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Abstract
For the first time we report the activity concentrations of 238U, 234U and 210Po and the 234U/238U ratio in drinking water from 
certain sources in South-Central Bulgaria. The results obtained for water samples varied from 79 to 826 mBq  l−1 for 238U, 
130 to 1623 mBq  l−1 for 234U, < 0.5 to 25.5 mBq  l−1 for 210Po and from 0.93 to 3.21 for the 234U/238U activity ratio. The 
annual effective dose from 238U, 234U and 210Po varied from 8.85 to 62.5 μSv  y−1 with a mean of 30.1 μSv  y−1 and is below 
the individual dose criterion of 100 μSv  y−1. The highest contribution to the annual effective dose was found for 234U.
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Introduction

Humans are exposed to ionizing radiation from cosmic rays 
and natural radioactivity in air, food and water [1]. Water is 
the most significant vector for the transport of natural radio-
nuclides (in solution or by erosion) in the environment and 
is the major source of radionuclides to the human body [1, 
2]. Therefore, it is important to determine its radioactivity 
to prevent possible health risks. The permanent monitoring 
of water radioactivity allows the levels of radioactivity to be 
maintained below the normative limits for drinking water 
because the water is an important factor for increasing the 
total population exposure as a result of ingestion of natural 
radionuclides with it [3].

With respect to the effective dose for the public, the most 
significant radionuclides typically found in drinking water 
are the radionuclides of uranium, radium, polonium, lead, 
and short-lived 222Rn [4]. Human activity such as mining, 
fertilizing, water treatment, etc. can influence the composi-
tion of drinking water [2, 4, 5]. The determination of the 

radionuclides of uranium and polonium in water is of pri-
mary importance to human health due to their high toxicity 
and radiotoxicity [6].

Uranium has three alpha emitting radionuclides: 234U, 
235U and 238U with a different atomic mass, which have dif-
ferent distribution and half-lives. More than 99% of natural 
uranium occurring in nature is 238U. Uranium is the heaviest 
naturally occurring radioactive element with high chemical 
toxicity, affecting the kidney function during the radionu-
clide excretion [7–9]. High concentrations of uranium are 
generally associated with the presence of granites, com-
monly found in fractured crystalline aquifers, and minerals 
such as pitchblende, silicates, vanadate, monazite and lig-
nite sands and phosphates of uranium [7, 10]. The activity 
concentration of uranium in groundwater depends on many 
factors such as the presence of uranium in the aquifer matrix 
and the geochemical/hydrochemical conditions present [11]. 
In its hexavalent form, uranium is water-soluble, and in its 
tetravalent form it is relatively insoluble [10]. Usually, the 
uranium isotopes (238U and 234U) are the most important 
sources of natural radioactivity in water because of the 
great mobility and the long half-life, which makes these 
radionuclides long-term hazardous [2, 12]. Knowledge of 
the uranium concentration in ground and surface water is 
important in performing radiological impact assessment of 
various anthropogenic activities [13].

Regardless of radionuclide concentration levels in drink-
ing water, radioactive disequilibrium between both 234U and 
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238U may be observed. The 234U/238U activity ratio in natural 
water is an important indicator of the origin of the uranium 
in the sample studied. Commonly observed disequilibrium 
between 234U and 238U in water is a result of nuclear recoil 
effects and extensive rock/water interactions [2, 11].

Polonium is also a naturally occurring radioactive element 
with an atomic number equal to 84. In nature several radio-
active polonium isotopes are present. The most important 
radiologically polonium isotope is 210Po (T1/2 = 138.4 days), 
the last radioactive isotope in the 238U decay series [14–16]. 
It is one of the most radiotoxic substances to humans. 
This radionuclide is a relatively high energy alpha emitter 
(Eα = 5.305 MeV), being one of the main contributors to 
the committed effective dose via ingestion by the population 
[16]. It is well known that 10% of the 210Po is incorporated 
into the human body via inhalation and that 50% of the 210Po 
ingested goes into the circulatory system [16].

The reported measurements of 210Po in drinking water 
are rare. In the review paper of Seiler [17] 400 measure-
ments in the US were identified, and world-wide only about 
2200 have been identified and compared. The usual value is 
< 10 mBq  l−1 with some high concentrations reported for US 
and Finland. It is because 210Po is strongly reactive under 
normal conditions and it binds to aquifer sediment [18].

The requirements for the radiological properties of drink-
ing water are set by the World Health Organization (WHO) 
and were implemented into Bulgarian law by the drinking 
water ordinance [19]. WHO guidelines for drinking water 
quality set parametric values of 0.1 mSv  y−1 for the annual 
effective dose, 0.1 Bq  l−1 for 210Po, 1 Bq  l−1 for 234U and 
10 Bq  l−1 for 238U [20].

The study of the natural radioactivity of drinking water 
in Bulgaria has become very important for the Bulgarian 
society after detecting of relatively high uranium concen-
trations in some sources of drinking water in the regions of 
Plovdiv and Haskovo in 2017. Due to a possible radiologi-
cal hazard to the population in these regions, independent 
investigations of drinking water sources, complementary to 
the national regulatory control, have been performed at the 
Institute for Nuclear Research and Nuclear Energy-Bulgar-
ian Academy of Sciences (INRNE-BAS).

The significance of drinking water for life and human 
health and increasing water scarcity has posed water quality 
in the focus of many investigations worldwide [4, 8, 21–26]. 
The available data on radioactive content of drinking water 
in Bulgaria are rather scarce. Until now only a few studies on 
the radioactivity of Bulgarian drinking water were published 
[27, 28]. However, activity concentration levels of uranium 
and polonium isotopes in drinking water from Plovdiv prov-
ince and Haskovo province in South-Central Bulgaria and 
the radiological impacts of the ingestion of this water have 
not been reported previously.

The aim of this study is to determine the activity con-
centrations of naturally occurring radionuclides in drinking 
water samples collected from selected settlements located 
in South-Central Bulgaria and to assess the total annual 
effective doses received from these radionuclides for the 
Bulgarian population resulting from consumption of the 
water sources investigated. The survey is focused on three 
radionuclides, which are the most important ones from the 
point of view of public health in Bulgaria, because of their 
high toxicity and radiotoxicity in drinking water, namely 
238U, 234U and 210Po.

Material and methods

Study area

The study area is located in the Upper Thracian Uranium 
Ore Region, in the central part of South Bulgaria, where 
uranium mining was carried out in the past. The ore region is 
characterized by exogenous uranium deposits formed in the 
Bartonian–Quaternary complex compound by sedimentary 
and less volcano-sedimentary rocks. Different granitoids and 
high grade metamorphic rocks are the sources of uranium. 
The ore bodies are localized within sandstone aquifer, less 
in aleurolite, tuff-sandstone, rare in clay, within reducing or 
neutral conditions [29].

Sampling

Thirty drinking water samples were collected from different 
settlements, located in South-Central Bulgaria in the bound-
aries of Plovdiv province and Haskovo province. Samples 
were selected randomly. Drinking water samples taken from 
the locations shown in Fig. 1 were collected in 10 l polyeth-
ylene bottles. The collected water samples were acidified 
with concentrated nitric acid to pH < 2, to prevent losses by 
sorption of the radionuclides studied onto the vessel walls. 
The samples were analyzed for 238U, 234U and 210Po.

Analytical procedures

Determination of uranium isotopes

Uranium isotopes were determined by alpha spectrometry 
after their isolation from the matrix.  Fe3+ carrier (in the 
form of  FeCl3 solution) for uranium co-precipitation and 
232U tracer for determination of recovery were added to 2 l 
of each acidified water sample. The radiochemical proce-
dure adopted for 238U and 234U determination is described 
in more detail by Slavchev et al. [28]. Radionuclides were 
concentrated from the water sample by co-precipitation at 
pH 9–10 using  NH4OH, then separated from each other and 
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from impurities through extraction chromatography. The 
supernatant was removed by decanting and the residue was 
centrifuged. The resulting precipitate was filtered through a 
0.45 μm polypropylene filter, rinsed with water (to pH = 7) 
and dissolved in 3 M  HNO3. The pure uranium fraction was 
obtained by use of Eichrom UTEVA resin which was pre-
conditioned in 3 M  HNO3. After interfering elements were 
removed by washing the column with 3 M  HNO3, 9 M HCl 
and 0.5 M  H2C2O4/5 M HCl, uranium radioisotopes were 
eluted with 0.01 M HCl. The source for alpha spectrometric 
measurement was prepared by microcoprecipitation with 
 NdF3 and filtration on a polypropylene disk (0.1 µm) [8, 
28, 30].

210Po determination

For the determination of 210Po in the water samples, the 
spontaneous deposition of Po from a solution onto a cop-
per disc was used. The period of samples storage between 
sampling and analyses do not exceed 1–2 months thus ensur-
ing no significant decay of the 210Po. A radiochemical pro-
cedure, based on extraction chromatography with a crown 
ether extractant, was applied to separate simultaneously the 
lead and polonium fractions. Pb carrier and 209Po tracer were 
added to 1 l water sample in order to correct for chemical 
recoveries and the sample was evaporated and then dissolved 

in 2 M HCl acid. Separation of polonium from lead was per-
formed on Eichrom Sr spec resin preconditioned with 2 M 
HCl. 210Po was eluted from the column with 6 M  HNO3 and 
the polonium fraction obtained was evaporated to dryness. 
A polonium source for alpha spectrometric measurement 
was prepared by self-deposition on a copper disk from 2 M 
HCl solution (pH = 1) with addition of 100 ml of distilled 
water. Spontaneous deposition of polonium was carried out 
at 50 °C for 4 h. The disk was rinsed with water and ethanol, 
and dried at room temperature [8, 28].

Instrument

The uranium and poloniun radionuclides were measured by 
means of high resolution ORTEC Octete Alpha Spectromet-
ric system equipped with 8 chambers and ion implanted type 
ULTRA-AS detectors with 300  mm2 active surface (Fig. 2). 
The energy resolution (FWHM) for 241Am, 5.486 MeV line 
is 20 keV for 4 cm source to detector distance for all detec-
tors. Energy calibration, as well as, efficiency calibration for 
source geometry (co-ppt. Source) is done by a mixed radio-
nuclides standard containing 238U, 234U, 239Pu and 241Am 
with known activity. The efficiency calibration is performed 
with a 241Am Amersham standard [28]. The activity concen-
tration of given radinuclide is calculated following Kanisch 
[31].

Fig. 1  Geographical distribution of localities from where drinking water samples have been investigated

Fig. 2  Schematic diagram of 
the alpha spectrometric system 
OCTETE™ PC EG&G ORTEC
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Selected alpha-spectra of uranium and polonium isotopes 
are shown in Fig. 3.

Results and discussion

Activity concentrations

The measurement of activity concentrations of 238U, 234U, 
and 210Po in drinking water samples collected from differ-
ent water sources in South-Central Bulgaria, geographically 
distributed over 2 regions, was carried out for the first time. 
The results are given in Table 1.

The activity concentrations of 238U and 234U in drinking 
water varied in a wide range from 79 to 826 mBq  l−1, with a 
mean value of 329 mBq  l−1 and from 130 to 1623 mBq  l−1 
with a mean value of 508 mBq  l−1, respectively. This high 
dispersion for 238U and 234U could be explained by the dif-
ferent geological characteristics of the aquifer rocks and the 
chemical composition of water [32]. In oxidizing conditions, 
uranium forms soluble stable complexes, e.g. carbonates, 
phosphates, etc. and can move a long distances, while in 
reducing conditions (absence of air) uranium precipitates, 
forming concentrated secondary deposits [4, 9]. The highest 
activity concentrations of uranium isotopes were registered 
in the sample DW18, located in Plovdiv region (Fig. 1). 
These high values are mainly due to uranium deposits in 
the geographical location of the aquifer and uranium min-
ing activities in the 90s of the last century in this region. 
We have found that the total alpha activity from 238U and 
234U in most of the samples exceeds the parametric value 
of 100 mBq  l−1 for the total alpha activity, but the activity 

concentrations of each of the uranium isotopes do not exceed 
the guidance levels (3 Bq  l−1 for 238U, 2.8 Bq  l−1 for 234U) 
recommended by the Bulgarian regulation [19]. For com-
parison, 238U and 234U activity concentrations in drinking 
water from different countries in the world are shown in 
Table 2. Below listed values show the extremely wide activ-
ity concentration range of 238U and 234U in different parts of 
the world. The measured 238U activity concentrations in our 
investigation are higher than those observed in Poland, Hun-
gary, Romania, Serbia, Croatia, Italy, Greece and Belgium 
and lower than those observed in Egypt and Germany. Our 
results for the 234U content in drinking water are generally 
higher than those given in the literature.

Significant (positive) correlation between 234U and 238U 
activity concentrations was established (Fig. 4). This cor-
relation is consistent with other findings reported in the lit-
erature and is related to the high rate leaching of uranium 
isotopes to the underground water flowing through the faults 
and fissures between the grains of reservoir rock [15, 22, 
34, 35].

It is observed that the activity concentrations of 234U in 
drinking water samples are higher than the activity concen-
trations of 238U, excluding one sample. A state of radioactive 
disequilibrium between 234U and 238U was observed in the 
water samples investigated. Usually the 234U/238U activity 
ratio in natural waters is in the range of 0.5–1.2, but it can 
reach 30 in extreme cases [2]. In this study 234U/238U activity 
ratios were found to vary between 0.93 and 3.21 (Table 1). 
From the activity ratio of 234U/238U, it is confirmed that in 
90% of the cases the water is normal and comparable to 
worldwide values between 1 and 2. The activity ratio of 
234U/238U in one water sample (DW28) was lower than 1 

Fig. 3  Alpha spectra of drinking water samples: a and b of uranium isotopes; c and d of polonium isotopes
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(0.93), indicating presence of younger water with a stronger 
contribution of U due to water–rock interaction and also 
a local recharge component to the groundwater [22]. The 
highest 234U/238U activity ratio values correspond to DW15 
from Plovdiv province and DW28 from Haskovo province, 
indicating most probably old-type water [22, 35]. Higher 
234U/238U activity ratios have been reported for other regions 
of Bulgaria. For example, Slavchev et al. [28] reported activ-
ity ratios in the range of 1.04–10.6 in drinking water samples 
from Southern Bulgaria. It is established that radionuclides 
produced by alpha decay are more readily driven out from 
the rock because the alpha decay causes the atom to recoil, 
which reduces the atom stability in the lattice, i.e. 234U activ-
ity concentration in water is higher than, or equal to, that of 

the parent 238U because the alpha decay-induced recoil can 
free 234U from the rock matrix [9]. In the bedrock material, 
234U and 238U are usually in secular equilibrium, but because 
of the recoil energy in the disintegration of 238U, the 234U 
could be more loosely connected with the surrounding envi-
ronment and in a different chemical state. In the hydrosphere 
and in ground water, the different chemical properties of the 
uranium isotopes, in particular the differences in their oxida-
tion states can result in relative enrichment of 234U in water. 
Uranium is much less mobile under reducing conditions. The 
reduced U(IV) form may be stabilized as uraninite  (UO2), 
although sorption of U(IV) to organic matter and clays has 
also recently been demonstrated [36].

Table 1  Activity concentrations 
(mBq  l−1) of 238U, 234U and 
210Po in Bulgarian drinking 
water sources from South-
Central Bulgaria and activity 
ratio 234U/238U

Sample code Sampling location 238U 234U Activity ratio 
234U/238U

210Po

DW1 Plovdiv province 501 ± 15 794 ± 23 1.58 1.4 ± 0.2
DW2 226 ± 22 336 ± 30 1.49 2.6 ± 0.6
DW3 498 ± 14 603 ± 26 1.21 5.0 ± 0.9
DW4 302 ± 10 494 ± 15 1.64 1.9 ± 0.3
DW5 719 ± 61 856 ± 72 1.19 9.1 ± 2.1
DW6 231 ± 8 274 ± 9 1.19 4.7 ± 1.0
DW7 387 ± 12 489 ± 19 1.26 25.5 ± 8.9
DW8 166 ± 12 243 ± 17 1.46 5.3 ± 0.9
DW9 315 ± 60 379 ± 95 1.20 3.3 ± 0.5
DW10 368 ± 11 440 ± 17 1.20 1.9 ± 0.2
DW11 295 ± 18 319 ± 26 1.08 < 1.1
DW12 515 ± 16 935 ± 38 1.82 < 0.6
DW13 94 ± 4 136 ± 5 1.45 < 2.5
DW14 348 ± 13 644 ± 25 1.85 1.3 ± 0.2
DW15 199 ± 13 638 ± 37 3.21 3.1 ± 0.4
DW16 608 ± 22 1081 ± 38 1.78 4.4 ± 0.9
DW17 646 ± 58 967 ± 85 1.50 < 1.5
DW18 826 ± 29 1623 ± 75 1.96 4.5 ± 0.8
DW19 218 ± 8 260 ± 11 1.19 < 1.5
Mean 393 606 1.54 4.27
Range 94–826 136–1623 1.08–3.21 < 0.6–25.5
DW20 Haskovo province 245 ± 22 305 ± 26 1.24 4.7 ± 0.8
DW21 292 ± 7 328 ± 8 1.12 < 0.5
DW22 125 ± 8 160 ± 12 1.28 1.1 ± 0.4
DW23 343 ± 9 587 ± 19 1.71 1.0 ± 0.1
DW24 248 ± 5 357 ± 7 1.44 < 0.6
DW25 112 ± 7 130 ± 10 1.16 0.6 ± 0.2
DW26 256 ± 21 793 ± 81 3.10 1.2 ± 0.2
DW27 206 ± 16 424 ± 29 2.06 < 0.8
DW28 360 ± 16 333 ± 23 0.93 2.1 ± 0.6
DW29 79 ± 6 137 ± 11 1.73 2.4 ± 0.4
DW30 138 ± 4 173 ± 5 1.25 1.6 ± 0.3
Mean 219 339 1.55 1.51
Range 79–360 130–793 0.93–3.10 < 0.5–4.7
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The 210Po activity concentrations in water samples were 
found to be in the range between < 0.5 and 25.5 mBq  l−1, 
with a mean value of 3.3 mBq  l−1 and correlated with val-
ues obtained by Slavchev et al. in a previous study covering 
drinking water samples from different areas in the Southern 
part of Bulgaria [28].

As can be seen from Table 1 the activity concentrations 
of 210Po in drinking water samples are lower than the activ-
ity concentrations of 238U and 234U due to lower solubility 
in water of Po relative to U [15]. The results were com-
pared with those obtained by other authors who studied the 
210Po content in drinking water. The concentration values 
for drinking water in Belgium range from 0.2 to 3.1 mBq  l−1 
[26]. According to Jia et al. [25], the activity concentra-
tions of 210Po in Italian drinking water varies in the inter-
val 0.13–11.3 mBq  l−1. The results for 210Po reported for 
drinking water in Romania, Galati and Vrancea counties 
range from 1.9 to 12.5 mBq  l−1 [37]. In another survey 
of spring water in Eastern Carpathians, Romania 210Po 
have been detected at levels in the interval 18–64 mBq  l−1 

[38]. Activity concentrations of 210Po up to 114.2 mBq  l−1 
were measured in tap water samples in Western Australia 
[39]. Our maximum values obtained for all studied drinking 
water samples are comparable with data typical for drinking 
water and well below the guidance levels of 100 mBq  l−1, 
recommended by WHO and the Bulgarian regulation.

Figure 5 shows a comparative overview of the mean 
activity concentration of 238U, 234U and 210Po in drinking 
water from the surveyed areas of South-Central Bulgaria. 
The mean activities of 238U, 234U and 210Po in the drink-
ing water collected from Plovdiv region are 393 mBq  l−1, 
219 mBq  l−1 and 4.3 mBq  l−1, and from Haskovo region are 
219 mBq  l−1, 339 mBq  l−1 and 1.5 mBq  l−1, respectively.

It can be seen from Table 1 and Fig. 5 that the activ-
ity concentrations of 238U, 234U and 210Po in drinking water 
from Plovdiv region vary over a wider range than those in 
the Haskovo region, and the mean activity concentrations 
of the radionuclides studied in the Plovdiv region are higher 
than those in both the Haskovo region and the entire survey 
area.

Annual effective dose

On the basis of the mean concentration values of the ana-
lyzed radionuclides 238U, 234U and 210Po in drinking water 
samples the annual intake of these isotopes by an adult mem-
ber of the population from Plovdiv province and Haskovo 
province was calculated. The results show that the consump-
tion of drinking water by a statistical adult inhabitant of 
Plovdiv province leads to an intake about 287 Bq of 238U, 
442 Bq of 234U and 3.12 Bq of 210Po per year. The annual 
intake of the already mentioned radionuclides by consump-
tion of drinking water to the adult member of the population 
in Haskovo province is 160 Bq of 238U, 247 Bq of 234U and 
1.10 Bq of 210Po.

The obtained activity concentrations of uranium and 
polonium isotopes in water samples were used for estima-
tion of the committed effective dose for adults due to the 

Table 2  Comparison of the activity concentrations of 238U and 234U 
in drinking waters from different countries

Country 238U (mBq  l−1) 234U (mBq  l−1) References

Egypt 338–25,413 425–35,560 [22]
Germany 8.6–3934 – [23]
Poland 1.0–725 2.4–964 [24]
Hungary 0.8–231.6 1.1–685.2 [5]
Romania 40–170 – [33]
Serbia 0.70–37.9 1.25–34.4 [21]
Croatia 3.4–14.6 4.7–36.5 [8]
Italy 0.21–103 0.249–135 [25]
Greece 4.08–95.3 3.88–160 [13]
Belgium 0.3–16.8 0.4–22.7 [26]
Bulgaria 79–826 130–1623 This study

Fig. 4  Correlation between 234U and 238U activity concentrations in 
drinking water

Fig. 5  Comparison of the mean activity of 238U, 234U and 210Po 
(mBq   l−1) in drinking water collected from Plovdiv and Haskovo 
province
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annual intake of these isotopes by water consumption [5]. 
The dose reference level of 100 µSv  y−1 has been used for 
comparison with our results. For the total annual effective 
dose calculation, dose coefficients of 0.045 μSv  Bq−1 for 
238U, 0.049 μSv  Bq−1 for 234U, and 1.2 μSv  Bq−1 for 210Po 
and annual water consumption of 730 l were used [8, 20, 40]. 
The annual effective dose was calculated separately from 
238U, 234U and 210Po content.

The annual effective doses from the 238U, 234U and 
210Po varied: from 2.60 to 27.1 µSv   y−1 with a mean of 
10.8 µSv  y−1 for 238U; from 4.65 to 38.7 µSv  y−1 with a mean 
of 16.4 µSv  y−1 for 234U; and from 0.44 to 22.3 µSv  y−1 for 
210Po with a mean of 2.86 µSv  y−1.

The estimated total annual effective doses for drinking 
water samples is presented in Fig. 6.

The total annual effective dose received by the population 
as a result of ingestion of drinking water was in the range 
8.85–62.5 μSv  y−1 with a mean of 30.1 μSv  y−1. It is evident 
that the calculated dose varies over a wide range, but all 
values are below the recommended level of reference dose 
level of 100 µSv for 1 year’s consumption of drinking water. 
Consequently, the health hazards related to 238U, 234U and 
210Po in drinking waters are expected to be negligible. The 
values of the total annual effective dose for adult received 
from the consumption of analyzed drinking water sources 
are in good agreement with the results obtained by us in 
previous studies [27, 28] for drinking water in the Southern 
regions of Bulgaria. Contribution of each radionuclide to the 
total annual dose is given in Fig. 7.

As seen from the results obtained, the highest contri-
bution to the total effective dose in the water investigated 
comes from 234U (up to 54%). 238U dose contribution is 
around 36% for drinking waters. The lowest contribution 
was found for 210Po (up to 10%).

Based on the results obtained in this study, we can con-
clude that the main contribution to the formation of the total 
annual effective dose is due to the uranium radionuclides 
234U and 238U.

Conclusions

Investigations of natural radionuclides in drinking water 
sources in South-Central Bulgaria are reported for the first 
time. The results show that the activity concentrations of 
238U, 234U and 210Po varied from 79 to 826 mBq  l−1, 130 to 
1623 mBq  l−1 and < 0.5 to 25.5 mBq  l−1, respectively. This 
is the first detailed study of the uranium and polonium radio-
nuclides in the drinking waters in South-Central Bulgaria.

A state of radioactive disequilibrium between 234U and 
238U in water was detected. The 234U/238U activity ratio var-
ied between 0.93 and 3.21.

The expected total annual effective doses for adults were 
calculated from the measured 238U, 234U and 210Po activity. 
The results show that the annual effective dose of ingestion 
of these drinking waters is lower than the recommended 
value of 100 µSv  y−1.

According to the results of our study, the investigated 
drinking waters are suitable for human consumption without 
any radiological hazard. The new results obtained are used to 
assess the temporary radiological status of the water investi-
gated, as well as, the related effective dose to the population. 
They will support timely and adequate measures to reduce 
the harmful impact of ionizing radiation on the population 
in cases of increased radioactivity.
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