guamote 8.05 4+ 0.38 0.059 £ 0.003 0.050 £ 0.002
Riobamba 4.50 £ 0.77 0.033 £ 0.006 0.028 + 0.005
Cumanda * 0.18 +0.10 - -

Note: * Concentration below the lower detection limit of RAD H,O.

3.4. Activity Concentration Measurements of **°Ra

To confirm whether radon concentrations are related to the content of its parent, 2°Ra
in water, this radionuclide was determined in samples from all wells, springs, and reservoir
tanks. After ten days, only six water supplies presented radon levels above the lower
detection limit of RAD H,O (0.37 Bq/L). The results are presented in Table 7.

Table 7. 226Ra concentrations in samples from six drinking water supplies with radon concentrations
above the RAD? detection level, ten days after sampling.

222Rn Activity  222Rn Activity  22°Ra Activity
No. Water Supply Canton/City  Concentration  Concentration Concentration
Day 1 (Bq/L) Day 10 (Bq/L) (Bq/L)
1 Guayco 1 (L2) Guano 3.54 £0.27 0.41 £0.18 0.49 £0.22
2 Guayco 3 (L2) Guano 298 +0.42 0.39 + 0.16 0.47 + 0.19
3 Galten 1 (L3) Chambo 11.22 +0.94 0.56 £0.18 0.67 £0.22
4 Galten 2 (L3) Chambo 9.23 £ 0.68 0.51 £0.19 0.61 £0.23
5 Galten 3 (L3) Chambo 8.16 + 0.66 0.49 + 0.14 0.59 + 0.16
6 Galten 4 (L3) Chambo 9.65 £ 0.50 0.49 £0.14 0.59 £0.17

Activity concentration of 222Rn (Bq/1)

Detectable radium concentrations were observed in springs located in Guano and
Chambo cantons, northern Chimborazo province. The water samples indicated radon
concentrations (day 10) between 0.39 and 0.56 Bq/L, while radium concentrations ranged
between 0.47 and 0.67 Bq/L. The correlation between concentrations of ??2Rn and ?*°Ra is
illustrated in Figure 4.

15

10

0.40

y=43.597x-17.284
R?*=0.953

0.50

0.60

Activity concentration of 22Ra (Bg/I)

0.70

Figure 4. Correlation of 2°Ra and ??*Rn concentrations, radionuclides measured in water samples from
springs detailed in Table 7, located in geological units—lithologies consisting of volcaniclastic deposits.
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A significant strong correlation (R? = 0.953) was found between ??°Ra and ?*’Rn
concentrations in water samples collected from springs located on the distal facies of
Cotopaxi Volcanics (L2) and Pisayambo (intermediate reworked volcanoclastic deposits,
debris avalanches, lavas, and intermediate to felsic volcaniclastic deposits, respectively).

4. Discussion

This study covers all the cantons of the Chimborazo province located in the south-
central part of Ecuador, where there has been a lack of any previous studies of radon for
drinking water. Fifty-three water supplies that feed the systems of all the ten capital cities
of the cantons were monitored, fifty underground and three of surface origin (rivers). The
results exhibited presence of radon in the groundwater samples, while surface waters did
not present detectable values.

According to the sampling protocol, three independent samples were collected from
each water source, at the same time and under the same experimental conditions. In all
cases, the results of the three measurements were compatible with each other. In Tables 1-3,
the weighted mean of the three measurements was reported because it gives greater
importance to the more precise measurement, while the contributions of the measurements
that have large errors become insignificant.

Radon concentrations in groundwater samples ranged from 0.53 to 14.78 Bq/L. The
maximum values for springs, wells, and reservoir tanks were 14.78 Bq/L, 11.36 Bq/L,
and 2.01 Bq/L, respectively. The observed radon concentrations were well below the
parametric value of 100 Bq/L for water intended for human consumption recommended
by the EURATOM Directive 2013/51, and the alternative maximum contamination level
(AMCL) for radon in drinking water (150 Bq/L) proposed by the EPA [35].

Radon contamination of drinking water has been studied worldwide; publications in
surface water indicate radon concentrations less than 5 Bq/L [18,95]. Several studies in
groundwater, intended for human consumption, yielded values higher than the parametric
value of 100 Bq/L ([35,96,97], while other publications presented radon concentrations
lower than 11 Bq/L [85,98,99]. In general, radon levels had great variability from one
country to another, due to their dependency mainly of the geological background of the
study area.

Volcanic activity in the province of Chimborazo has left a significant mark on the
landscape and geology of the region. The studied water supplies are associated with
five geological units, Tarqui Volcanics (Cisaran Fm.), Cotopaxi Volcanics (distal facies),
Pisayambo Volcanics, Yunguilla Unit, and Peltetec Unit, and therefore exhibiting varied
lithologies Four lithologies presented similar mean concentrations of radon within the
uncertainties (10), except for the lithology characterized by intermediate volcaniclastic to
felsic deposits (L3), which demonstrated the highest mean concentration (9.58 & 3.04 Bq/L).
This lithology is present in the water sources studied in Guamote, Chambo, and Penipe,
neighboring cantons where it is possible to hypothesize that radioactivity of the rocks (33U
and its progeny), is greater than in the other cantons and geological units—lithologies. It
should be noted that there are no previous studies at all on the radioactivity of the rocks in
the study area.

The annual effective doses due to ingestion and inhalation of radon were calculated
based on the maximum radon concentrations of each city. The maximum annual effective
doses due to the ingestion of radon dissolved in water ranged between 0.010 and 0.108 mSv,
values lower than the global average annual effective dose caused by the ingestion of
radionuclides with food and drinking water (0.3 mSv). The maximum annual effective
doses due to inhalation of radon are in the range of 0.008-0.091 mSv, values lower than
to the world average annual effective dose caused by the inhalation of radionuclides
(1.2 mSv) [83]. A low dose due to ingestion and inhalation means that exposure to this
radioactive gas and its decay products is limited. This reduces the risk of developing health
problems related to radon, especially lung and stomach cancer.



Water 2023, 15, 2255

13 of 17

In all water supplies, the activity concentration of 22°Ra was determined, performing
a second radon measurement in the same water sample, using the RAD H;O method,
ten days after the first measurement. Detectable values of 2?°Ra were only observed in
six springs in the cantons of Guano and Chambo, within the range 0.47-0.67 Bq/L. Some
scientific publications report weak correlations between the 22°Ra and ?*2Rn concentra-
tions [87,100], while other papers, in contrast, a significant correlation between these
radionuclides [11,101,102]. In the current study, a significant correlation (R? = 0.953) be-
tween the concentrations of 22°Ra and 222Rn was observed, which can be explained by the
fact that the lithologies present in the aquifer are strongly tectonized, brittle, or weathered,
facilitating their dissolution and therefore the incorporation of ??°Ra in water. Another
probable cause of the presence of ?2°Ra in the water is the low adsorption of this element
on the surfaces of the mineral granules within the aquifers. In summary, the radium
concentration characterizes the geochemistry of the groundwater-rock interaction, while
the radon concentration, in most cases, is an indicator of immobile radium embedded in
the rocks [94].

The present research provides an overview of radon levels in drinking water in 10 cities
of the Chimborazo province, as well as the risk to the health of residents exposed to ionizing
radiation, associated with ingestion and inhalation dissolved radon in water. However,
this study has a limited scope since it did not consider the water sources that supply
rural sectors of the different cantons, small communities where groundwater is drunk
directly from wells and springs without a prior purification process or with such limited
practices. In addition, the monitoring did not cover the changes in water flow due to
seasonality of the contrasting rainy and dry seasons during the year. The future perspective
may be to conduct a regional and national monitoring campaign that provides scientific
information so that the Ecuadorian regulatory entity establishes a reference level for radon
in drinking water.

5. Conclusions

The radon concentrations in samples of 50 drinking water sources of subterranean
origin, that supply to the main cities of the province of Chimborazo, oscillated between
0.53 and 14.78 Bq/L, levels below the parametric value of 100 Bq/L, recommended by the
EURATOM Directive 2013/51 and the alternative maximum contamination level (AMCL)
of 150 Bq/L, proposed by the EPA, which implies that the consumption of these waters,
with respect to radon, can be considered safe.

The maximum annual effective doses due to the ingestion ranged between 0.010
and 0.108 mSyv, values lower than the global average annual effective dose caused by the
ingestion of radionuclides with food and drinking water (0.3 mSv). The maximum annual
effective doses due to inhalation of radon were in the range of 0.008-0.091 mSv, values
also being lower than the world average annual effective dose caused by the inhalation of
radionuclides (1.2 mSv). In conclusion, radon exposure levels are relatively low, and the
risk associated with this exposure is minimal.

The water supplies studied are associated with five geological units: Tarqui Volcanics
(Cisaran Fm.), Cotopaxi Volcanics (distal facies), Pisayambo Volcanics, Yunguilla Unit, and
Peltetec Unit. The Pisayambo Volcanic unit, which includes intermediate volcaniclastic
to felsic deposits, presented a mean radon concentration higher than the other geological
units (9.58 & 3.04 Bq/L); this finding leads to the assumption that the radioactivity of these
rocks (>*8U and its progeny) is greater than in the other cantons and lithologies.

Radon concentrations in samples from six water springs, located in the cantons of
Guano and Chambo, are significantly correlated with radium concentrations (R? = 0.953);
this result can be explained by the fact that the lithologies present in the aquifer are
strongly tectonized, brittle, or weathered, facilitating their dissolution and therefore the
incorporation of 22°Ra in water. Another probable cause of the presence of >?°Ra in the
water is the low adsorption of this element on the surfaces of the mineral granules within
the aquifers.
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