Radioanalytical investigations of uranium concentrations in natural spring, mineral, spa and drinking waters in Hungary
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Abstract

Within this work, the activity concentrations of uranium isotopes (234U, 235U, and 238U) were analyzed in some of the popular and regularly consumed Hungarian mineral-, spring-, therapeutic waters and tap waters. Samples were selected randomly and were taken from different regions of Hungary (Balaton Upland, Bükk Mountain, Somogy Hills, Mezőföld, Lake Hévíz).

Concentration (mBq L-1) of 234U, 235U, and 238U in the waters varied from 1.1 to 685.2, from <0.3 to 7.9, and from 0.8 to 231.6 respectively. In general, the highest uranium concentrations were measured in spring waters, while the lowest were found in tap waters. In most cases radioactive disequilibrium was observed between uranium isotopes (234U and 238U). The activity ratio between 234U and 238U varies from 0.57 to 4.97.

The calculated doses for the analyzed samples of spring water are in the range 0.07–32.39 Sv y-1 with an average 4.32 Sv y-1.This is well below the 100 Sv y-1 reference level of the committed effective dose recommended by WHO and the EU Council. The other naturally occurring alpha emitting radionuclides (226Ra, 210Po) will be analyzed later to complete the dose assessment. This study provides preliminary information for consumers and authorities about their internal radiological exposure risk due to annual intake of uranium isotopes via water consumption.
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Introduction

As many other countries in the Central European region, (e.g. Czech Republic, Slovakia, Romania) Hungary is rich in spring-, thermal-, and mineral waters as well. Recently the consumption of natural mineral- and spring waters comes to be more and more popular in a certain population groups, especially among the adults. It is due to growing concern that components of drinking water may have adverse health effects, and the good publicity of the mineral waters. Furthermore these waters are considered healthier, "more natural", have less unpleasant taste and less polluted – with organic inorganic substances – than the tap water itself. It is well known that some of these underground waters have elevated level of dissolved naturally origin radionuclides compared to tap water [1, 2]. Their activity concentration depends on the origin of the water, several physical and geochemical processes might also affect the level of radionuclides in underground waters, and therefore, it varies considerably. In some cases the human activities (fertilizing, mining, water treatment) influence the composition of the waters.

According to UNSCEAR [3], drinking water consumption might be a crucial factor in the areas’ exposure to naturally occurring alpha emitter radionuclides predominantly the members of the 232Th, 238U, and 235U decay series (e.g. 222Rn, 226Ra, 210Po) thus in some cases elevated levels of dose exposure can be expected [4]. Because of this specific health hazard, it is important to control the human consumption of these radioactive waters. In spite of this fact most of the recommendations do not apply to natural mineral waters and to waters that are classified as of medicinal benefit [5, 6]. From dosimetric point of view, it has a great importance to screen the radioactivity of these waters as well [6].

Earlier, in Hungarian drinking waters have only indicated the presence of only 226Ra and 222Rn isotopes have been found in concentrations that may be of health concern. The available literature shows that there are only a few studies on the groundwater radioactivity in Hungarian spring waters [4, 7, 8], but nowadays an up-dated and more complex survey was published in this field [9].
Our study tries to give preliminary information about the internal radiological exposure risk due to intake of uranium isotopes via water consumption.

Experimental

Sample collection-study area

Samples were selected randomly and were taken from different regions of Hungary (Balaton Upland, Bükk Mountain, Somogy Hills, Mezőföld, Lake Hévíz) which is shown in Figure 1.
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Fig. 1 Sampling sites from Hungary: 1.) Balf; 2.) Hévíz; 3.) Nemesgulács; 4.) Kékkút; 5.) Igal; 6.)Veszprém; 7.) Balatonfüred; 8.) Felsőörs; 9.) Balatonbozsok; 10.) Óbuda; 11.) Csány 12.) Eger
Table 1 Summary of the origin and types of waters

	Sample code
	Origin of water
	Region
	Type of water

	1
	Igal, tapwater
	Somogy Hills
	Drinking water

	2
	Igal 
	Somogy Hills
	Therapeutic spa water 

	3
	Csány, Pannon Aqua
	Heves county- Csány
	Mineral water

	4
	Balf, "Balfi" mineral water
	Fertő-Hanság National Park
	Mineral water

	5
	Óbuda, Norbi Aqua mineral water
	Budapest- Óbuda
	Mineral water

	6
	Veszprém, tap water
	Bakony Mountain
	Drinking water

	7
	Eger tapwater
	Bükk Mountain
	Drinking water

	8
	Eger, József spring
	Bükk Mountain
	Spring water


	9
	Balatonfüred, Kossuth spring
	Balaton Upland
	Spring water

	10
	Balatonfüred, Berzsenyi spring
	Balaton Upland
	Spring water

	11
	Balatonfüred, Szekér Ernő spring 
	Balaton Upland
	Spring water

	12
	Kékkút, Theodora spring
	Balaton Upland
	Spring water

	13
	Felsőörs, Felsőörsi spring
	Balaton Upland
	Spring water

	14
	Felsőörs, "Hősök Kútja" spring
	Balaton Upland
	Spring water

	15
	Nemesgulács, Savanyúvíz
	Balaton Upland
	Spring water

	16
	Balatonbozsok, tapwater
	Mezőföld
	Drinking water

	17
	Hévíz, Drinking fountain
	Hévíz valley
	Spring water

	18
	Hévíz, Lake Hévíz
	Hévíz valley
	Therapeutic spa water


Balaton Upland

Balaton Upland is situated directly north of Lake Balaton within a line of 20–25 km sampling sites of Nemesgulács, Kékkút, Veszprém, Balatonfüred and Felsőörs are situated in this area.. It is composed mainly by Triassic sediment rocks like dolomite, limestone, and upper Permian red sandstone. There are numerous volcanic cones composed of Pliocene basaltic lava. Dolomite and limestone play an important role as a water reservoir.
Hévíz

One of the oldest and best known medicinal baths in Hungary is found in Hévíz. It is located approximately 5 km from Lake Balaton and has a special climate. The surface area of the Hévíz Lake is 44,479 m2, its average depth is 1-2 m, the spring can be found at the deepest point which is almost 40 m.

The lake itself is fed by so called cold water ((26 oC), and by hot water ((41 oC). The "cold" water can be used for drinking purposes.

Minerals are transported to the surface from a Triassic-age dolomite layer into a spring cave 18 metres in diameter.The sulphurous water contains alkaline hydro-carbonates as well. Benefits of these waters are utilised to cure a number of medical problems.

Eger

Eger is situated at the fall of the Bükk Plateau (Bükk Mountain), which feeds the spring. Szent József Spring – it can be found in the historic centre of Eger town - is low sodium-laden natural mineralwater containing calcium, magnesium and hydrogen carbonite.

Igal

The spa and curative water is alcalic with elevated level of chloride, hydrogen –carbonate and contains iodide as well. The hot curative water is coming from 651 m deep drilled well and its temperature is 76 oC.
Balatonbozsok
Balatonbozsok is situated in the south–west part of Mezőföld region. Tap low carbonate content water comes from a clay loess underground water reservoir through a deep drilled well.

Mineral waters

Balfi mineral water comes from a sediment water reservoir (depth 12-35 m) which consists of limestone sandstone and some marl. Balfi mineral water is rich in carbonic acid, magnesium sulphate whilst Pannon Aqua and Norbi Aqua contains elevated level of calcium, magnesium and hydrogen carbonate and a lower amount of dissolved material than Balfi. Both of them are from a deep drilled well.

Sampling

All the spring and tap water samples were collected in 5–10 L polypropylene cans; mineral waters were purchased in local supermarkets. The cans were washed with nitric acid before sampling. The collected waters were acidified (pH<2) with concentrated nitric acid to avoid loss of radionuclide fractions by adsorption onto the wall of the can and prevent any biological activities. When it was necessary – only in case of spring waters –, samples were filtered through a 0.45 μm membrane filter to separate insoluble materials. The tap waters (drinking waters) – used for drinking purposes and cooking as well– were treated (e.g. filtered, iron removal) at the water supply plants.
Uranium determination

After pouring the acidified sample into a beaker, the water was homogenized by mixing and a known amount of 232U tracer (26.65 mBq) was added and mixed well. Due to the low level activity concentrations of uranium radioisotopes in the water, preconcentration step was made prior to the separation phase. The Fe(OH)3 was produced by a reaction of added FeCl3 (2 mL; 5 mg L-1) solution with ammonia solution and the precipitate was allowed to settle down overnight. Finally, the supernatant was discarded, the final volume was filtered through a 0.1 μm membrane filter (Millipore polypropylene filter, 0.1 (m, d = 25 mm) and the precipitate was washed several times with distilled water.
Separation of uranium isotopes from other interfering elements was performed before source preparation. For this purpose strongly anionic resin DOWEX 1X8 (100–200 mesh) and UTEVA extraction chromatographic resins were used [10, 11]. All the samples were treated in the same way.
Two columns – one anion exchange (Dowex 1X8; 100–200 mesh) and one extraction chromatographic – were prepared and conditioned for each sample. The first was a 7×1 cm i.d. BioRad glass column filled with Dowex 1X8 anion exchange resin (100–200 mesh) and the second a 2.5×0.7 cm i.d. column of Eichrom UTEVA resin. Both columns were pre–conditioned with 15 mL 8 M HNO3. UTEVA column was placed immediately below the anion exchange column, so the eluents from the anion exchange column passing directly onto the UTEVA column. 10 ml of uranium bearing sample solution (in 8M HNO3) was transferred to the anion exchange column and passed through both columns, then columns were washed with 8 M HNO3 followed by 3 M HNO3 subsequently and then separated. In this conditions Th is retained on anion–exchange column and can be removed by 9 M HCl. The UTEVA column was converted into chloride form with 9 M HCl and washed with 5M HCl. Finally the uranium was eluted with 10 ml 0.02 M HCl and collected into a glass beaker.
The flow rate of the eluents was 1 mL min-1, the time of column separation was 2.5–3 hours. Then the purified uranium fraction was evaporated into dryness and was electrodeposited onto stainless steel plates.
The dry residue was dissolved in 40% NaHSO4 and 0.75 M H2SO4 was added. Samples were evaporated to dryness and dissolved in 0.75 M H2SO4, some drops of thymolblue indicator was added and the pH was set by cc. NH4OH drop wise [pH 2.1–2.4] The colour of the electrolyte solution at the endpoint has changed from purple into salmon pink. In next step the solution was transferred to a polypropylene electrodeposition cell containing a platinum electrode. The uranium was electrodeposited onto a stainless steel disc for 1.5 h at 1.0 A [12]. One minute prior to the end of this stage, 1 mL of concentrated ammonia solution was added the cell before switching off the current to avoid redissolution of the deposited uranium-oxide layer. The cell was disassembled and the disc was then quickly rinsed with some ml of distilled water and finally with ethyl alcohol. Then it was dried in a hot plate above 200 oC prior to measurement.
Quantification of the uranium species was carried out by using high-resolution alpha spectrometry. The alpha spectrometer (Ordela Soloist) was equipped with passivated ion-implanted planar silicon (PIPS) detectors with an active area of 450 mm2 and 19 keV resolution. The spectra were analysed using WinAlpha freeware software developed by IAEA experts [13]. The counting time was between 60,000 and 100,000 s in general it was set to 86,400 s (1 day).
The detection efficiency in the chosen configuration and geometry varied from 22.4-25.7 %. The lower limit of detection (LLD) calculated according to Currie’s method [14] was 0.4 – 0.4 mBq and 0.3 mBq for 234U, 238U, and 235U respectively (for a 160,000 s counting time). Chemical recovery of the uranium was between 78 – 95% with an average of 89%.

Results and discussion

Activity concentration of uranium isotopes

The concentration of the uranium isotopes in water samples is presented in Table 2. The gross uranium concentration is also indicated and it can be compared to the guidance level for gross alpha activity (500 mBq L-1) recommended by WHO.
Table 2 Activity concentration of uranium isotopes in the water samples (mBq L-1)
	Sample code 
	238U
	234U
	235U
	Σ U concentration

	1
	45.4±1.8
	51.3±2.1
	<LLD
	96.7±2.7

	2
	1.3±0.1
	1.6±0.1
	<LLD
	2.9±0.2

	3
	19.7±1.2
	37.1±2.2
	<LLD
	56.8±2.5

	4
	0.8±0.1
	1.1±0.1
	<LLD
	1.9±0.1

	5
	11.9±0.8
	19.1±1.3
	<LLD
	31±1.6

	6
	22.2±1.1
	22.5±1.1
	<LLD
	44.7±1.6

	7
	27.3±1.4
	45.1±2.3
	<LLD
	72.4±2.6

	8
	38.4±1.9
	21.9±1.1
	<LLD
	60.3±2.2

	9*
	135.2±5.4
	202.5±8.1
	4.5±0.2
	342.2±9.7

	10*
	187.4±5.6
	189.2±5.7
	7.6±0.3
	384.2±8.0

	11*
	231.6±6.9
	685.2±20.6
	7.9±0.3
	924.7±21.7

	12*
	12.1±0.8
	13.5±0.9
	<LLD
	25.6±1.3

	13*
	5.0±0.5
	8.7±0.8
	<LLD
	13.7±0.9

	14*
	17.6±1.1
	18.2±1.1
	<LLD
	35.8±1.5

	15*
	5.9±0.4
	29.3±1.5
	<LLD
	35.2±1.5

	16
	1.5±0.1
	5.2±0.5
	<LLD
	6.7±0.5

	17*
	30.3±1.5
	28.5±1.4
	<LLD
	58.8±2.1

	18*
	23.2±1.2
	26.1±1.3
	<LLD
	49.3±1.7


*In this case waters from these sampling sites were measured earlier as well and results can be found elsewhere for samples 9-15 [9] and for samples 17-18 [15].

Uncertainty is given as combined standard uncertainty, with a coverage factor k=2, corresponding to a level of confidence of 95%. It was below 10 %; typically 4 % (3%–9.5 %).

As it is shown in Table 2, the activity concentration (mBq L-1) of 234U, 235U, and 238U in the waters varied in a wide range, from 1.1 to 685.2, from <0.3 to 7.9, and from 0.8 to 231.6 respectively. In general, the highest uranium concentrations were measured in spring waters, while the lowest were found in tap waters. As comparing the early results [9] to the new results published in this paper (indicated with * in Table 2.), they are agreed well within the uncertainty.

One of the spring waters exceeds the guidance level for gross alpha activity (500 mBq L-1) recommended by WHO [6], whilst two of them are close to it, but most of the waters are far below this value. For comparison, 238U and 234U activity concentrations in waters from various European countries are given in Table 3.
Table 3 Summarized data on 238U and 234U activity concentrations in waters from various European countries (mBq L-1)
	Country
	238U
	234U
	Reference

	Austria
	1 – 73.6
	1.4 – 79
	[16]

	
	0.72 – 975
	1.02 – 1251
	[17]

	Bosnia and Herzegovina
	0.27–16.2
	0.41 – 15.6
	[18]

	Greece
	0.91 – 17.27
	2.13 – 22.01
	[19]

	Italy
	<0.17 – 89.00
	<0.17 – 79.00
	[20]

	Slovenia
	0.4 mg m−3 ((10.1 mBq L-1)(
	[21]

	Poland
	10.25 – 24.46
	12.35 – 31.90
	[22]

	
	0.5 – 7.7
	0.5 – 13.6
	[23]


(Natural uranium was measured
Our results fit well to the results presented in the literature before, so in general it can be established higher uranium can be found in spring- and spa waters than in tap water. Uranium concentration is in a wider range as it was found in Poland, Bosnia Herzegovina, and Greece or in Italy, but some mineral and spring water from Austria contain more dissolved uranium than the analyzed Hungarian waters.
234U/238U isotopic ratio

It can be established, in most cases radioactive disequilibrium was observed between uranium isotopes. It is a well known phenomenon in natural waters that the 234U/238U activity ratio is declines from 1 (i.e. equilibrium) due to environmental processes and human activities as well [24]. After recoil, 234U can be dissolved more easily than 238U by complexation with carbonate/hydro-carbonate ions available in the aquatic media. The activity ratio between 234U and 238U varies from 0.57 to 4.97 as it is presented on Figure 2.
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Fig. 2 234U/238U isotopic ratio in water samples

Dose assessment

The activity concentration of uranium isotopes in different waters were used in order to estimate the committed effective dose for adults due the annual intakes of these uranium isotopes by water consumption. For this purpose the dose coefficients (Table 4.) recommended by International Commission of Radiological Protection were used [25]. The annual average consumption of waters – it was taken from the WHO recommendation [6] – is supposed to be 730 L it equals 2 L d-1. It can be claimed that most of these waters (e.g. spring – and tap waters) are consumed only temporary or in smaller amount (0.1–0.5 L d-1) and mostly by adults. In special cases mineral water consumption might exceeds 1.5 L d-1 but usually it is still below 2 L d-1.
Table 4 Dose coefficients for ingestion of uranium isotopes by adult member of the public in Sv Bq−1
	Radionuclide
	238U
	234U
	235U

	Dose coefficients (Sv Bq−1)
	4.5×10−8
	4.9×10−8
	4.7×10−8


The committed effective dose from 234U, (235U), and 238U intake calculated according to the WHO recommendation can be seen on Figure 3. The internal dose exposure for the analyzed samples of spring water are in the range 0.07–32.39 μSv y-1 with an average 4.32 μSv y-1. 235U will not contribute significantly to the dose due to its low abundance and activity concentration as well.
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Fig. 3 Committed effective dose due to uranium intake from water consumption

The total indicative dose (0.1 mSv y-1) recommended by WHO and EC council Directive was not exceeded in any case. The dose contribution due to uranium intake is not significant even 2 L day-1 of water consumption is assumed. However, here it must be note that other alpha emitter radionuclides (226Ra, 210Po) should be analyzed in order to complete the dose assessment.
Conclusions

234U, 235U, and 238U activity concentrations were determined in water samples (2 therapeutic water, 3 mineral waters, 4 tap waters, 9 frequently consumed spring water) collected from different regions in Hungary. Uranium concentrations in the analyzed waters vary in a wide range and waters with elevated level of carbonates contain more dissolved uranium than the others. On the basis of the measured values the committed effective dose was calculated according to the WHO recommendation. It can be stated on the basis of the obtained results that the internal dose contribution due to intake of uranium isotopes is not significant. In order to complete the dose assessment the other naturally occurring α emitting radionuclides (226Ra, 210Po) and also the β emitting isotopes (228Ra, 210Pb) should be - and will be - analyzed later. This study provides preliminary information for consumers and authorities about their internal radiological exposure risk due to annual intake of uranium isotopes via water consumption.
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