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Highlights

This study presents an evaluation of the radioactivity due to ??Rn and *H in several mineral natural water and tap

water samples.

It shows that the geology and rocks types clearly influence the radon concentration in the water.

It provides reliable information regarding radon and tritium concentrations, and an estimation of annual effective radia-
tion dose based on the sample results.

Dose calculations revealed that regular consumption of water does not induce a health risk due to the intake of various
radionuclides contained in the water, these being at most of 47.38 uSv/y.

Abstract. The aims of this study were to determine the radon concentration in natural mineral and tap water and to es-
timate the resulting ingestion doses received by adults. Physical-chemical characteristics of water samples have also been
investigated. In the last years have been an increase of water consumption of both, natural mineral and tap, many sources
and producers being available on the market. Thus, the physical-chemical and radiologic parameters of water must be in
compliance with the Drinking Water Directive (DWD). Thus, the study presents an assessment of the radioactivity due
to 222Rn and 3H in several mineral natural water samples from the north region of Romania, but also in several tap water
samples. The methods used were based on gamma spectrometry, gross alpha-beta measurements and beta spectroscopy,
but also ICP-MS for chemical parameters. The results of this work showed that the geology and rock types clearly influ-
ence the water radon concentration. The radon concentration is lower in the water that passes through sedimentary rocks
than that passing through granitic rocks. An important aspect of this work is to provide reliable information regarding
radon and tritium concentrations. Radon concentration varied between 0.15+0.05 Bq/L and 11.35+2.97 Bq/L in the natural
mineral water samples and between 0.17+0.05 Bq/L and 8.51+2.34 Bq/L in the tap water samples. An estimation of annual
effective radiation dose based on the sample results was also made. Calculated values for ingestion dose due to regular
consumption of water does not induce a health risk because of the intake of various radionuclides contained in the water.
The maximum values being of 47.38 uSv/y. The determined values for the collected samples are below recommended refer-
ence levels, but more important aspect is that this study emphasise environmental sustainability in the investigated area.

Keywords: radon activity concentration, drinking water, natural mineral waters, Lucas cell, dose estimation.

Introduction

The interest in the radioactivity of natural and drink-
ing mineral waters has grown significantly in the recent
years. Natural radionuclides contained in waters give an
important exposure to human body, through its ingestion.

222Rn, a natural radioactive gas, has an important part to
this exposure from indoor radon exposures (Borio et al.,
2005; Nita et al., 2014; Calin et al., 2019; Silva et al., 2019)
or through drinking water supplies (2009/54/EC; 2013/51/
Euratom; Ro. Law 301/2015; World Health Organization
[WHO], 2017). Radon is found in lakes and rivers which
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represent the surface waters, but also groundwater sourc-
es may contain elevated concentrations of radon. Higher
radon concentrations can be found in groundwater from
wells and boreholes compared with surface waters radon
concentrations; however, these concentrations can vary
considerably. Others well-known radionuclides among
238U, 232Th, and 22Ra are soluble in water, however radon
is the most common isotope present in natural mineral
waters, being the main contributor of the radioactivity in
comparison with 22°Ra which is the second contributor
(Todorovic et al., 2012).

Because of the intake of radon through water inges-
tion, the radiation dose to humans will increase. Never-
theless, the screening levels for radon in water must follow
the basis of the national and international standards for
the reference levels. International Basic Safety Standard
(BSS) and the recommendations of the ICRP are the bases
for these reference levels recommendations. In Romania,
the reference level is set to 100 Bq/L (Ro. Law 301/2015),
in compliance with the Directive of the EU Council
(2009/54/EC; 2013/51/Euratom).

In such studies, concerning the activity concentrations
of radon present in drinking waters rather large variations
of measured values have been showed. That is due to vari-
ous reasons such as the type of water — spring water from
volcanic rocks; carbonated water from sedimentary rocks,
etc. For instance, in Serbia, measurements performed with
RAD?7, showed concentration values for bottled water to
be between 0.9 Bq/L and 18.3 Bq/L, with one value of
1463 Bq/L that exceeds the international reference value
(2013/51/Euratom; Todorovic et al., 2012). The tap water
values were between 1.59 Bq/L and 2.30 Bq/L (Todorovic
et al., 2012). In other parts of the world such Brazil, the
groundwater radon values were found between 0.02 Bq/L
and 112.5 Bg/L, for measurements also performed using
RAD?7 (Oner et al,, 2013; Bonotto, 2014). As it is expected,
the radon concentration depends firstly of the type of soil
and rocks that it crosses (granites, sedimentary, volcanic,
etc.) and it may wash out and involve the radionuclides
contained in them, and secondly of the type of water
(surface, ground, spring, well water). The same scenario
is valid for tritium (Baeza et al., 2002; Borio et al., 2005;
Palomo et al., 2007; Froehlich, 2010; Patnaik, 2010).

For this reason, potential health risks from natural ra-
dionuclides presents in drinking water has an important
interest worldwide. In the Euratom Drinking Water Direc-
tive it is stated that radon content, from water intended for
drinking purposes, has to be analysed (2013/51/Euratom).
As regarding the recommended reference level of effective
dose received from drinking water consumption, this is
100 mSv/y and was calculated excluding the dose received
from 3H, 40K, 222Rn.

In the present research the main goal is to determine
the radon concentration in natural mineral and tap water
and to estimate the resulting ingestion doses received by
adults. In addition to this, another goal is to observe the
influence on the activity concentration of radon due to
the origin of the water samples. It has been also checked

for tritium activity. Tritium reference levels, expressed as
volumic activities of treated water (HTO) are the same as
those presented above for radon (Ro. Law 301/2015). In
this study, the simplified model mentioned can be used,
considering that the associated doses of HTO is well below
the maximum allowed levels, even if we work with a sce-
nario in which there is a persistent, continuous and daily
uptake of the radioactivity, given by water consumption
(CNCAN 145/2018). The application of method for deter-
mination of radon together with tritium activity in natural
water offer important information concerning leaching of
the water between surface, subsurface and deeply situated
natural mineral water layers. Another relevant aspect in
this situation is the lack of data or fewer of them on the
222Rn activity concentration in Romanian waters, and the
lack of confident data in determining the health risks from
the consumption of this water, together with an incom-
plete evaluation of the annual effective radiation dose.

The research novelty and the significance of this study
consist in the radiological characterisation of the Bucovina
aquifer, that is applied locally, however this approach can
be used for other aquifers, being extensible and scalable
method, capable for simultaneously monitoring of ground
and surface water, as of the physico-chemical and radio-
logical indicators.

1. Materials and methods

1.1. Study area - Geographical and geological
information

In this study, both in situ and laboratory experiments
were carried out (SALMROM and BETALAB laboratories
within IFIN-HH and Department of Analytical Chemistry
and Environmental Engineering within UPB Bucharest).
The natural mineral groundwater samples were collected
from 12 points for analyses, directly from the capture
pipes, in 0.5 L bottles, completely filled. The region where
these springs of natural mineral water are located is in the
north of Romania, in Bucovina region (Figure 1). The wa-
ter which comes from volcanic aquifers contains dolomite,
diorite, basalt, calcite, andasite and traces of quartz, mus-
covite and paragneiss rocks. It is known that for relatively
small area, the variation of rock types is very large and can
lead to different concentrations of natural radionuclides
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Figure 1. The location of the region in Bucovina in Romania,
from where the natural mineral waters were collected



372 M. R. Calin et al. Analysis of the radon concentrations in natural mineral and tap water using Lucas cells technique

of 99K, 238U, 232Th and 22°Ra (Ion et al., 2019; Radulescu
et al., 2017; Calin et al., 2016), having as a consequence, a
wide variation of radon concentrations. In addition, these
waters originate from different depths and go over dif-
ferent geological intermediate layers. While sedimentary
rocks contain low level of radioactivity, phosphate rocks
and carbonates may have higher concentrations of radio-
nuclides which can be dissolved into the water (Ion et al.,
2019), and that can be clearly observed from the radioac-
tivity measurements in currently studied samples.

The drinking water samples (12 tap water samples)
were taken from the IFIN-HH institute area and several
locations from Magurele city and from Bucharest city.

1.2. Chemical characteristics determination

Twelve natural mineral water samples were collected and
analysed, not only for radon and tritium content, but also
a number of other chemical characteristics were taken
into consideration such as pH, electrical conductivity and
the main anions and cations, K*, Na*, Ca*, Mg?*, NH,",
HCO;", NO;~, SO,2. Metrohm intelligent Partial Loop
(MiPT) technique with conductivity detector was used
using an 850 Professional IC AnCat-MCS for anions and
cations analysis with two separation columns C4-250/4.0,
Metrosep ASUP 5. The analyses were done in compliance
with EPA Method 300.0 and 300.1 (Yuce et al.,, 2017).

1.3. Lucas cell scintillation method

To perform the radon measurement, the samples of water
were in hermetically closed containers, using polyethyl-
ene bottles (PET) of 0.5 L. Three samples were carbonated
waters and nine were non-carbonated waters. The bottles
were completely filled to avoid air volume insertion be-
tween the free surface and the cover. Sampling conditions
were also ideal for tritium measurements. Radon levels
were determined in less than 12 hours after samples col-
lection (tap and natural mineral water), this to avoid the
radioactive decay influence. During the handling of the
water, the radon is released into the air with easiness.
Thus, measuring the activity concentrations of 22?Rn in
drinking water difficulties are encountered: when water
is transferred from a container to another one and it is
stirring, the dissolved radon is released and the remain-
ing water will have lower radon activity; boiling is another

The legend:

1 - Evacuation

2 - Dryerite tube/dryer
3 - Stopper

4 - Water tap

5 - Lucas Cell 300 A

6 - Plastic tubes

7 - Test tube

8 - Bubbler

9 -Inlet

11 - Manometer
12 - Pump

12 0 i}
H:l WG 1001 WATER DEGASSING UNIT

10 -WG1001 Water degassing unit

process that will completely release radon from the water
into the air. At present, there are used various methods
for measuring the radon in water: Lucas cell counting,
gamma and alpha spectrometry, liquid scintillation count-
ing, (SSN'TD) solid-state nuclear track detectors and other
(Todorovic et al., 2012; Oner et al., 2013).

Scintillation cell techniques were used to measure
these water samples. The radon concentrations were de-
termined using the Pylon-AB 5R system manufactured
by Pylon Electronics (Canada) (Pylon Manual, 1991). The
Pylon system is a laboratory-grade instrument for fast and
accurate measurement of radon levels, it is also radon-
in-air monitor, portable, very sensitive, durable, with
high efficiency and low background, and can operate in
a continuous mode (Nita et al., 2014; Calin et al., 2015).
An accessory of the radon monitor was used a Vacuum
Water Degassing System, Pylon WG-1001. The radon gas
is bubbled through the water for pumping the radon into
an evacuated and isolated Lucas ZnS(Ag) coated alpha
scintillation cell, model Pylon LC 300 A. The Lucas cell
was mounted with the air sample pumping it across the
dehumidifier (Figure 2) and the air filter according to
the measurement procedure of the double-valve. Follow-
ing the technical specification of the equipment supplier
(Pylon Manual, 1991), prior each sample measurement
the system is emptied by purging for 20 minutes to get
background values of radon activity concentrations into
the detector. Then, the water is inserted into the degassing
vessel (190 mL) and the WG 1001 is turned on.

The limit of detection (LD) for radon concentration
is influenced by the Lucas cell detector background, and
the residual gas contamination in the dehumidifier and
in the connecting pipes. Thus, before determining the ra-
don concentration from the water samples, equilibrium
measurements were conducted to establish the level of
background. A routinely achievable detection limit is
0.005 Bq/L for Pylon.

In order to measure the carbonated natural mineral
water samples, a CO, degas ultrasound facility was used to
remove the high content of CO,, or a light bubbling with
a stream of air was performed for a period of 10 minutes.
Thus, 200 mL of each sample was transferred into pro-
pylene vials and degassed for 10 minutes before analysis.
For each sample of natural mineral water and tap water,
measurements of 5 minutes in three consecutive loops

Figure 2. Experimental set-up diagram with the degassing system and Lucas cell coupling, and the laboratory experimental set-up
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were done, in total 15 min, thus obtaining 3 values for
the number of counts. Subsequently, from the arithmetic
mean of each triplicate, the background value previously
measured of the Lucas cell was subtracted.

The measurement system has suitable features to anal-
yse the concentration of radon gas in natural mineral wa-
ters. The important characteristic of this system is the high
sensitivity and very short response time. Figure 2 shows the
experimental set-up diagram with the degassing system and
Lucas cell coupling to the measuring Pylon system.

The Pylon radon monitor has been check for his cali-
bration factor in the radon chamber at IFIN-HH Depart-
ment of Radioisotopes and Radiation Metrology (Pierre
et al., 2021).

Gamma spectrometry, using an High Purity Germa-
nium detector (GEM 25P4 model, from Ortec Inc., Eas-
ley, SC, USA), was the analysis performed on the residue
samples after evaporation, in order to be able to calculate
the total effective dose considering the other natural ra-
dionuclides contained in the samples, such as 233U, 232Th,
226Ra and 4K (Calin et al., 2015).

1.4. Ultra Low-Level Liquid Scintillation Counting
method

In addition, for the natural mineral water samples, Liq-
uid Scintillation Counting (LSC) analyses were done for
determining tritium levels, as this can be considered an
indicator of any surface infiltration or interference, as well
as for the aquifer stability. Tritium measurements were
performed using the Quantulus 1220™ equipment from
Canberra - Packard/Perkin-Elmer, USA. In the last years,
the preparation, measurement and performance protocols
of Quantulus 1220™ have been continuously improved
at BETALAB by adapting the literature recommendations
(Broda et al., 2007; Varlam et al., 2009; Schafer, 2010).

Table 1. Main natural mineral water
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Also, the detection limit of LSC for tritium was improved
to be lower than 0.5 Bq/L. Standard deviation values were
less than 5% measured with Quantulus 1220™ ultra-low
level analyser. The total measuring time resulted too be a
multiple of 500 min/sample, using as scintillation cock-
tails, UltimaGold uLLT® or UltimaGold® commercial
products and standard 20 cm® polyethylene measuring
vials. Methods for obtaining HTO-based analytes pro-
vide for the removal by distillation of chemical and ra-
diochemical contaminants. Some of them remain in the
blazer (products with a boiling point higher than that of
water), others are separated from the distillate by releasing
into the air (International Organization for Standardiza-
tion, 2015).

2. Results and discussions

2.1. Chemical and radiometric data

The study conducted for physical-chemical analysis on
the 12 natural mineral water samples showed slightly
variations of the major components of anions, cations and
physical parameters (Table 1).

The geo-chemical properties of the area represent one
of the reasons of these variations. Dolomite and calcite
containing traces of quartz, muscovite, biotite, goethite
and limonite represent the mineral water source geologi-
cal description. For the water samples, the nine main ions
concentration (SO,2~, HCO;~, NO;~, Nat, K*, Ca?t, Mg?",
NH,*, F7), pH, electrical conductivity and dry residue, were
determined as a characteristic composition for the local ge-
ology and for the aquifer position, showing the dominant
Ca-Mg-HCO3 nature of the studied water (Table 1).

In the tap water samples, only three ions (Na*, NO;~
and SO,27), pH and electrical conductivity were deter-
mined (Table 2).

samples physico-chemical characteristics

Natural mineral waters chemical data
Ce Anions (mg/L) Cations (mg/L) Res. Sec 180°
pH .e. .
(WSfem) | g | Na* | Ca¥* | Mg |NH,*| HCOy | NOy | SO, F- (mg/L)
Min 5.85 1588 1.4 3.0 216 69 0.05 1150 0.1 7 0.10 63
Max 6.23 1881 3.9 6.4 315 88 0.20 1364 3.9 24 0.76 3026
Mean 6.05 1735 2.4 4.7 283 78 0.11 1278 2.7 13 0.25 545
Table 2. Physico-chemical characteristics of the tap water samples
Tap water samples chemical data
Anions (mg/L) Cations (mg/L)
pH C.e. (uS/cm)
Na* NO,- SO

Min 7.10 80.5 2.1 1.42 7
Max 7.34 124.6 12.7 7.30 54
Mean 7.24 98.8 5.4 3.21 24
Directive 98/83/CE values >6.5; <9.5 2500 200 50 250
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Over the years, anthropogenic activities have affected
the quality of surface and groundwater. The values pre-
sented in Table 2 showed in all cases acceptable values
according to the 83 Directive/98 for the parameters meas-
ured in this study. However, public information regard-
ing the water quality (Tudor, 2018) showed the problems
occurred sometimes are related to iron concentration,
turbidity and free residual chlorine at the end of the pipe-
line systems, resulting in non-compliant results with the
83 Directive/98.

To evaluate the activity concentration of 222Rn in the
natural mineral water samples and tap water samples was
used the following formula (Pylon, 1991; Nasir et al.,
2015):

(c-5)

=—— 7 x37x1073 [Bq/L], 1
Fx6.66xDxSxV [Bq/L] W

Rn
where: Cp,, represents ?2Rn activity concentration in
[Bq/L], C represents the sample gross count rate (in
CPM), B represents the background rate (in CPM), F rep-
resents the cell counting efficiency (0.745), D represents
the degassing efficiency of 300 A Lucas cell (0.9), S being
the time correction for the decay of radon from the sam-
pling time T}, between 0.6701 and 0.8217, V represents the
sample volume in litres (190 mL), and 37x10~2 represents
the conversion factor between pCi and Bq. The calculated
values of radon activity concentration for all samples are
shown in Table 3.

Measurements showed very low values of radon ac-
tivity concentrations in these water samples, both natural
mineral and drinking. One can be noticed that for natu-
ral mineral water values ranges from 0.15+0.05 Bq/L to
11.35+2.97 Bq/L with an average of 3.69+0.95 Bq/L, since
for the tap water the values are in general slightly lower
values, between 0.17+0.05 Bq/L to 8.51+2.34 Bq/L with an
average of 1.40+0.40 Bq/L. This was expected because of
the fact that tap water is in most cases from surface water,
which generally records lower values of radon concentra-
tion than groundwater. NMW3 and NMW4 have high
concentrations of radon, but both are carbonated water.
NMWS5 originates from the same aquifer, but is non-car-
bonated. It can be seen from the Table 3 that natural car-
bonated mineral waters have higher radon concentrations.

Other studies for Romanian carbonated and noncar-
bonated water, in field measurements, showed higher val-
ues than in this study that ranges between 1.6-69 Bq/L
and 13-166 Bq/L of radon activity concentrations (Nita
et al., 2014). Certainly, the study area of these waters was
different, and consequently the values are quite different,
but factors that can contribute to this significant varia-
tion are containers for transportation; the operations of
bottling and packing that could influences the radon con-
centration in water, reducing it. Same situation can be
encountered in tritium volumic activities determination.

In other study for Romania, where the water samples
collected from springs, the radon concentration showed
very low values that ranged between Minimum Detectable

Table 3. Radon concentrations in natural mineral water and tap
water samples and its associated total effective dose

Radon Total effec-

No. Sarlngles wall;};'gso?lfl'ce concentration | tive dose

(Bg/L) (uSvly)
Natural mineral waters
1. | NMW I |mineral spring | 0.73+0.12 1.28+0.21
2. | NMW 2 | mineral spring 1.08+0.34 1.89+0.60
3. | NMW 3 E:géai;raiﬂ;o' 7.78+1.59 | 13.62+2.78
4. | NMW4 Ei:‘cféai;sﬂ’go' 11.3542.97 | 19.86+5.20
5 NMWS5 | mineral spring | 9.35+2.28 16.36+3.98
6 NMW6 | mineral spring | 1.67+0.56 2.92+0.97
7. | NMW?7 | mineral spring | 2.08+0.41 3.64+0.72
8. | NMWS8 |mineral spring | 4.01+1.27 7.02+2.22
9. | NMWY9 |mineral spring | 2.09+0.58 3.66+1.02
10. | NMW10 | mineral spring | 0.60£0.11 1.05+0.20
11. | NMW11 |mineral spring | 0.15+0.05 0.26+0.08
12. | NMWI12 ;‘zi‘elcrlai;r"‘;;o' 337+1.12 | 5.90+1.96
Arithmetic mean 3.69+0.95 6.45+1.70
Drinking water

13. DW1 |tap water 0.17+0.05 0.30+0.08
14. DW2 | tap water 0.23+0.08 0.40+0.13
15. | DW 3 |tap water 0.39+0.09 0.68+0.16
16. | DW 4 |tap water 0.45+0.11 0.90+0.20
17. | DW 5 |tap water 0.21+0.07 0.37+0.12
18. | DW 6 |tap water 2.79+0.85 4.88+1.48
19. | DW 7 |tap water 1.26+0.41 2.20+0.70
20. | DW 8 |tap water 0.56+0.13 0.98+0.23
21. | DW9 |tap water 1.21£0.39 2.12+0.68
22. | DW 10 |tap water 0.72+0.25 1.26+0.44
23. | DW 11 |tap water 8.51+2.34 | 14.90+4.10
24. | DW 12 |tap water 0.19+0.04 0.33+0.12
Arithmetic mean 1.39+0.40 2.43+0.70

Activity (MDA = 0.5 Bq/L) to 20 Bq/L for the majority
of the samples, 4 samples having measured values of 20-
40 Bq/L (Nita et al., 2014). In Cucos et al. (2021) values
measured were between 2.1-19.7 Bg/L.

Other international studies provided similar data for
both types of water, and are represented in Figure 3 (Bian-
cotto et al., 1991; Somlai et al., 2007; Wallner & Steininger,
2007; Seiler, 2011; Todorovic et al., 2012; Nita et al., 2014;
Bonotto, 2014; Alonso et al., 2015; Nasir et al., 2015; Nan-
dakumaran et al., 2016). For instance, in Sukanya et al.
(2020) radon activities concentration were between 0.17-
68.3 Bq/L and other authors found rather large variation
of the radon concentrations ranged from 0.07+0.12 Bq/L
to 187412 Bq/L (Ismail et al., 2021).
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One can observe from Figure 3 that the variations are
considerable large, up to few orders of magnitude, not only
for natural mineral water where the geology has an high
influence on the content of the radionuclides dissolved in
water, but also for the tap water, where in many cases the
water supply is surface water. Another interesting obser-
vation is the fact that the radon concentrations measured
do not show significantly lower values in the tap water
compared to values in natural mineral water (Figure 3).
Furthermore, it was noticed that for both cases, one or
two values were extremely high, >600 Bq/L for tap water
(Nasir et al., 2015) and >1,000 Bq/L for natural mineral
water (Todorovic et al., 2012).
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Figure 3. Radon activity concentrations in natural mineral
water and in tap water from different countries

Hoehn et al., Kendall and McDonnell, showed in their
studies that radon can be used as a hydrogeochemical
tracer (Hoehn et al., 1992; Kendall & McDonnell, 1998).
226Ra can be found in the reservoir of the rock. Its content
and its emanation coefficient represent the factors that
influence the presence of 2??Rn in groundwater (Alonso
et al., 2015). 226Ra is a natural radioactive isotope from
the 238U series which can be found in different concen-
trations in rocks and soils depending of the constitut-
ing mineral types (de Meijer, 1998) and which can have a
higher concentration in volcanic acid rocks (Alonso et al.,
2015). Thus, important concentrations of 22Rn should be
present in groundwaters leaching through volcanic acid
rocks layers. The properties of the rock regarding its po-
rosity and fractures, where the interchange with ground-
water and with the distribution of ?°Ra occurs, has an
important influence on the amount of dissolved ?*’Rn in
groundwater. Consequently, 2?Rn dissolved in water can
“travel” large distances (hundreds of meters), also taking
into account the 3.8 days half-life, reaching the surface
and thereby, its concentration in a sample is representative
to the location from which the sample was taken. Based
on other factors, not part of this study, the radon concen-
trations in water can be influenced. For example, mixing
processes with water with low radon concentrations. Also
the groundwaters temperatures can influence the radon
concentrations, since the radon gas solubility go up with

temperature. Finally, that the geology and the types of the
rocks clearly influence the radon concentration in the wa-
ter, also in the region studied.

As the studied area consists mainly of carbonate sedi-
mentary rocks (calcite, dolomite, etc.) and volcanic rocks
(basalt, andesite, dacite, etc.) with some interference of
feldspars, the concentrations of natural radionuclides
are lower than for instance in granite rocks which might
contain 10 to 20 ppm of uranium, as well as for thorium.
Mafic rocks like basalt or diorite contain up to 1-5 ppm
uranium and equally low amount as for limestones and
sedimentary rocks, up to 10-fold or 100-fold lower than in
granitic rocks (Figure 4). This explains why the concentra-
tions of radon measured in natural mineral water samples
have such low values as presented in Table 3 and Figure 4.

100 000 £ 1

10000

i I |

22Rn activity concentration (Bq/L)
1

1 1
Sedimentary Granitic

Rocks type

Figure 4. Radon concentrations in different water sources
depending on the rock type

The average concentrations of radon in water as a func-
tion of the rock type lie between 36.6-120 Bq/L for sedi-
mentary rocks (Gibbons & Kalin, 1997; Ladygiene et al.,
1999; Somlai et al., 2007) and between 644-1220 Bq/L
for granitic rocks (Trautmannsheimer et al., 2002; Wall-
ner & Steininger, 2007; Lerena et al., 2013). Exceptionally,
extremely high values can be recorded, such as those in
Finland (Salonen, 1988), where radon activity concentra-
tion in granitic bedrock water samples was 77 000 Bq/L.

The application of method for determination of radon
in Bucovina aquifer lead to an important observation: the
radiological characterisation of the an aquifer, regarding
radon activity concentration is in close connection with its
properties as hydrogeochemical tracer, and even if there
are many other factors that can bias this concentration in
water, the geology and the types of rocks clearly are the
main influence to it.

2.2. The annual effective dose

The annual effective dose [uSv/y], for the adults, caused by
intake of radon from water, has been determined using the
following expression (Somlai et al., 2007):

Ing =Cy, xDCFxV, (2)

where: Cp, [Bq/L] represents the activity concentration
of 222Rn, DCF [nSv/Bq] represents the dose conversion
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factor (3.5 nSv/Bq for an adult) (Table 20 Committed ef-
fective doses per unit intake by ingestion of natural ra-
dionuclides, United Nations Scientific Committee on the
Effects of Atomic Radiation [UNSCEAR], 2000) and V[L]
represents the annual intake of water by an adult.

In Table 3 are highlighted the results. The annual ef-
fective dose values are low, varying from 0.26 uSv/y to
20 uSv/y. The average value of EDy,, due to radon in tap
water is more than 2-fold lower than that in natural min-
eral water, as was expected. It should be mentioned that
for the calculation of the dose in tap water it was consid-
ered that the consumption of water the annual intake is
500 L for an adult (as in Table 4), considered the reference
annual intake of air, food and water, (UNSCEAR, 2000)
and not 60 L, as weighted the estimate of consumption.
There are some controversies concerning the numerical
values the volume of annual ingested water and dose con-
version coeflicient. For the annual consumption volume
of water, some authors are using the weighted estimate,
60 L/year (Alonso et al., 2015; UNSCEAR, 2000), some-
one others, 500 L/year as in Annex A: Methodologies for
dose evaluation (UNSCEAR, 2000) for water and bever-
ages estimate, and starting from the fact that the volume
of water ingested per year (2 L per day) is 730 L, others
use established guidance levels for radionuclides in drink-
ing water (WHO, 2017). In this study, was found that less
than 2 L is the average consumption per day per indi-
vidual with considerable variations from person to per-
son. The drinking water may vary with climate, physical
activity, habits of life and economic status (Somlai et al.,
2007). The dose conversion coefficient factor varies from
3.5x107° Sv/Bq to 1078 Sv/Bq (UNSCEAR, 2000; Somlai
et al., 2007; Nandakumaran et al., 2016).

There are two facts when radon from tap water can
lead to exposures, one when the drinking water is in-
gested and second the inhalation of radon released into
air when water is used. The parameters for the inhalation
pathway are: the concentration of the radon [Bq/m?], air-
water concentration ratio of 1074, indoor occupancy of
7,000 hours per year, equilibrium indoor factor of 0.4,
and dose conversion factor established value of 9 nSv
(Bq h m®)~L. The inhalation dose (ED;,;,) due to radon
released from water is calculated accordingly to Eq. (3)
(Khan et al., 2019).

EDy,;, = Cg, [Bq/m3] x 1/10* x (7 x 10%) h/y x
0.4 x 9 nSv/(Bq x h x m™3). (3)

10 kBq/m? value is the average concentration of ra-
don in water given by UNSCEAR report. This implies a
contribution of 1 Bq/m? to radon in air in indoor. Taking
these into account and following Eq. (3), results an esti-
mated total effective dose for inhalation because of the
exposures from radon in water of 25 uSv/y. In the present
case, for the average of 3.70 kBq/m® of radon concentra-
tion in natural mineral water will result an effective dose
of 9.3 uSv/y. As the average concentration in tap water is
1.40 kBg/m?, the effective dose is 3.5 uSv/y. Both values
are well below the reference values given in UNSCEAR.
The total committed effective dose, for the general popu-
lation caused by the occurrence of radon in drinking wa-
ter and its domestic use is the sum of the effective doses
caused by radon ingestion with water, EDy,, 1., and inha-
lation from waterborne radon, EDy,, 1.

EDRn = EDRn, Ing + EDRn, Inh* (4)

Comparing the average values of doses due to inges-
tion, from Table 3, of 6.45 nSv/y for natural mineral water
and of 2.45 uSv/y for tap water, and the dose due to in-
halation of 9.3 puSv/y and 3.5 uSv/y for the same samples,
one can clearly state that the risk of inhalation of radon
released from water is higher than the risk from the in-
gestion pathway (Poe et al., 1998; UNSCEAR, 2000; Kitto
et al,, 2005). The outcomes of Eq. (4), the total committed
effective dose, are 15.75 pSv/y and 5.95 pSv/y, for natural
mineral water and for tap water, respectively, which are
considered low values in respect to the reference values
given by UNSCEAR.

The activity concentrations of the natural mineral wa-
ter samples are displayed in Table 4, for the minimum,
maximum and average concentration of tritium, 238U,
226Rq, 232Th and 49K,

It is worth mentioning that for tritium most of the
samples were less than the Minimum Detectable Activ-
ity MDA (0.7 Bq/L) and only in three samples very low
activity was measured. Also in some samples, 2*2Th was
not detected as it has a low solubility.

The total effective dose resulted from the ingestion of
radionuclides contained in water is calculated according
to (Ion et al., 2019), ranging from 15.45+4.90 pSv/y to
47.38%16.71 uSv/y. These values are below the reference
value of 100 pSv/y.

Concerning tritium analyses for tap water samples, the
results are well below the limits allowed in Romania for
drinking water (100 Bq/L), ranging from 2.90+0.15 Bq/L

Table 4. Tritium and natural radionuclides concentrations in natural mineral water samples and the resulting total effective dose

Natural mineral water samples
Tritium 238y 226Ra 232Th 40K Total effective dose
Activity concentration [Bq/L] [uSv/y]
Min 1.33£0.05 0.06+0.01 0.11+0.02 0.012+0.002 0.55+0.06 15.45+4.90
Max 1.45£0.05 0.21£0.06 0.45+0.05 0.086+0.010 0.92+0.11 47.38+£16.71
Mean 1.39+£0.07 0.12+0.02 0.28+0.03 0.100+0.005 0.80+0.08 34.50+7.85
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to 5.20+0.28 Bq/L, and suggesting water supplies from a
large area of surface water resource. The corresponding set
of samples for natural mineral water represents the lowest
values (SMDA; MDA = 0.7 Bq/L). Among them, except-
ing of NW7 and NW10, no surface water infiltration or
interferences were assigned. The values above MDA ob-
tained for these two samples (see Table 4) could be caused
by a different dynamic of resilience time of water source
near the surface.

One the one side, analysing the above results clearly
outlines the hypothesis that there are no anthropogenic
inputs to the water sources of the ground, more likely
suggesting major contribution from the carbonate rocks
weathering. The main geochemical process that influences
the chemical composition is represented by dolomite dis-
solution.

On the other side, the present study supports the con-
sumers of natural mineral water and tap water, taking into
account the effect of low doses on human health, consid-
ered that the consumption of natural mineral water is a
market segment that shows an upward trend.

Conclusions

The radon concentration values found in this study were
quite low, with an average of 1.39 Bq/L. An interest-
ing conclusion is the fact that the radon concentrations
measured in tap water samples do not show significantly
lower values compared to values in natural mineral wa-
ter. In compliance with radiological protection point of
view, in the present work the radon levels measured in
groundwater and in drinking water samples are below
than 100 Bq/L which is the level established by the Euro-
pean Commission.

From the results presented in this study, it can be not-
ed a correlation between aquifer characteristics. A clear
distinction was made between contributions of different
types of rocks to radon activity concentration in water,
the sedimentary rocks type leading to a lower radon activ-
ity concentration in water than granitic type. The tritium
concentrations were used as an indicator if there were sur-
face water infiltration or interferences. Low values were
obtained for the majority of the samples, below minimum
detectable activity.

The annual effective dose was estimated according
with measured radionuclides activity concentrations.
From this point of view, the radon associated dose due
to inhalation of radon released from water (9.3 uSv/y)
is higher compared to radon associated dose due to
ingestion (6.45 pSv/y). Both values were considered low
with respect to the reference values given by UNSCEAR.
As a major interest in this study is that the annual inges-
tion dose for the analysed water samples is lower than the
accepted reference level.

The total effective dose resulted from the intake of “°K
2380, 232Th and 2?°Ra was at maximum 47.38 pSv/y and
the total amount of all being well below 100 puSv/yr which
is the reference level of the committed effective dose.

Some physico-chemical characteristics such as pH, elec-
trical conductivity and nine main ions were determined
to identify directions in the chemical evaluation relating
to rock type compositions and variations. It was observed
that in the aquifers with carbonate rocks, the waters ex-
pose higher concentrations of alkali-earth metals (Ca?*
and Mg?*) in correlation with HCO;~, which is less cor-
related with the reduced amounts of Na* and K* from
these rocks. The research made in this study showed that
mineral waters expose good chemical stability with values
below 10%, and from this point of view admitting a low
infiltration of the rain water or other external influence.

Another relevant aspect is to increase the amount of
data on the 222Rn activity concentrations in Romanian wa-
ters. The research significance of this study consists in the
radiological characterisation, activity concentrations and
associated dose, but also physical-chemical parameters in-
dicators, that constitute an extensible and scalable method
for other aquifers or water sources. This study is of great
importance for ensuring the quality of natural mineral wa-
ters, but tap waters, investigated here, with regard to the
radioactivity in accordance with the Council Directives
2009/54/EC and 2013/51/Euratom.
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