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Abstract  30 

One hundred and ninety-six drinking water samples from the different regions of Tarragona province 31 

(Catalonia, Spain) were analysed to determine the gross alpha and beta activity. Individual alpha emitting 32 

isotope activities were also determined to evaluate a possible relationship between their radiological content 33 

and the lithological and hydrogeological formations present in the studied area. The results obtained showed 34 

that approximately 23 % of the analysed samples, mainly from five of the evaluated regions, had a gross 35 

alpha index exceeding the parametric value of 0.1 Bq/L for waters intended for human consumption 36 

according to the current legislation. This could be related to the presence of natural radionuclides in these 37 

water samples. The differences between the radiological content in these samples could be related to the 38 

different lithological conditions of the areas included in this study. High activity levels of 234U, 238U, 224Ra, 39 
226Ra and 228Ra were detected in specific samples, mainly from granitic and carbonate areas. This research 40 

also focuses on evaluating the radiological risk associated with water ingestion. In this regard, consuming 41 

95.5 % of the drinking water samples analysed would not imply a health risk to the population as the annual 42 

effective doses calculated were below 0.1 mSv/year. There was only one sample that exceeded this level 43 

with a value of 0.33 mSv/year. 226Ra activity concentration was the radionuclide that mainly contributed to 44 

this dose.  45 
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Introduction 61 

Water intended for human consumption can be obtained from different sources. For example, in 2018 62 

approximately 90.2 % of the Spanish water collected for drinking water had an underground origin while 63 

the rest corresponded to surface and rain water (Palau Miguel et al. 2020). Specifically, in Catalonia, the 64 

drinking water supply is a council competence. A total of 66 % of the supplying companies provide drinking 65 

water to consumers from their own sources, such as rivers, water reservoirs, mines or wells; 13 % buy 66 

drinking water from other wholesale water network organizations; while the rest, which comes to 21 %, 67 

provide drinking water from their own sources and also buy it from wholesale water network organizations 68 

(Agència Catalana de l’Aigua 2019). In particular, and as an example, the drinking water supplied in 69 

Tarragona province has three main origins. First, it comes from the Ebre River. In this case, some councils 70 

use this surface water as one of their own sources and treat it in drinking water treatment plants (DWTPs) 71 

before its consumption. Other councils that do not have their own sources buy drinking water from a 72 

wholesale water network organization which treats Ebre River surface water in a DWTP located in 73 

l’Ampolla. This installation takes water from the Ebre River and treats it. In 2019 it supplied a volume of 74 

73.8 Hm3 of drinking water to 63 municipalities and 26 industries located in Tarragona province. Some 75 

councils supply drinking water that is a mixture of potable water obtained from the mentioned DWTP and 76 

water from their own resources. Finally, other councils provide drinking water to the population from their 77 

own resources only, mainly groundwater such as mines or wells.  78 

Surface water and groundwater may contain radioactive elements which can have a natural or 79 

anthropogenic origin. The presence of natural radionuclides in these waters could be due to the lithological 80 

properties of the rocks. Moreover, the activity level of radionuclides in water could be driven by different 81 

physical and chemical factors, such as the degree of interaction of the bedrock and the flowing water, the 82 

typology of rocks that compose the bedrock, the temperature, the Eh and the pH, among others (Dinh Chau 83 

et al. 2011; Fonollosa et al. 2016; Guerrero et al. 2016; Pérez-Moreno et al. 2020). For example, felsic rocks 84 

like granite contain high activity concentrations of U and Th, whereas the values are generally lower in 85 

sedimentary areas in which silico-clastic and carbonate deposits predominate (Sherif and Sturchio 2018; 86 

Guagliardi et al. 2020). Therefore, the activity concentration of naturally occurring radionuclides in water 87 

can differ widely depending on several parameters. There are several studies in the literature in which these 88 

differences in the natural radionuclide activity concentrations in water are related to the lithological or 89 

geochemical composition of the bedrocks in contact with the water (Yuce et al. 2009; Alonso et al. 2015; 90 

Kamenova-Totzeva et al. 2018; Moreno et al. 2018; Pérez-Moreno et al. 2020). For example, Yuce et al. 91 

(2009) reported a strong relationship between the radioactivity enrichment, in terms of U and Th, of the 92 

studied waters from aquifers in areas consisting of volcanic, granite, phonolite and pegmatite rocks in a 93 

region of Turkey. Kleinschmidt et al. (2011) who assessed the risk of exposure to naturally occurring 94 

radioactivity associated with Australian groundwater observed high activity concentrations of radium in 95 

samples from basic volcanic aquifers. Due to the presence of uranium and 226Ra in granitic terrains, among 96 

other factors, previous studies in literature have observed that radon activity tends to be higher in 97 

groundwater that is in contact with these kinds of metamorphic rocks (Singaraja et al. 2016; Przylibski et 98 

al. 2020).  99 



In general, surface and groundwater supplied to consumers is treated in DWTPs. The degree of removal of 100 

possible radionuclides present in these waters is mainly dependant on the water treatments performed in 101 

these water facilities (Nieto et al. 2013; Fonollosa et al. 2015a; Peñalver et al. 2020). Fonollosa et al. 102 

(2015a) pointed out in their review article that the most effective removal capacity procedures are those 103 

based on commercial ion exchange filters and membrane technologies. 104 

The Spanish Royal Decree 314/2016 (2016), which incorporates the requirements of the Council Directive 105 

2013/51/EURATOM (European Commission 2013), sets the requirements about the radioactive substances 106 

that can be present in drinking water and which are applicable for protecting the health of the population. 107 

Gross alpha and gross beta are the screening parameters used to evaluate the presence of radioactive 108 

substances in this type of water. It is considered that the indicative dose (the committed effective dose for 109 

one year of intake resulting from all the radionuclides that are present in the drinking water was detected) 110 

is lower than 0.1 mSv/year if both screening parameters are lower than or equal to 0.1 Bq/L and 1 Bq/L, 111 

respectively. However, if these parametric values are surpassed it is necessary to perform an additional 112 

analysis considering, firstly, natural radionuclides such as 210Pb, 210Po, 226, 228Ra and 234, 238U.  113 

In view of this and to contribute to broadening the data on the natural radionuclides present in drinking 114 

water, the present study aims to determine gross alpha, gross beta and individual natural radionuclide 115 

activities in waters for human consumption from different regions of the Tarragona province to establish 116 

possible relationships with the lithological formations of each location. Finally, the possible radiological 117 

risks of consuming drinking water are determined by calculating the total annual effective dose to which 118 

the population (infants, children and adults) may be exposed.  119 

Materials and methods 120 

Study Area 121 

Tarragona province is in eastern Spain, in the south of Catalonia. As Fig. 1 shows, it is divided into different 122 

regions, covers an area of 6308.2 km2 and has a population of over 804664 inhabitants (2019) (Institut 123 

d’Estadística de Catalunya 2020). From a lithological point of view, this region belongs to one of the largest 124 

Spanish geological areas where lime soil predominates (Soto et al. 1995). Specifically, Tarragona province 125 

is composed by a large variety of rocks differentiated by their geological origin and characterized by the 126 

presence of sedimentary rocks like conglomerate, sandstone, slate, limestone, evaporites and gravel, sand 127 

and silt (Fig. 1). Moreover, there is also igneous rocks (granitoids) in certain areas, such as the Baix Camp, 128 

Conca de Barberà and Priorat regions, as can be observed in the Fig. 1 (Institut Cartogràfic i Geològic de 129 

Catalunya 2020). In the hydrogeological context, Tarragona province is formed by different formations 130 

mainly differentiated according to their lithological characteristics and a chronological criterion. These 131 

formations can be classified into three main categories: a) gravels, quaternary sand and silts, b) limestones 132 

and massive dolomites, and c) mixed formations in Neogene depressions (Institut Cartogràfic i Geològic 133 

de Catalunya 2017).  134 

Sample Collection  135 



One hundred and ninety-six drinking water samples devoted to human consumption were collected at 136 

different points from different regions of the Tarragona province, in particular in the Alt Camp, Baix Camp, 137 

Baix Ebre, Baix Penedès, Conca de Barberà, Priorat, Ribera d’Ebre, Tarragonès and Terra Alta regions 138 

(Fig. 1) during the campaign carried out from November 2017 to February 2020. As explained in the 139 

Introduction, the drinking water supplied to the population of Tarragona province can have different 140 

origins: a) from the potabilization of the Ebre River water, which takes place in the DWTP of l’Ampolla, 141 

b) from own sources, mainly groundwater, and c) from a mixture of the potable water obtained from the 142 

Ebre River water and own sources. The different analysed samples comprised waters from these three 143 

different origins.  144 

All the water samples were gathered and preserved in 10-litre polyethylene bottles. In the case of 222Rn 145 

determination, water samples were taken in glass bottles with a tetrafluoroethylene cap following a specific 146 

procedure for avoiding the presence of air bubbles in the container and preventing radon leakages. Samples 147 

were cooled to 4-6ºC when they were transported to the laboratory. 148 

 149 

Radiochemical methods and measurement techniques 150 

The electrical conductivity (EC) and the pH of the selected samples were measured using a portable 151 

conductometer Cond70+ (XS Instruments, Italy) and a pH electrode (CRISON, Spain), respectively.  152 

The internal procedures used to determine the gross alpha and gross beta activity concentrations were based 153 

on the procedures described in UNE-EN ISO 10704:2019 (2019). These consist in reducing a given sample 154 

volume, previously acidified to pH 2 with HNO3 65%, through evaporation. Then the sample is transferred 155 

to a stainless steel planchet and dried with an infrared lamp. The volume taken depends on the solid residue 156 

of the final sample. In this case, it was stablished in 20 mL for gross alpha and 200 mL for gross beta 157 

activity determination. These values ensure that a mass density of the residue of 5 mg/cm2 and 25 mg/cm2 158 

is obtained, respectively. The planchets with the evaporated samples were stored in a desiccator and, after 159 

two days, they were measured in the ZnS (Ag) counter for gross alpha activity (photo multiplier tube and 160 

base preamplifier, model 2000 Canberra, USA) and in a gas flow proportional counter (Model LB 770 161 

Berthold Technologies, Germany) for gross beta activity. The minimum detectable activities (MDA) were 162 

0.025 Bq/L and 0.04 Bq/L, respectively.  163 

Gross beta activity without 40K was calculated by subtracting the contribution of 40K from the gross beta 164 

activity. For this purpose, we determined the concentration of total potassium by using a flame photometer 165 

(Jenway, PFP7 model, UK). 166 

The 210Po method used was based on a co-precipitation of polonium in hydroxide form with FeCl3·6 H2O 167 

followed by an auto-deposition onto silver disks at 85ºC for 3 hours, as described in a previous study by 168 

Fonollosa et al. (2015b). The activity was measured with alpha spectrometry (EG&G ORTEC, 676 Model, 169 

USA), which includes an ion-implanted silicon detector (ORTEC, size: 450 mm2; alpha resolution: 25 keV 170 

FWHM at 5.48 MeV of 241Am) in a vacuum chamber (Edwards, Model E2M8), a detector bias supplier, a 171 

preamplifier, a linear amplifier and a multichannel pulse height analyser. The MDA was 0.018 Bq/L. 172 



224Ra and 226Ra were determined using the method described previously by Palomo et al. (2007), which is 173 

based on the co-precipitation of radium with barium by using BaCl2 and H2SO4. After some clean-up steps 174 

and pH adjustment, the radium/barium precipitates were deposited onto a planchet and measured in the ZnS 175 

(Ag) counter. The MDA values were 0.001 Bq/L for 224Ra and 0.002 Bq/L for 226Ra. The 228Ra isotope 176 

activity was determined through its daughter, 228Ac, by gamma spectrometry. For this, 4 L of water sample 177 

were evaporated, and the dry residue obtained was then measured for approximately 600000 seconds in a 178 

high-resolution germanium detector (HPGe) (Model 2020 Canberra Industries from Meriden, USA) 179 

equipped with a standard multichannel analyser. The MDA for this radium radionuclide was 0.020 Bq/L. 180 

The uranium isotopes, 234U, 235U and 238U were determined following the method described by Mola et al. 181 

(2013), which consisted in a radiochemical process involving uranium isotope precipitation followed by its 182 

separation/purification via UTEVA resin (Triskem, France). Then, the uranium present in the solution was 183 

electrodeposited for 2 hours onto a stainless-steel disk under a current density of 1.5 A/cm2. Finally, it was 184 

measured with alpha spectrometry. The MDA was 0.001 Bq/L for both uranium radionuclides. 185 

Lastly, 222Rn was analysed in the water samples that had a groundwater origin. We followed the method 186 

described by Fonollosa et al. (2016), which is based on ISO 13164-4:2015(E) (2015), and consists in taking 187 

10 mL of sample in a Teflon-coated PE vial that is then filled up with Ultima Gold F scintillation cocktail 188 

to avoid the presence of air bubble. Samples were measured during 30 minutes by liquid scintillation 189 

counting. The MDA for radon was 1 Bq/L.  190 

To guarantee the quality of the results obtained by the different analytical methods, our laboratory regularly 191 

participates in different proficiency tests involving water samples. For example, the test organized by the 192 

Spanish Nuclear Safety Commission focused on determining natural and artificial radionuclides (CSN) in 193 

marine and surface water, and the test organized by the Finnish Environment Institute focused on analysing 194 

radon in underground water (SYKE), both in 2019. All the results obtained indicated that the procedures 195 

applied were robust and satisfactory for the intended purpose. 196 

Radiation Dose Estimation 197 

The indicative dose (ID) was calculated for all the analysed water samples following the equation 198 

introduced in the Spanish Royal Decree 314/2016 (2016), which is based on the criteria of considering an 199 

annual water ingestion of 730 L per adult. 200 

𝐼𝐷 = ∑
𝐶𝑖(𝑜𝑏𝑠)

𝐶𝑖(𝑑𝑒𝑟)
 ≤ 1

𝑛

𝑖=1

 201 

Ci (obs) is the observed concentration of a radionuclide (i) obtained from the analysed drinking water 202 

samples, Ci (der) is the derived concentration of a radionuclide (i) defined in RD314/2016 (2016) and n is 203 

the number of radionuclides detected. The 226Ra, 228Ra, 234U and 238U derived concentrations used in the 204 

present study are 0.5, 0.2, 2.8 and 3 Bq/L, respectively. 205 



When the previous formula was fulfilled, it was assumed that the indicative dose was less than the 206 

parametric value, 0.1 mSv/year, and no further additional radiological studies were required. However, for 207 

those samples that exceeded 1 it was necessary to calculate the total annual committed effective dose 208 

(AEDW) in mSv/year. In this case, AEDW was calculated for infants (1 year), children (10 years) and adults 209 

according to the following equation: 210 

𝐴𝐸𝐷𝑊 = ∑ 𝐴𝑊𝑖
×  𝐼𝑊 ×  𝐼𝐹𝑊𝑖

𝑛

𝑖=1

  211 

AWi is the measured activity of radionuclide i (Bq/L), IW is the estimated water consumption for a human 212 

in one year, which is 150 L for infants, 350 L for children and 730 L for adults, defined in RD 314/2016 213 

(2016), and IFWi is the ingestion effective dose coefficient factor for infants, children and adults of 214 

radionuclide i (Sv/Bq). The ingestion effective dose coefficient factors are 6.6·10-7, 2.6·10-7 and 6.5·10-8 215 

for 224Ra, 9.6·10-7, 8·10-7 and 2.8·10-7 for 226Ra, 5.7·10-6, 3.9·10-6 and 6.9·10-7 for 228Ra, 1.3·10-7, 7.4·10-8 216 

and 4.9·10-8 for 234U and 1.2·10-7, 6.8·10-8 and 4.5·10-8 Sv/Bq for 238U, for infants, children and adults, 217 

respectively, defined in RD 783/2001 (2001).  218 

Results and discussion 219 

As stated in the Introduction, Tarragona province has complex and variable lithological characteristics 220 

throughout its surface area. This could influence the composition of the water consumed in this province, 221 

which has different origins, in terms of natural radioactivity. Therefore, it is of high interest to focus on this 222 

area, which has never previously been studied, to evaluate the radiological content of different drinking 223 

water samples and correlate this with the lithology of the area. 224 

In this section, determining gross alpha and gross beta activity values of drinking water from the Alt Camp, 225 

Baix Camp, Baix Ebre, Baix Penedès, Conca de Barberà, Priorat, Ribera d’Ebre, Tarragonès and Terra Alta 226 

regions is used as a preliminary screening strategy to evaluate the possible presence of natural radioactivity 227 

in the samples. Then, those samples exceeding the gross alpha parametrical value were studied further to 228 

establish a relationship between the results obtained and the lithological origin of the analysed samples and 229 

to evaluate the possible risk for the population associated with consuming these waters.  230 

Gross alpha and gross beta activity concentrations 231 

Before determining the gross alpha and gross beta activity concentrations in the water samples, the EC was 232 

determined to establish approximately the optimal sample volume to be taken for the radioactivity 233 

determinations (Llauradó et al. 2004; Corbacho et al. 2014). The EC as well as the pH were very variable 234 

among the different samples probably due to the diversity of lithological formations present in the evaluated 235 

area, as some authors have pointed out (Guerrero et al. 2016; Pérez-Moreno et al. 2020). pH values ranged 236 

from 7.02 to 9.01, with an average of 7.95, revealing the neutral to alkaline character of the analysed water 237 

samples. All these values were within the parametric values for pH in drinking water (6.5 and 9.5) 238 

recommended in the Spanish Royal Decree 140/2003 (2003), which establishes the sanitary criteria for the 239 



quality of water for human consumption. The EC values ranged between 411 and 2064 µS/cm, with a mean 240 

value of 941 µS/cm, and are lower than the parametrical value 2500 µS/cm at 20º C (RD 140/2003 2003). 241 

Gross alpha activity concentration values for all the analysed water samples ranged from 0.03 ± 0.03 Bq/L 242 

to 2.88 ± 0.32 Bq/L. Fig. 2 shows the percentage of samples for each region with a gross alpha value lower 243 

than 0.1 Bq/L, which is the parametrical value of current legislation (RD 314/2016 2016). It can be 244 

concluded that 77 % of the drinking water samples analysed have gross alpha activities below that values. 245 

It can be observed that the areas which show a higher percentage of samples with gross alpha activity values 246 

exceeding 0.1 Bq/L are in specific areas of the Tarragona province, in the Baix Camp, Baix Penedès, Conca 247 

de Barberà, Priorat and Tarragonès regions, representing 23% of the total.  248 

From among these five regions, Baix Penedès and Tarragonès are the regions that have mean gross alpha 249 

activity concentration values below 0.1 Bq/L. Only some individual samples of these two regions exceeded 250 

this parametrical value. For example, the mean gross alpha activity concentration of water samples from 251 

the same sampling point in Baix Penedès was 0.09 ± 0.03 Bq/L, even though some samples exceed this 252 

value. For this sampling point, the highest gross alpha activity concentration found was 0.11 ± 0.03 Bq/L. 253 

These relatively high values are probably related to the groundwater origin. In this area, there is a carbonate 254 

dominant lithology (Agència Catalana de l’Aigua 2005a). According to Pérez-Moreno et al (2020), this 255 

kind of lithologic composition is related to high level alpha activities in water. In the case of the Tarragonès 256 

region, some of the analysed water samples have their origin in the Ebre River, which basin covers several 257 

geological terrains and has a complex hydrological regime as the river flow is variable and irregular and 258 

also depends on seasonality (Balasch et al. 2019). It is important to highlight that the samples from this 259 

sampling point were collected in different seasons, and we could observe that the gross alpha activity values 260 

were in the range from 0.03 ± 0.03 Bq/L to 0.18 ± 0.04 Bq/L. These values show an important variation, 261 

which it was already observed in a previous study performed in our laboratory (Nieto et al. 2015). 262 

Moreover, our broad experience in this area, since we have analysed weekly Ebre River water samples, 263 

allow us to conclude that there is a pattern in the fluctuation of the gross alpha activity as well as in the 264 

natural uranium concentration related with the seasonal variability of the Ebre River as it can be observed 265 

in Fig. 3. Between late winter and early spring, the mean Ebre River flow increases from 100 m3/s to 500-266 

700 m3/s due mainly to the contribution of its tributaries, for example the Cinca and the Segre, which 267 

hydrogeological regime is characterized by the Pyrenees snowmelt. This lower salinity water apport could 268 

be a dilution factor and the gross alpha activity, as well as the uranium concentration, diminished in 269 

comparison with other seasons. In this sense, from early winter to late spring the gross alpha activity values 270 

were higher, in some cases even exceeding the parametrical value of 0.1 Bq/L. 271 

The seasonal variation of gross alpha activity and natural uranium concentration has been also observed in 272 

other variables as chlorides, sulphates (which are mainly present due to the discharges of the Ebre River 273 

tributaries) and conductivity. The positive correlation of the mentioned variables is strong as it could 274 

observed through a Spearman statistical analysis of data from 2009 to 2020 (Table 1) which indicate that 275 

there is also a fluctuation pattern of the mentioned variables related with the Ebre River hydrodynamic 276 

cycle.  277 



For the other three mentioned regions, Baix Camp, Conca de Barberà and Priorat, the mean gross alpha 278 

activity concentration values exceeded 0.1 Bq/L, as it can be observed in Fig. 2. This behaviour could be 279 

related to the presence of natural radionuclides in the areas where these water samples were collected 280 

because, for example, granitic rocks tend to be composed of uranium and radium, which are the main alpha 281 

emitter contributors to the gross alpha activity (Palomo et al. 2007). 282 

Regarding gross beta activity concentration, 100% of the samples showed results below the parametric 283 

value of 1 Bq/L (RD 314/2016 2016). For this parameter, values ranged from 0.04 ± 0.04 Bq/L to 0.90 ± 284 

0.09 Bq/L. Moreover, the gross beta without 40K activity was generally below 0.04 Bq/L, demonstrating 285 

that 40K is the main contributor to beta counts. However, there were some specific samples, in particular 286 

from granitic areas in the Baix Camp and Priorat regions, with high values of gross alpha, gross beta and 287 

gross beta without 40K activities, exceeding 0.04 Bq/L. For example, a sample with gross alpha and beta 288 

activity values of 1.63 ± 0.21 Bq/L and 0.76 ± 0.09 Bq/L, respectively, showed a gross beta without 40K 289 

activity value of 0.63 ± 0.09 Bq/L. These results suggest the probable contribution of 210Tl, 210Pb, 210Bi, 290 
234mPa and 234Th. These beta emitting isotopes could be present in water samples from granitic areas due to 291 

disintegration and their high content of 238U since they are in the disintegration chain of this uranium 292 

isotope. 293 

Individual radionuclide activities and their distribution in particular regions 294 

An additional study was performed to determine the main individual radionuclides contribute to a higher 295 

degree to the gross alpha activity for those samples exceeding 0.1 Bq/L. We focused on drinking water 296 

samples from the Baix Camp, Conca de Barberà and Priorat regions. Fig. 4 illustrates the locations of these 297 

samples. The main purpose of this study was to associate the radiological content of these analysed water 298 

samples with the lithological composition of the area where they were taken.  299 

The results in terms of activity concentration of the gross alpha index, 222Rn and 238U and 232Th decay series 300 

radionuclides measured for all these samples, as well as their origin, are shown in Table 2.  301 

From the table it can be observed that the drinking water samples taken from different collection points of 302 

the same town in the Baix Camp region (BC-1.1 – BC-1.6) have gross alpha activities in the range between 303 

0.10 ± 0.04 Bq/L and 0.19 ± 0.05 Bq/L and showed the presence of isotopes from the 238U series. The water 304 

for human consumption in this town is a mixture of potable water from the Ebre River (obtained from the 305 

DWTP of l’Ampolla) and water from own sources, such as groundwater or surface water from the Siurana-306 

Riudecanyes reservoir system (Ajuntament de Reus et al. 2020). The obtained results could then be related 307 

to the origin of the water. On one hand, the alpha activity may vary due to the fluctuations in the water river 308 

flow due to seasonal changes as explained previously. On the other hand, the presence of 222Rn in BC-1.4 309 

and BC-1.5 samples also indicated a groundwater contribution to the levels of radionuclides, which are the 310 

main contributors to gross alpha activity. 311 

In contrast, BC-2 and BC-3 samples (collected in other locations also in the Baix Camp region) have a 312 

groundwater origin. In these cases, the values found for the different tested parameters can be linked 313 

primarily to the local lithology in these areas.  314 



Sample BC-2 was from groundwater from low permeable areas with local aquifers predominating 315 

metamorphic and granitic material (Agència Catalana de l’Aigua 2005b, c). These formations, specifically 316 

the granitic one, tend to increase the natural radioactivity in the water when it is in contact with them. As it 317 

has been reported in different studies, high concentrations of uranium and thorium have been found in the 318 

range of 5 ppm and 17 ppm, respectively (Moreno et al. 2018; Guagliardi et al. 2020; Pérez-Moreno et al. 319 

2020). Therefore, water in contact with these kinds of formations can contain high activity concentrations 320 

of 238U and 232Th disintegration chain radionuclides. The findings for sample BC-2 shown in Table 2 are in 321 

agreement with the studies in the literature. 322 

For sample BC-3 it should be pointed out that its origin is from groundwater from Triassic sedimentary 323 

rocks: conglomerate, sandstone, limestone, gypsum and variegated mudstone areas located close to granitic 324 

areas (Fig. 4) (Agència Catalana de l’Aigua 2005c). The geographical area where this sample comes from 325 

is also close to the Priorat metamorphic rock area. It is important to highlight that among all the results 326 

shown in Table 2, this sample shows the highest 234U/238U ratio, with a value of 3.5. According to Pérez-327 

Moreno (2020), who determined natural radionuclide in Spanish groundwaters, the disequilibrium of the 328 
234U/238U  isotopic ratio with values higher than 1 shows the enrichment of 234U in water samples (Fonollosa 329 

et al. 2016; Guerrero et al. 2016; Khattab 2016; Linhoff et al. 2020; Pérez-Moreno et al. 2020). Therefore, 330 

BC-3 water is a 234U enriched sample and, as stated in the literature, this is probably related to it having a 331 

carbonate aquifer origin (Pérez-Moreno et al. 2020). 332 

Sample BC-3 also showed the highest 226Ra activity concentration value and 226Ra/234U ratio, which was 333 

8.4. These high values could be related to the reducing conditions of the water origin, which favour 226Ra 334 

solubility (Faraj et al. 2020), the presence of a large fault nearby (Fonollosa et al. 2016) as well as various 335 

important factors, including alfa recoil, adsorption/desorption processes onto aquifer surfaces and the 336 

dissolution or precipitation of minerals containing radium, among others (International Atomic Energy 337 

Agency 2014; Sherif and Sturchio 2018). A high activity value of 224Ra was also determined for this sample, 338 

probably due to the displacement of atoms from solid to liquid phase or lattice destruction by alpha recoil 339 

(Nguyen Dinh et al. 2017).  340 

Samples P-1 and P-2 collected from the Priorat region show different behaviour from each other. This could 341 

be related to the variation in the terrain’s lithology. The P-1 drinking water sample has its origin in a granitic 342 

area like sample BC-2, whereas sample P-2 is from a terrain like sample BC-3, composed by Triassic 343 

sedimentary rocks, very close to metamorphic rocks. Table 2 shows that sample P-2 has the highest 234U 344 

and 238U activity concentrations. Moreover, the two samples contained 232Th decay series isotopes, such as 345 
224Ra and 228Ra. Sample P-1 had a higher 224Ra activity concentration than 226Ra (from the 238U series). As 346 

Sherif and Sturchio (2018) stated, this is related to the activity concentration of the parent nuclides present 347 

in the rocks, the equilibrium state between parent and daughter and the rock-water interaction time, among 348 

other factors.  349 

In Table 2 it is also possible to observe that some water samples from the Baix Camp, Conca de Barberà 350 

and Priorat regions show the presence of 222Rn due to their groundwater origin, mainly aquifers and wells 351 

located close to faults, which can enhance the 226Ra and 222Rn activity concentration (Ródenas et al. 2008). 352 



These findings are in accordance with a previous study performed in our laboratory in which 222Rn activities 353 

were determined in water samples from granitic Baix Camp areas near a fault (Fonollosa et al. 2016).  354 

Finally, it should be pointed out that drinking water samples from the Conca de Barberà region (CB-1 to 355 

CB-4) were mainly from groundwater and the lithology of the area of origin is mainly comprised of 356 

conglomerate, sandstone, slate, limestone and evaporites (Fig. 4) (Agència Catalana de l’Aigua 2005d). In 357 

particular, the area has limestone formations and lacustrine detrital deposits and the water samples analysed 358 

show mainly isotopes from the 238U chain probably due to their contact with limestones. These results are 359 

in agreement with Amrane and Oufni (2017) who relate the presence of 238U in water samples to their 360 

contact with uraniferous rocks formed by limestone deposits. 361 

Due to the high number of samples and determined variables, the Spearman correlation coefficients were 362 

calculated and presented in Table 3 to identify possible relevant correlations between gross alpha and gross 363 

beta index, pH, EC, dry residue and the activity of natural radionuclides. The Spearman statistical analysis, 364 

which was conducted because many variables do not follow a normal distribution, was performed using 365 

XLSTAT considering that missed measures have been replaced by the mean value of the variable. From 366 

the correlation matrix it is possible to observe some relationships that has been explained throughout this 367 

research study.  368 

Gross alpha activity presents a positive correlation with 234U (0.96), 238U (0.57) and 226Ra (0.62) because 369 

these radionuclides are the main contributors to these parameters as it has been observed in studies carried 370 

out by other authors (Pérez-Moreno et al. 2020). For example, in the case of BC-3 the high gross alpha 371 

activity, 2.88 ± 0.32 Bq/L, is mainly governed by the high content of 226Ra found, 1339 ± 45 mBq/L, 372 

probably due the contact of this water with sedimentary rocks that are near granitic ones. In addition, 224Ra 373 

shows a positive correlation with 226Ra (0.56) and 228Ra (0.77) since they are three isotopes from radium 374 

and have similar chemical and solubility properties. Moreover, 226Ra correlates with 222Rn (0.70) because 375 

this latter is the immediate progeny of 226Ra.  376 

Annual effective doses from drinking water consumption 377 

After determining the different possible contributors to the radiological content of the analysed samples, 378 

we calculated the ID and the AEDw due to water ingestion for adults. The calculations were based on the 379 

activity concentration, the derived concentration and the ingestion effective dose coefficient factors for 380 

each determined radionuclide. Based on the results obtained it can be concluded that 95.5 % of the drinking 381 

water samples analysed showed an ID lower than 1. Therefore, it can be concluded that these samples do 382 

not exceed the legislation level of 0.1 mSv/year. 383 

The AEDw was estimated for infants, children and adults for those samples with a gross alpha exceeding 384 

0.1 Bq/L. As it can be observed in Table 4, only one sample, BC-3, exceeded the individual dose criterion 385 

of 0.1 mSv/year (RD 314/2016 2016; World Health Organization 2018) for all three groups. The AEDw 386 

calculation differed between infants, children and adults because each group has a different ingestion 387 

effective dose coefficient factor per radionuclide and a different water consumption rate. 388 



Fig. 5 represents the contribution to the AEDw of each analysed radionuclide in the case of infants, children 389 

and adults due to the supposed ingestion of the BC-3 water sample. As can be observed, 226Ra is the main 390 

individual contributor to the AEDw for adults, children and infants (82 %, 73.7 % and 65.5 %, respectively) 391 

due to its high radiotoxicity, its long half-life (1600 years) and its high effective dose coefficient factor 392 

(International Atomic Energy Agency 1963). However, the other radium isotopes determined, 224Ra and 393 
228Ra, also contributed to the total annual effective dose in the order, infants, children and adults, 394 

respectively, due to the differences in the ingestion effective dose coefficient factors. 395 

 396 

Conclusions 397 

The natural radionuclides activity was determined for one hundred and ninety-six drinking water samples 398 

intended for human consumption covering the different regions of Tarragona province. A total of 23 % of 399 

the analysed samples exceeded the gross alpha parametrical value, 0.1 Bq/L, and these also presented 400 

differences in their individual radionuclide content, mainly related to the composition of the lithological 401 

area. Samples from the Baix Camp, Conca de Barberà and Priorat regions had the highest activity 402 

concentration values of 234U, 238U, 224Ra, 226Ra and 228Ra. This could be related to the granitic and carbonate 403 

aquifer compositions of the areas where the water comes from, among other lithological formations. 404 

Finally, 222Rn activity concentrations were measured in different samples. They ranged from < 2 Bq/L to 405 

24.3 ± 2.8 Bq/L due to their groundwater origin from granitic areas and the presence of a nearby fault. 406 

Lastly, the total annual effective dose in water samples with gross alpha activity exceeding 0.1 Bq/L was 407 

calculated for infants, children and adults. In general, the obtained results show that the annual effective 408 

dose parametric value (0.1 mSv/year) is not surpassed. This means that, from a radiological perspective, 409 

the drinking water can be safely consumed. However, one of the analysed samples did not fulfil the legal 410 

requirements and further research must be performed to adopt and apply corrective and preventive measures 411 

to avoid a possible human health risk. 412 
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Table 1 Spearman correlation matrix of chlorides, sulphates, gross alpha, uranium and conductivity (significant correlations at significant level p < 0.05) 580 

 581 
 582 
 583 

Variables Chlorides Sulphates Gross Alpha Uranium Conductivity 

Chlorides 1.00     

Sulphates 0.96 1.00    

Gross Alpha 0.69 0.75 1.00   

Uranium 0.79 0.86 0.78 1.00  

Conductivity 0.97 0.98 0.72 0.84 1.00 

 584 
 585 
 586 
 587 
 588 
 589 
 590 
 591 
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 595 
 596 
 597 
 598 
 599 
 600 
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 608 
 609 

Table 2 Gross α, 222Rn, 228Ra, 224Ra, 238U, 234U and 226Ra activity concentration of water samples with gross α > 0.1 Bq/L 610 
 611 

Tarragona 

comarques 
Origin source Samples 

Gross α 

[Bq/L] 
  222Rn [Bq/L]   

228Ra 

[mBq/L]   

224Ra 

[mBq/L]   

238U [mBq/L] 
  

234U [mBq/L] 
  

226Ra 

[mBq/L] 
234U/238U 226Ra/234U 

Baix Camp 

Mixturea  BC-1.1 0.19 ± 0.05  -  <20  <24  125 ± 17  108 ± 15  <30 0.9  

Mixturea  BC-1.2 0.12 ± 0.03  <1.0  <50  <5  53 ± 5  66 ± 6  <5 1.2  

Mixturea  BC-1.3 0.10 ± 0.04  <1.0  <50  <5  67 ± 7  61 ± 7  <5 0.9  

Mixturea  BC-1.4 0.19 ± 0.04  7.7 ± 1.1  <56  <2  78 ± 8  94 ± 9  8 ± 1 1.2 0.1 

Mixturea  BC-1.5 0.13 ± 0.04  2.3 ± 0.5  <46  <5  40 ± 4  66 ± 6  <5 1.7  

Mixturea  BC-1.6 0.11 ± 0.04  <2.0  57 ± 11  <1  46 ± 7  58 ± 8  <1 1.3  

Groundwater BC-2 0.24 ± 0.04  6.6 ± 1.0  <20  <2  124 ± 9  155 ± 11  <2 1.3  

Groundwater BC-3 2.88 ± 0.32   11.3 ± 1.3   67 ± 33  411 ± 78  46 ± 5  159 ± 9  1339 ± 45 3.5 8.4 

Conca de 

Barberà 

Groundwater CB-1 0.13 ± 0.03   -   <20   <1   73 ± 8   79 ± 8   <1 1.1   

Groundwater and 

surface water 
CB-2 0.22 ± 0.05  13.7 ± 1.7  <20  <2  120 ± 9  116 ± 9  16 ± 2 1.0 0.1 

Groundwater CB-3.1 0.15 ± 0.06  -  <20  <1  97 ± 6  96 ± 6  12 ± 2 1.0 0.1 

Groundwater CB-3.2 0.13 ± 0.04  -  <20  <1  56 ± 5  58 ± 5  8 ± 1 1.0 0.1 

Groundwater CB-4 0.32 ± 0.05   -   <20   <1   154 ± 18   146 ± 17   5 ± 1 0.9 0.0 

Priorat 
Groundwater P-1 0.24 ± 0.05   16.9 ± 2.0   55 ± 46  17 ± 2  69 ± 5  122 ± 9  9 ± 1 1.8 0.1 

Groundwater P-2 0.92 ± 0.15   24.3 ± 2.8   43 ± 19   30 ± 3   383 ± 25   319 ± 21   93 ± 5 0.8 0.3 

­          not analysed          612 
a Mixture of potable water composed of groundwater, surface and Ebre River water          613 

 614 

 615 



 616 

Table 3 Spearman correlation matrix (significant correlations at significant level p < 0.05) 617 

 618 

Variables 
Gross alpha 

index 

Gross beta 

index  
222Rn  228Ra 224Ra  238U  234U 226Ra  pH EC 

Dry 

residue 

Gross alpha 

index 
1.00 

          

Gross beta 

index 
0.08 

1.00          

222Rn  0.74 0.10 1.00         

228Ra 0.24 0.34 0.22 1.00        

224Ra  0.33 0.20 0.12 0.77 1.00       

238U  0.57 0.06 0.43 -0.26 -0.11 1.00      

234U 0.96 0.09 0.64 0.30 0.38 0.61 1.00     

226Ra  0.62 -0.03 0.68 0.37 0.56 0.32 0.57 1.00    

pH -0.11 -0.12 -0.09 -0.18 -0.06 0.00 -0.06 -0.03 1.00   

EC 0.10 -0.37 0.24 -0.13 -0.14 0.23 0.00 0.29 0.26 1.00  

Dry residue 0.04 0.15 0.36 -0.11 0.14 0.30 -0.05 0.53 -0.23 0.32 1.00 

            

 619 

 620 

 621 

 622 

 623 

 624 



 625 

 626 

Table 4 ID and AEDw for infants, children and adults from water samples with gross α > 0.1 Bq/L 627 

 628 

 629 Comarques Samples ID 

AEDW 

infants 

[mSv/year] 

AEDW 

children 

[mSv/year] 

AEDW 

adults 

[mSv/year] 

Baix Camp 

BC-1.1 0.08 0.004 0.006 0.008 

BC-1.2 0.04 0.002 0.003 0.004 

BC-1.3 0.04 0.002 0.003 0.004 

BC-1.4 0.08 0.004 0.007 0.008 

BC-1.5 0.04 0.002 0.003 0.004 

BC-1.6 0.32 0.002 0.003 0.004 

BC-2 0.10 0.005 0.007 0.010 

BC-3 3.34 0.295 0.509 0.334 

Conca de Barberà 

CB-1 0.05 0.003 0.004 0.005 

CB-2 0.11 0.006 0.010 0.011 

CB-3.1 0.09 0.005 0.008 0.009 

CB-3.2 0.06 0.003 0.005 0.006 

CB-4 0.11 0.006 0.009 0.011 

Priorat 
P-1 0.37 0.054 0.084 0.037 

P-2 0.67 0.066 0.105 0.066 
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Figure 5 
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