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Abstract Natural radioactivity of drinking water with

various geological origin in Balkans region has been studied.

Collected water samples are analyzed for total alpha and total

beta activities and specific alpha- and gamma-emitting ra-

dionuclides content using low-background proportional

counting and alpha and gamma-spectrometry techniques.

Obtained activity concentrations of 238U, 234U, 235U, 226Ra,
232Th, and 40K in water samples and radioactive disequilib-

rium between members of the natural radioactive series,

based on the isotopic ratios, has been discussed.

Keywords Drinking water � Uranium � Radioactive

disequilibrium � Alpha-spectrometry � Isotopic ratios

Introduction

The significance of drinking water for life and human

health and rapid water resources use and perspectives has

posed water quality in the focus of many investigations.

Requirements for radiological properties of drinking waters

are set by World Health Organization (WHO) in its

guidelines for drinking water quality based on the average

daily water consumption and annual effective dose limit of

0.1 mSv y-1 [1]. Since the dose contribution of drinking

water to the overall effective dose for public is mainly due

to the contents of radionuclides from natural uranium and

thorium decay series (238U, 234U, 234Th, 230Th, 226Ra,
210Pb, 210Po, 232Th, 228Th, 228Ra, etc.) guidelines and

national regulations are stipulating the threshold values for

total alpha and total beta activities and specific radionuc-

lides content limits [2]. Natural radionuclides appearance

in water basins is due to physical and chemical processes

resulting with dissolution and leaching of solid rock

material into liquid phase in certain geochemical environ-

ment [3–5]. Recent geochemical and radiological studies of

water resources in Balkans region revealed that radiologi-

cal properties of drinking water are influenced more by

chemical composition of igneous intrusions in rock com-

plexes of the geological aquifers (neogene sediments,

limestone, flysch, schist, etc.) than the basic geo-tectonic

structure [6, 7]. Regardless of radionuclide concentration

levels in drinking water, radioactive disequilibrium

between members of both 238U- and 232Th- natural radio-

active series may be observed [8, 9]. Here will be presented

results of a study on natural radionuclides content and

radioactive series disequilibrium in different types of

drinking water in water basins of Balkans metamorphic

region. For that purpose, total alpha and total beta radio-

activity, content of alpha- and gamma-emitting radionuc-

lides and their ratios are determined and discussed with

other data obtained for this region.

Materials and methods

Drinking water samples were collected at Interior Dina-

rides and Vardar zone in Balkans metamorphic region [10].
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Selected samples of tap water (TW1–TW3), spring water

(SW1–SW8) and well water (WW1–WW4) were subjected

to total alpha and total beta activities determination, alpha-

spectrometric analysis and gamma-spectrometric analysis.

Total alpha and total beta activities determination

Total alpha and total beta activities were determined for all

water samples by low-background proportional counting.

Samples are collected into 3 L volume PET bottles and

acidified to pH 2. After evaporation to dryness and min-

eralization at 450 �C, residues were transferred into stain-

less steel carriers of Thermo Eberline FHT 770T gas-flow

(Ar/Mt) proportional counter. Counting time for samples

and background was 3,600 s. Calibration was done using
90Sr (EM 145, Prague) and 241Am (EM445, Prague) cer-

tified reference sources. Counting efficiencies were 23 %

for alpha- and 33 % for beta-radiation. The accuracy and

reproducibility of measurements were verified on a weekly

basis.

Alpha-spectrometric analysis

Alpha-spectrometric analysis was performed for all water

samples. Samples are collected into 15–20 L volume PET

bottles and acidified to pH 2. After evaporation to 50 ml,

water sample is transferred to ceramic dish, evaporated to

dryness and mineralized at 550 �C. Dry residue is dis-

solved in 8 mol dm-3 solution of HNO3, filtered (W-389)

and treated by 30 % H2O2 with heating for oxidation. The

co-precipitation was done using 20 % NaOH to pH[ 10.

Voluminous precipitate was heated, filtered (W-388) and

dissolved in 8 mol dm-3 HNO3 solution. Uranium and

thorium are transferred into higher oxidation state with

8 mol dm-3 HNO3 and NaNO2. Separation was done using

the ion-exchange chromatography with anionic resin

DOWEX 1 9 4 100–200 mesh, NO3
- conditioned, with

flow rate of 1 ml min-1. The 232U and 229Th tracer solu-

tions were used for analytical yield recoveries, with effi-

ciency up to 90 %. Uranium and thorium have been eluated

by 8 mol dm-3 solution of HNO3 and 10 mol dm-3 HCl

solutions, respectively. Further purification involved ether-

extraction for iron removal from the uranium fraction.

Modified Talvitie‘s electroplating procedure was applied

for homogeneous thin-layer alpha-sources preparation [11,

12]. Thorium sources were covered with VYNS foil.

Measurements were performed using the Canberra 2004

vacuum chamber with PIPS detector, 100 mm2 surface,

counting efficiency 7 % and resolution 20 keV for 241Am

5,484 keV line. Calibration was done using alpha source of
229Th with daughters. Counting time for sample and

background measurements was 3–5 days. The reliability of

the alpha-spectrometric determinations was evaluated by

analysis of reference or certified materials as IAEA-326

soil, within 95 % confidence interval of the recommended

values.

Gamma-spectrometric analysis

Gamma-spectrometric analysis was performed for deter-

mination of 238U, 235U, 226Ra, 232Th and 40K contents in all

water samples. Water samples have been evaporated from

5 to 8 L to 200 ml volume, sealed into PET vials and

stored 1 month to reach secular equilibrium between 226Ra

and daughters. Measurements were performed using HP-

Ge Canberra detector with Genie 2000 software. Counting

efficiency was 23 % and calibration was done by a certified

reference material: Czech Metrological Institute, Prague,

9031-OL-116/8 ERX, spiked with 241Am, 109Cd, 139Ce,
57Co, 88Y, 113Sn, 65Sr, 137Cs and 210Pb. The activities of
226Ra and 232Th were determined by their decay products:
214Bi (609. 1,120 and 1,764 keV), 214Pb (295 and 352 keV)

and 228Ac (338 and 911 keV), respectively. 40K activity

was determined using 1,460 keV line. Counting time for

sample and background measurements was 60,000 s. The

accuracy and reproducibility of measurements were veri-

fied on a weekly basis.

Results and discussion

Results obtained for total alpha and total beta activities

have shown that prescribed reference values 0.5 Bq L-1

and 1 Bq L-1 respectively, were not exceeded in the most

of analyzed water samples. However, total beta activity of

spring water SW8 had value 2.62 Bq L-1 and total alpha

activity of the same sample was 0.12 Bq L-1. High dis-

solved mineral matter content, characteristic for under-

ground waters due to their transport through the mineral-

rich geological layers, was observed. A very good corre-

lation between the mass of dry residue after mineralization

and enhanced total alpha and/or beta activities in water was

found as reported elsewhere [13, 14].

Calculated concentrations of natural uranium in water

samples (in lg L-1) are presented in Fig. 1.

Figure shows that analyzed waters may be grouped

according to the water type rather than to their geological

origin. Tap water and well water samples have consider-

ably higher uranium content in the range (0.83–3.06) and

(1.06–2.23) lg L-1 respectively comparing to values in

interval (0.06–0.33) lg L-1 for analyzed spring water

samples of various geological areas. On the other hand,

water samples belonging to different water types and

coming from the same geological area do not have similar

uranium content. Results presented in Fig. 1 show that

natural uranium content differ a lot in tap water samples
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TW1 and TW2 taken from two cities waterworks coming

from Sava and Danube river, respectively. Natural uranium

concentration 1.35 lg L-1 was determined for tap water

sample TW2 (Belgrade) comparing to natural uranium

content 0.63 lg L-1 in Danube river water (at Belgrade)

not subjected to procedures for drinking water supply [15].

Significantly higher natural uranium content value

3.06 lg L-1 was determined for tap water sample TW3

collected in Vranje waterworks and coming from granite

metamorphic rock underground aquifer. This value is much

higher than the mean value 0.301 lg L-1 obtained for 14

analyzed water samples from city water supply systems in

Serbia [16]. Recent research on European waterworks,

based on analysis of 579 tap water samples have shown the

mean value 0.307 lg L-1 of natural uranium concentration

being in the interval (0.001–65.2) lg L-1 [17, 18].

In that research, natural uranium content in European

spring water covers 5–7 orders of magnitude concentra-

tion range and confirmed earlier obtained data [19–23].

Spring waters analyzed within this study had relatively

low natural uranium content being in interval

0.08–0.33 lg/L. Low uranium content is characteristic for

analyzed spring waters originated from three geo-tectonic

structures: SW1, SW2, SW3 and SW5 from Inner Dina-

rides, SW6-SW7 from Vardar metamorphic area and SW8

from the north Vardar zone. Obtained concentrations in

all analyzed water samples are far below the reference

level of 30 lg/L, given by WHO [1] and in compliance

with data reported for this region.

Contents of specific radionuclides 238U, 234U, 235U,
226Ra, 232Th and 40K (in mBq L-1) obtained by alpha- and

gamma-spectrometric analysis of water samples are pre-

sented in Table 1.

Data presented in the table show activity concentration

values of 238U within interval (0.70–37.9) mBq L-1, 232Th

within (3–17) mBq L-1, 226Ra within (3–50) mBq L-1 with

exception of value 96 mBq L-1 for SW8. Activity

concentration of 40K is up to 20 mBq L-1 except for SW8

and WW4 samples with maximum value 1,710 mBq L-1

contributing probably the most to enhanced total beta

activity of SW8 water sample. Obtained data show relatively

low values of radionuclides in three groups of water, com-

parable with data from the region: Slovenia [24], Croatia

[25, 26], Hungary [27], Austria [28] and Romania [29].

Although the radiological quality requirements are ful-

filled, more or less disturbed radioactive equilibrium

between members of 238U series may be observed in ana-

lyzed waters. In Fig. 2 are shown uranium activity ratios
234U/238U (Bq/Bq) versus natural uranium content

(lg L-1). In the most of samples the radioactive disequi-

librium exist between first members of 238U radioactive

series as the ratio of progeny and predecessor nuclide

activity concentrations were not equal. Values of 234U/238U

activities ratio are in the range 0.80–3.81 with maximum

values for TW1 and SW5.
234U access in regard to 238U may be present in open

systems due to several reasons. First members of 238U

series are: 238U, 234Th, 234mPa and 234U. During the

radioactive decay of 238U to 234U in solid geological

material, one alpha and two beta particles are emitted and

the crystal lattice with parent uranium atoms may be

damaged so that incurred 234U atoms become dislocated

and more susceptible to corrosive fluids. As a result, these

atoms are more easily taken by slightly acid underground

waters, hydrothermal solutions and precipitates. Additional

reason for 234U runoff from the lattice may be oxidation

from U (IV) to much more soluble U (VI) ions due to

ejection of orbital electrons during the decay. Formed

uranyl ions dissolve within a wide range of Eh - pH values

and built up highly soluble carbonate complexes such as

[UO2(CO3)2(H2O)n]2- or s [UO2(SO4)2(H2O)n]2- in an

oxidizing slightly acid or alkaline medium. [4, 30–32].

A reverse dependence of disequilibrium level and nat-

ural uranium concentration in waters may be noticed in

Fig. 1 Natural uranium content

(lg L-1) in 15 analyzed water

samples
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Fig. 2. The radioactive disequilibrium or the 234U activity

excess in regard to238U activity level is more expressed for

waters with lower natural uranium content. For spring

water SW8 uranium activity ratio 234U/238 was slightly

below 1 that confirms our previous findings on radioactive

disequilibrium case in the 238U radioactive series [33].

Isotopic ratios determined from radium and thorium iso-

topic concentrations were 38.5 for 226Ra/230Th ratio, 12.4

for 228Ra/228Th ratio and 54.3 for 228Th/232Th ratio.

Radium excess in regard to expected values from parent

isotopes 232Th and 230Th is the evidence of disequilibrium

in both 238U and 232Th natural radioactive series. It may be

attributed to the different solubility of thorium and radium

and a partly upward diffusion from the surrounding

sediments [4]. Due to a significant disequilibrium in 238U

series, relatively high 226Ra concentration obtained was not

the indication of high uranium content in SW8.

Conclusions

Result of this study has shown that, based on the natural

uranium content, waters may be grouped according to the

water type rather than to their geological origin. Tap waters

and well waters have considerably higher uranium content

in the range (0.83–3.06) and (1.06–2.23) lg L-1 respec-

tively, comparing to values in interval (0.06–0.33) lg L-1

for spring waters of various geological areas.

Table 1 Activity concentrations (A, mBq L-1) of radionuclides in water samples

Water type A (238U) mBq L-1 A (234U) mBq L-1 A (235U) mBq L-1 A (232Th) mBq L-1 A (226Ra) mBq L-1 A (40K) mBq L-1

TW1 10.3 ± 0.59 8.27 ± 0.49 0.34 ± 0.07 10 ± 4 50 ± 20 \20

TW2 16.8 ± 0.80 17.2 ± 0.75 \0.08 3 ± 1 50 ± 20 \20

TW3 37.9 ± 2.0 45.0 ± 2.4 1.44 ± 0.19 17 ± 10 50 ± 20 \20

SW1 4.10 ± 0.6 5.63 ± 0.7 \0.08 \10 \50 \20

SW2 3.1 ± 0.3 5.1 ± 0.6 0.2 ± 0.1 \10 \50 \20

SW3 1.08 ± 0.2 2.21 ± 0.8 \0.07 \10 \50 \20

SW4 1.9 ± 0.3 5.0 ± 0.6 \0.12 \10 \50 \20

SW5 0.70 ± 0.15 2.67 ± 0.4 \0.12 \30 \50 \20

SW6 2.09 ± 0.50 2.56 ± 0.10 0.12 ± 0.05 \30 \30 \20

SW7 0.95 ± 0.06 1.25 ± 0.07 0.04 ± 0.01 \30 \30 \20

SW8 2.23 ± 0.33 2.15 ± 0.29 \0.1 0.9 ± 0.3 96 ± 30 1,710 ± 120

WW1 27.6 ± 1.7 31.64 ± 1.89 1.33 ± 0.02 \30 \30 \20

WW2 13.2 ± 0.6 17.9 ± 0.7 0.55 ± 0.05 \30 \30 \20

WW3 23.95 ± 2.58 27.32 ± 2.93 0.93 ± 0.15 6.76 ± 0.76 3.0 ± 0.6 6.0 ± 0.6

WW4 24.71 ± 2.77 34.44 ± 3.80 0.67 ± 0.17 4.13 ± 0.76 20 ± 4 1,130 ± 80

Fig. 2 Uranium activity ratio
234U/238U (Bq/Bq) versus

natural uranium content U

(lg L-1) in water samples
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The radioactive disequilibrium in both natural radioac-

tive series (238U and 232Th), was observed in analyzed

water samples. It was shown that radioactive disequilib-

rium or the 234U activity excess in regard to 238U activity

concentration was more expressed for waters with lower

natural uranium content. In general, local geochemical

environment and change of properties such as solubility,

adsorption and diffusion coefficients, the processes at the

phase edges and transport medium properties are decisive

for radioactive series disequilibrium. As a result, it may be

more or less disturbed in underground, spring, mineral,

well, tap, bottled and running waters regardless their geo-

tectonic origin.
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