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A B S T R A C T   

In Hungary the drinking water supply is mainly based on groundwater, in which radionuclides are common 
components. Since the mobility of the most common radionuclides, uranium and radium, is strongly influenced 
by the geochemical conditions, knowledge on the geochemical parameters of water is required. This depends on 
the flow system and the flow regime. Therefore, hydrogeology has a crucial role in revealing the origin of 
elevated activity concentrations. This research presents a case study in Hungary where the drinking water supply 
is provided by bank filtered and karst wells. In most of the wells of the research area the gross alpha values are 
above the screening level, 0.1 Bq L� 1. The aim of this study is to determine which radionuclides may cause the 
elevated radioactivity and explain their occurrence using the hydrogeological approach. All samples of the study 
were analysed for (U-238þU-234), Ra-226, Rn-222. Alpha spectrometry applied on Nucfilm discs was used to 
measure the uranium and radium activity while radon activity was determined by liquid scintillation. The study 
revealed the correlation between the river water level fluctuation and the uranium content of the wells. The 
results of this study highlighted the transient nature of river bank filtered systems, which should be taken into 
account in the monitoring and water supply strategy.   

1. Introduction 

Groundwater is a geologic agent as it interacts with its environment 
and it is able to mobilise, transport and accumulate matter, amongst 
others also radioactive elements (T�oth, 1999). The members of the 
uranium and thorium decay series are ubiquitous in groundwater, 
especially uranium, radium and radon, and they are efficient natural 
tracers of groundwater (Bourdon et al., 2003; Hoehn, 1998; Porcelli and 
Swarzenski, 2003; Swarzenski, 2007; Skeppstr€om and Olofsson, 2007; 
Er}oss et al., 2012). The geochemical behavior of uranium and radium is 
affected by the redox state of system and sorption sites related to redox 
conditions (Dickson, 1990; Porcelli and Swarzenski, 2003), therefore 
they are representative for different segments of the flow paths, 
depending on the geochemical conditions. The U(IV) or U(VI) oxidation 
states of uranium are common in groundwater (Chabaux et al., 2003; 
Ivanovich and Harmon, 1992; Sheppard, 1980). In case of reducing 
conditions U(IV) is not soluble and tends to precipitate (Gascoyne, 

1992). However, adsorption of uranium to colloids causes rather 
increased mobility (Porcelli and Swarzenski, 2003) even in case of U(IV) 
(Wang et al., 2013). Under oxidizing conditions the uranium is highly 
mobile and prevail in U(VI) state and as (UO2

2þ) (Chabaux et al., 2003; 
Sheppard, 1980). The mobility can be influenced by complexation by 
organic matter, carbonates, phosphates and hydroxides (Bourdon et al., 
2003). Under circumneutral pH conditions complexes with carbonates 
and phosphates are dominant (Porcelli and Swarzenski, 2003). In terms 
of flow systems, uranium can be mobile along local flow paths and in 
recharge areas (Er}oss et al., 2019), where oxidizing environment pre-
vails. On the contrary, retardation of radium is high in oxidizing 
groundwater because of the adsorption on manganese and iron oxide 
surfaces (Ames et al., 1983). Therefore, radium has a significantly higher 
mobility under reducing and acid conditions (Albu et al., 1997; Ames 
et al., 1983; Dickson, 1990; Langmuir and Riese, 1985; Martin et al., 
2003; Szabo and Zapecza, 1991) and hence it can be found in those 
segments of groundwater flow systems, which are characterized by 
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reducing conditions, i.e. along regional flow paths or at their discharge 
area. 222Rn is the daughter element of 226Ra with a short half-life time, 
3.82 days. Using radon as hydrogeological natural tracer is effective for 
the local flow systems with a short flow distances and high flow veloc-
ities (Eisenlohr and Surbeck, 1995), and its occurrence indicates the 
vicinity of its source. 

Groundwater is the major source of drinking water, which must 
comply with strict water chemistry standards worldwide. These pa-
rameters include natural radioactive isotopes. Groundwater is an 
important resource in Hungary as well, because 96% of drinking water 
supply is reliant upon groundwater resources including river bank 
filtered aquifers. In Hungary the Euratom Drinking Water Directive 
(2013/51) was transposed in 2015 and since then the radioactivity of 
drinking water is screened by gross alpha and gross beta activity mea-
surements (Government Decree 313/2015). If the value above the 
screening level (0.1 Bq L� 1 and 1.0 Bq L� 1 for gross alpha and beta ac-
tivity, respectively), nuclide specific measurements are needed, to 
determine which isotopes cause the elevated activity concentrations and 
indicative dose, and whether it poses a risk to the health of the con-
sumers. However, many uncertainties were identified related to the 
gross methods (Arndt &West, 2004; Jobb�agy et al., 2010a; Jobb�agy 
et al., 2014; Monta~na et al., 2012; Rusconi et al., 2006; Semkow et al., 
2004), which may originate either from the analytical procedures 
(sample preparation and the measurement process) or from the natural 
properties of the water sample (e.g. simultaneous occurrence of several 
radioisotopes, high dissolved solid-, high nitrate-, high iron content) 
(Jobb�agy et al., 2010a, 2014). Nuclide specific analyses combined with 
hydrogeological investigations provide a new aspect of the analysis of 
natural radioactivity of groundwater (Er}oss et al., 2012, 2019), which 
may serve as a complementary approach assisting safe drinking water 
supply. Several studies were aimed to investigate the natural radioac-
tivity of groundwater and spring water in Hungary, but none of these 
studies dealt with river bank filtration systems as yet (Jobb�agy et al., 
2010b, 2011; Somlai et al., 2007; Er}oss et al., 2015; Kov�acs Bodor et al., 

2019). 
This study focuses on a waterwork, where the gross alpha activity 

exceeded the 0.1 Bq L� 1 threshold. This water supply system mainly 
relies on river bank filtration for drinking water abstraction. In addition, 
karst waters are used in a smaller proportion. River bank filtration is a 
relatively inexpensive and sustainable technology to utilize river water 
for water supply, therefore it is used worldwide (Tufenkij et al., 2002; 
Jeyakumar et al., 2017). During the underground pathway of the water 
from the surface to the production well is subject to chemical, physical 
and biological processes, which improve the quality of the water and 
thus substitute or reduce the need for conventional drinking water 
treatment (Hiscock and Grischek, 2002; Tufenkij et al., 2002). 

Additionally, an important feature of these systems is that surface 
waters and groundwater mix in different proportions in the wells 
(Fig. 1.). The pumping action creates a pressure head difference between 
the river and the aquifer, which induces the water from the river to flow 
downward through the alluvial aquifers into the pumping wells. As a 
result, supplied drinking water is a mixture of both groundwater (orig-
inally present in the aquifer) and infiltrated surface water from the river. 
Depending on the fluctuation of the river water level, different ratio of 
the surface water and groundwater is mixed in the wells, which can 
influence the water quality and the water chemistry of the supplied 
drinking water. In case of low flow of the river, the groundwater coming 
from the background dominates in the well (Fig. 1a), otherwise, when 
the water level of the river is high, the water derived from the river is 
predominant (Fig. 1b). Natural radionuclides may also be present in the 
river bank filtration systems and may lead to increased radioactivity in 
drinking water. 

The aim of the study is to use a novel approach, i.e. hydrogeology 
and groundwater flow system approach, to understand the natural 
radioactivity of groundwater and to predict and explain the favorable 
conditions for elevated radionuclide content. Furthermore, the study is 
based on nuclide specific analyses of the most common radionuclides, 
uranium, radium and radon, thus provides explanation to the elevated 

Fig. 1. Schematic geological cross section of the study area complemented with the processes of the river bank filtration. a: low water level of the river, b: high water 
level of the river (flood). 
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gross alpha values. The exact location of the wells and the study area are 
not shown here to respect waterwork’s privacy. 

1.1. Sampling and analytical methods 

From geological point of view, the research area has two different 

parts (Fig. 1.). One is close to the river and consists of young siliciclastic 
fluviatile sediments of the river (gravel, sandy gravel and sand deposits) 
including flood-plain deposits, which are rich in organic matter. Here 13 
operating wells were sampled, which are at a distance of about 
50–260 m to the river (Fig. 2.). The other part is farther from the river 
(ca. 6.5–14 km), consists of carbonate rocks, where four operating water 
wells can be found. The majority of the sampled riverbank filtered wells 
have the same screening section range (between 88 and 97 m asl) and 
the lithology of the screened section have roughly the same geological 
build up (sand, gravel and sandy gravel). Two wells (No. R1, R6) have 
different screening section at 68 m asl elevation. 

Water samples were collected in two sampling campaigns for nuclide 
specific measurements, which correspond to different water levels (high: 
98.2 m asl, and low: 96.2 m asl water level) of the river, from 13 
riverbank filtered (R) and 4 karstic (K) wells and from the river (R14). 
The physico-chemical parameters (accuracy indicated in brackets), 
namely, specific electrical conductivity (�0.5%), temperature (�0.2 
�C), pH (�0.2), ORP (�20 mV) and dissolved oxygen (�2%), were 
measured on site by an YSI ProPlus multiparameter water quality in-
strument. For radium and uranium measurements, 0.25 L PP sampling 
bottles were used. The samples were not acidified and were kept cool 
until measurement (within 1 week). Water samples were collected for 
elemental analysis in 1.5 L PET bottles, 50 mL PP centrifuge tube and 
0.25 L glass bottles. The elemental analysis of the water samples was 
performed by the laboratory of the National Public Health Centre. The 
parameters of the elemental analysis were measured by ICP-MS (iCAP 
RQ, Thermo Fisher Scientific, Germany), ion chromatography (DIONEX 
ICS-5000 þ DP, Thermo Fisher Scientific, USA) and UV-VIS photometer 
(UV-1800, Shimadzu, Japan) in accordance with the relevant standard 
drinking water methods. 

Radium and uranium content were measured by alpha-spectroscopy 
using selectively adsorbing thin films (Nucfilm discs, Surbeck, 2000). 
For details about this measurement method see the complementary 
material. 210Po, if present can be clearly separated in the alpha spec-
trum. The only well soluble member of the 232Th series, 228Ra decays to 
several alpha emitting nuclides. Their peaks in the alpha spectrum are 
well separated from 226Ra, 238U and 234U peaks. The 228Ra decay 
products are built up with about 3%/month. If one is interested in 228Ra 
the Ra-Nucfilm discs can thus be remeasured after a storage of some 
months. This has not been done for this study, as we have been mainly 
interested in uranium and 226Ra. In addition during the first measure-
ment only traces of 224Ra have been found on the Ra-discs, pointing to 
low 228Ra concentrations. The adsorption efficiency can be verified by 
exposing a second disc or by adding a known amount of 226Ra tracer for 
the Ra-discs and 232U for the U-discs respectively. This information is 
taken into account when calculating the activity concentrations and the 
measurement uncertainties. 

The alpha spectrometry method gives the sum of 235U, 234U and 238U 
activities, but the 235U activity accounts for only 5% of the 238U activity. 
Therefore in this study the term 234Uþ238U will be used for the sum of 
uranium isotopes. 

Radon was measured with liquid scintillation using Tricarb 1000 TR 
in the laboratory within 2 days. On site 10 ml water sample was injected 
into glass cuvettes, into which 10 ml organic cocktail (Opti Fluor O) was 
previously added. The MDA of the Tricarb 1000 TR instrument is 2 Bq 
L� 1. Additionally, archival data of gross alpha and beta activity con-
centrations provided by the waterworks are used for comparison. 

2. Results 

By using the main cations and anions the geochemical facies (Back, 
1966) have been determined and are shown as Piper diagram (Fig. 3.). 
The dominant ions are HCO3

� and Ca2þ for all water samples. The waters 
can be divided into 3 different water facies groups: Ca–Mg, 
HCO3–Cl–SO4 facies, Ca–Na, HCO3–Cl–SO4 facies and Ca–Na, 
Cl–SO4–HCO3 water facies. The latter is characteristic for the samples 

Fig. 2. Schematic map of the research area and location of the sampling points.  

Fig. 3. Piper diagram of the sampled waters illustrating the main components 
of the water samples. Light colors indicate high river water level conditions, 
dark colors refer to low river water conditions. 

K. Csondor et al.                                                                                                                                                                                                                                



Journal of Environmental Radioactivity 211 (2020) 106072

4

No. R7L, R8L, R8H, R9L, R10L, R11L, R13L, and it corresponds mainly 
to the low water level condition of the river. Magnesium is characteristic 
only in case of some karstic wells (No. K1a; K1b, K3). 

The results of the field parameters, elemental analysis and the 
nuclide specific measurements were evaluated separately for karst and 
bank filtered wells, in the latter case also depending on the water level of 

Table 1 
In-situ and laboratory measurement results of the river bank filtered wells (R) and karst wells (K) of the study area. h: high water level of the river, l: low water level of 
the river, n/a: not applicable, -: no data. 

# River water level 
[m asl] 

water 
level 

Date Sceering section 
elevation [m asl] 

Temp. 
[�C] 

EC [μS 
cm-1] 

DO 
[%] 

DO [mg 
L-1] 

pH ORP 
[mV] 

Rn [Bq 
L-1] 

Rn uncert. 
[Bq L-1]  

R1L 96.2 l 30/10/ 
2018 

68 12 516 61 7 7.7 � 91 14 4 

R1H 98.2 h 22/03/ 
2019 

68 11 521 15 2 7.1 � 51 13 4 

R2L 96.2 l 30/10/ 
2018 

97 12 1275 19 2 7.3 51 12 3 

R2H 98.2 h 22/03/ 
2019 

97 12 626 102 12 7.0 147 12 3 

R3L 96.2 l 30/10/ 
2018 

96 11 937 33 4 7.3 74 10 3 

R3H 98.2 h 22/03/ 
2019 

96 13 490 85 9 7.2 141 13 4 

R4L 96.2 l 30/10/ 
2018 

95 11 723 66 7 7.5 85 10 3 

R4H 98.2 h 22/03/ 
2019 

95 13 492 66 7 7.1 132 12 3 

R5L 96.2 l 30/10/ 
2018 

96 11 836 65 7 7.5 95 9 3 

R5H 98.2 h 22/03/ 
2019 

96 12 476 90 10 7.1 118 10 3 

R6L 96.2 l 30/10/ 
2018 

68 12 489 42 5 7.7 � 67 29 5 

R6H 98.2 h 22/03/ 
2019 

68 12 490 2 0 7.1 � 41 36 6 

R7L 96.2 l 30/10/ 
2018 

95 14 1064 37 4 7.6 92 12 3 

R7H 98.2 h 22/03/ 
2019 

95 11 661 102 11 7.0 154 12 3 

R8L 96.2 l 30/10/ 
2018 

94 13 1214 54 6 7.7 98 14 4 

R8H 98.2 h 22/03/ 
2019 

94 13 958 47 5 7.1 174 13 4 

R9L 96.2 l 30/10/ 
2018 

96 13 1177 30 3 7.8 93 19 4 

R9H 98.2 h 22/03/ 
2019 

96 12 696 41 5 7.2 178 14 4 

R10L 96.2 l 30/10/ 
2018 

96 12 1213 69 7 7.6 93 14 4 

R10H 98.2 h 22/03/ 
2019 

96 10 741 48 5 7.1 160 17 4 

R11L 96.2 l 30/10/ 
2018 

89 14 947 31 3 7.4 78 18 4 

R11H 98.2 h 22/03/ 
2019 

89 9 656 54 6 7.2 130 19 4 

R12L 96.2 l 30/10/ 
2018 

89 16 525 61 6 7.7 77 11 3 

R12H 98.2 h 22/03/ 
2019 

89 7 455 76 9 7.0 93 11 3 

R13L 96.2 l 30/10/ 
2018 

88 12 738 26 3 7.6 42 11 3 

R13H 98.2 h 22/03/ 
2019 

88 10 570 37 4 7.1 67 10 3 

R14H 98.2 h 22/03/ 
2019 

100 8 324 91 11 7.2 186 <5 n/a 

K1a 96.2 n/a 30/10/ 
2018 

� 130 18 749 40 4 7.4 124 10 3 

K1b 98.2 n/a 22/03/ 
2019 

� 130 17 764 33 3 6.9 181 10 3 

K2 96.2 n/a 30/10/ 
2018 

170 15 866 60 6 7.8 135 <5 n/a 

K3 98.2 n/a 22/03/ 
2019 

94 14 744 100 10 6.9 166 <5 n/a 

K4 98.2 n/a 22/03/ 
2019 

� 326 14 624 46 5 7.0 202 <5 n/a  
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the river. The electrical conductivity values of the karst wells represent 
624–866 μS cm� 1 values, the pH is neutral (6.9–7.8) and the ORP values 
are between 124 and 202 mV. The nuclide specific measurements of the 
karst wells show low activity concentrations: 234Uþ238U: 25–32 mBq 

L� 1; 226Ra: <5–16 mBq L� 1; 222Rn: <5–10 Bq L� 1 (Table 1.). No sig-
nificant changes have been observed for the values in case of the K1 well, 
where repeated measurement was possible. The water samples of the 
river bank filtered wells represent a wide range of electrical conductivity 

Ra [mBq 
L-1] 

Ra uncert. 
[mBq L-1] 

U [mBq 
L-1] 

U uncert. 
[mBq L-1] 

U [μg 
L-1] 

HCO3 
[mg L-1] 

Naþ
[mg L- 
1] 

Mg2þ
[mg L-1] 

Kþ [mg 
L-1] 

Ca2þ
[mg L-1] 

Cl- [mg 
L-1] 

SO42- 
[mg L-1] 

Geochemical 
facies 

5 2 22 5 <1.0 391 28 15 4 55 21 59 Ca–Na, 
HCO3–Cl–SO4 

<5 2 15 4 <1.0 280 30 15 4 54 20 55 Ca–Na, 
HCO3–Cl–SO4 

13 4 202 14 7.62 467 43 44 6 156 88 219 Ca–Na, 
HCO3–Cl–SO4 

6 2 47 7 2.08 274 22 22 5 72 36 66 Ca–Na, 
HCO3–Cl–SO4 

<5 2 88 9 6.15 360 26 33 4 115 58 145 Ca–Na, 
HCO3–Cl–SO4 

10 3 40 6 1.35 242 15 17 4 61 25 45 Ca–Na, 
HCO3–Cl–SO4 

8 3 126 11 5.69 309 18 24 3 75 37 105 Ca–Na, 
HCO3–Cl–SO4 

6 2 24 5 1.50 242 14 16 3 60 23 43 Ca–Na, 
HCO3–Cl–SO4 

9 3 253 16 10.60 347 22 36 4 92 43 135 Ca–Na, 
HCO3–Cl–SO4 

– – 26 5 1.62 255 15 17 3 60 23 39 Ca–Na, 
HCO3–Cl–SO4 

38 6 46 7 <1.0 259 17 17 6 50 19 72 Ca–Na, 
HCO3–Cl–SO4 

22 5 21 5 <1.0 255 18 19 6 53 19 42 Ca–Na, 
HCO3–Cl–SO4 

<5 2 67 8 5.25 297 57 61 10 59 76 220 Ca–Na, 
Cl–SO4–HCO3 

7 3 50 7 3.29 280 27 35 6 56 35 88 Ca–Na, 
HCO3–Cl–SO4 

– – – – 6.74 297 67 70 11 60 106 277 Ca–Na, 
Cl–SO4–HCO3 

<5 1 49 7 4.98 286 54 59 11 55 72 170 Ca–Na, 
Cl–SO4–HCO3 

<5 2 148 12 6.13 322 61 62 10 66 104 258 Ca–Na, 
Cl–SO4–HCO3 

– – 57 8 3.43 280 31 36 8 57 43 87 Ca–Na, 
HCO3–Cl–SO4 

<5 1 136 12 4.83 322 61 53 9 91 104 279 Ca–Na, 
Cl–SO4–HCO3 

<5 1 49 7 2.70 312 33 34 6 69 48 110 Ca–Na, 
HCO3–Cl–SO4 

<5 1 60 8 2.91 316 29 28 5 107 67 176 Ca–Na, 
Cl–SO4–HCO3 

<5 1 38 6 2.30 293 21 21 3 86 34 72 Ca–Na, 
HCO3–Cl–SO4 

<5 2 43 7 1.30 234 18 14 3 60 28 62 Ca–Na, 
HCO3–Cl–SO4 

5 2 37 6 1.23 242 15 14 2 56 21 29 Ca–Na, 
HCO3–Cl–SO4 

7 3 98 10 5.09 322 45 45 7 80 71 189 Ca–Na, 
Cl–SO4–HCO3 

6 2 39 6 2.23 267 21 26 5 55 30 53 Ca–Na, 
HCO3–Cl–SO4 

5 2 24 5 <1.0 429 9 40 2 86 8 92 Ca–Na, 
HCO3–Cl–SO4 

13 4 26 5 <1.0 445 10 43 2 90 7.6 81 Ca–Mg, 
HCO3–Cl–SO4 

16 4 25 5 <1.0 442 19 55 6 74 19 95 Ca–Mg, 
HCO3–Cl–SO4 

<5 2 32 6 1.55 395 12 45 5 76 17 62 Ca–Na, 
HCO3–Cl–SO4 

6 2 25 5 1.02 414 3 42 1 71 5 39 Ca–Mg, 
HCO3–Cl–SO4 

13 4 41 6 1.56 191 11 11 2 45 18 23 Ca–Na, 
HCO3–Cl–SO4  
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values with 455–1275 μS cm� 1. The pH varies between 7 and 7.8, and 
the ORP values are between � 91 and 178 mV. Only two wells (No. R1, 
R6) show reducing ORP values, all others show oxidizing conditions 
(Table 1.). The uranium values are in a wide range of 15–253 mBq L� 1, 
however, 222Rn (9–36 Bq L� 1) and 226Ra (<5–38 Bq L� 1) show rather 
low activity concentrations. Some parameters of bank filtration wells are 
highly dependent on the river water level. In case of the higher water 
level of the river the electrical conductivity (EC) values were system-
atically lower (455–958 μS cm� 1) except the wells R1 and R6 where 
significant differences could not be identified (Table 1.). In contrast the 
EC values were higher at low water level (489–1275 μS cm� 1). The 
uranium activity concentrations in the wells also varied with the 
different water levels. Higher activity concentration values (22–253 
mBq L� 1) were systematically measured in low water level conditions, 
while lower values (15–57 mBq L� 1) were characteristic at high water 
level of the river (Table 1.). 

3. Discussion 

The results show that the chemical characteristics of the bank filtered 
waters (wells No. R1-R13) vary with the change in the water level of the 
river, as the mixing ratio between groundwater and surface water is 
changing (Fig. 1.). The dilution effect of the river water (No. 14 in 
Table 1.: 324 μS cm� 1) leads to lower electric conductivity (EC) values in 
the bank filtered wells (Table 1.) during high river water level condi-
tions. During low river water level conditions groundwater dominates, 
leading to higher EC values and in some cases to a facies change. The 
results of the nuclide specific measurements show that for the river bank 
filtered waters the uranium activity concentrations contribute most to 
the gross alpha activity. Uranium activity concentrations are systemat-
ically higher at low water level conditions of the river. During low river 
water level conditions 5 wells (R2L, R4L, R5L, R9L, R10L in Table 1.) 
have even higher uranium activity concentrations than the screening 
level of the gross alpha activity in drinking water (0.1 Bq L� 1 Govern-
ment Decree 313/2015) (Fig. 4.). As the fluctuation of the water level of 
the river generates a changing mixing ratio between river water and 
groundwater in the riverbank aquifer, it has also an impact on the 
uranium concentration, as it was reported by Fritz and Arntzen (2007). 
At low river water conditions the groundwater will be dominant in the 
abstracted water, which have higher uranium content. In case of high 
river water levels, the larger volume of river water dilutes the uranium 
content of the groundwater, thereby the activity values will decrease. 
Fig. 5 represent the different dilution ratio of the wells. The highest 
dilution was identified in case of well No. R5. 

However, different uranium activity concentration values are char-
acteristic of the individual wells in riverbank area. Even the wells close 
to each other (in 5–10 m distance) show very different values (e.g. No. 
R1, R2, R3; Fig. 2., Table 1.). This might be explained by the in-
homogeneity of floodplain sediments, in which organic-rich layers or 
the gravel may contain uranium, which can be mobilized by the 
groundwater characterized by oxidizing conditions. 

One well (No. R6) is deeper than the other bank filtered wells 
(elevation of the screening section is 68 m asl), and characterized by 
reducing conditions (� 67 mV). Its uranium activity is one of the lowest 
(21–46 mBq L� 1), but it has the highest measured 226Ra and 222Rn ac-
tivity values (22–38 mBq L� 1 and 36-29 Bq L� 1) (Fig. 6.). That fits well 
with the fact that under reducing conditions radium is more mobile than 
uranium. The reducing conditions may point to a higher order flow 
systems, but the river water level fluctuations are still visible in the 
uranium activity concentrations. 

When comparing archival gross alpha results provided by the wa-
terwork with the recent nuclide specific results one has to take into 
account that in the case of the river bank filtered wells there was only 
one sampling campaign, but in case of the karstic wells several sampling 
campaigns for gross alpha and beta analyses (Table 2.). 

The water samples were taken from the river bank filtered wells (No. 

R1-R13) at different (medium) water level periods (96.8 m asl; 97.3 m 
asl). Comparing these archival gross alpha values with the recent 
nuclide specific measurements, it can be seen that the gross alpha ac-
tivities, measured at medium river water level (No. R1, R3, R6, R8, R11, 
R13 in Table 2), do not overlap with the range of uranium activities 
measured at low and high water level conditions (Table 1). In some cases 
(No. R1, R6) the gross alpha activity of the waters - at medium water 
level stage - was much higher (78 and 158mBq L� 1) than the results of 
the nuclide specific measurements (22 and 46 mBq L� 1) of the waters at 
low water level period (where higher uranium content is characteristic). 

Fig. 4. 234Uþ238U activity concentrations versus elevation profile. The dashed 
line indicates the screening level value of the gross alpha activity in drinking 
water. RBF: riverbank filtered wells. 

Fig. 5. Dilution ratios of the bank filtered wells in context of 234Uþ238U ac-
tivity concentrations at low and high river water conditions. The dashed line 
represents that the concentration is unchanged. 
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Based on nuclide specific and chemical measurements presented by 
this study, the parameters of karst wells are rather stable. However, the 
archival gross alpha activity values show high variability in case of 
karstic wells No. K1 and K2 (<40–214 mBq L� 1) (Table 2.). On one 
occasion, gross alpha activity of the well No. K1 was measured parallel 
by two independent laboratory, but the results strongly deviate (50 and 
195 mBq L� 1). These results suggest uncertainties related to the gross 
measurements, which was already reported by an interlaboratory 
comparison organized by the Joint Research Centre of the EU (Jobb�agy 
et al., 2015). The measurement campaign revealed that data deviated by 
more than two orders of magnitude from the reference values (Jobb�agy 
et al., 2015). In accordance with the conclusions of Jobb�agy et al. (2015) 
and Er}oss et al. (2019), this study emphasizes as well, that only nuclide 
specific analysis provides a sufficient insight to the interconnection 
between geological background, flow systems and the occurrence of 
natural radionuclides in groundwater. 

4. Conclusions 

In this study the results of the geochemical and nuclide specific 
measurements (234Uþ238U, 226Ra and 222Rn) of river bank filtered and 
karst waters were presented, which serve as drinking water supply of the 
area. The karst wells showed low activity concentrations (234Uþ238U: 
25–32 mBq L� 1; 226Ra: <5–16 mBq L� 1; 222Rn: <5–10 Bq L� 1). In the 
river bank filtered system the two sampling campaigns represented 
different water level conditions of the river, which had significant 
impact on the geochemical conditions of the bank filtered aquifer, owing 
to the different mixing ratio between groundwater and surface water. 
Among the investigated radionuclides, the 234Uþ238U activity concen-
trations responded the most to the water level changes of the river and 
showed systematically higher values during low water conditions. This 
suggests, that uranium is transported by the groundwater component, 
and possibly originating from the fluviatile sediments. 

These findings have an important consequence on the monitoring as 
well as on the safe drinking water supply strategy of the waterworks. 
Monitoring of gross alpha and beta activity should be adjusted to the 

transient system of the river bank filtered aquifer, i.e. one measurement 
cannot be representative for the system. The waterworks should pay 
attention during operation on those wells which show elevated natural 
radioactivity during low river water level conditions. 

Finally, this study emphasized the importance of nuclide specific 
measurements, which deliver more reliable results compared to the 
gross methods. Nuclide specific analyses complemented by hydro-
geological investigations provide better understanding of natural 
radioactivity of groundwater, which facilitates the safe drinking water 
supply. 
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Fig. 6. 226Ra and 222Rn activity concentration versus elevation profile. RBF: 
riverbank filtered wells. 

Table 2 
Archival gross alpha and beta activity measurements provided by the 
waterwork.  

# Gross alpha 
[mBq L-1] 

Gross beta 
[mBq L-1] 

Radon 
[Bq L-1] 

River water 
level [m asl] 

Date 

R1 78 191 8,9 97,32 20/02/ 
2018 

R2 78 158 8,7 97,32 20/02/ 
2018 

R3 98 164 8,6 97,32 20/02/ 
2018 

R4 47 161 9,3 97,32 20/02/ 
2018 

R5 114 163 9 97,32 20/02/ 
2018 

R6 158 297 17,1 97,32 20/02/ 
2018 

R7 71 293 8,7 97,33 21/02/ 
2018 

R8 86 403 8,8 97,33 21/02/ 
2018 

R9 79 334 10,1 96,80 26/02/ 
2018 

R10 84 336 11 96,80 26/02/ 
2018 

R11 <40 128 10,9 96,80 26/02/ 
2018 

R12 <40 91 10,7 96,80 26/02/ 
2018 

R13 <40 197 3,3 96,80 26/02/ 
2018 

K1 50 100 6 96,23 24/10/ 
2017  

195 127 7,2 96,23 24/10/ 
2017  

152 150 7,7 99,15 02/05/ 
2017  

214 194 7 96,23 20/02/ 
2017  

172 123 8,3 96,46 08/11/ 
2016  

102 127 9,8 97,59 24/05/ 
2016  

121 160 7,5 97,14 25/04/ 
2016 

K2 <40 230 – 95,60 16/11/ 
2018  

46 156 <1,9 96,60 06/02/ 
2017  

47 180 <1,9 96,46 08/11/ 
2016  

70,2 146,1 <1,9 97,14 25/04/ 
2016  
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