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A B S T R A C T   

Groundwater is an important freshwater resource, which can be affected by geogenic radionuclide contamina-
tion. To make decisions regarding the use and management of groundwater, understanding the controls of 
radionuclide mobility is critical. In the southern foreland of a granitic outcrop in Hungary, high gross alpha 
activity concentration was measured in drinking water wells, related probably to the presence of uranium. It has 
been suggested that understanding of the groundwater flow system may be a key aspect to understand uranium 
mobility in groundwater. The goal of the present work was to elucidate the conceptual model of radionuclide 
mobility in the study area, focusing in particular on the geochemical controls of uranium. For this purpose, water 
samples were collected and nuclide-specific measurements for 226Ra and radon isotopes were carried out, in 
addition to 234U+

238U measurements, to increase the range of radionuclides and better understand their 
mobility. A geochemical modeling analysis involving redox-controlling kinetic reactions and a surface 
complexation model was developed to support the conceptual model. The results from the sampling indicate that 
excess of 234U+

238U (3–753 mBq L− 1) contribute to the natural radioactivity measured in drinking water to a 
large degree. 226Ra was measured in relatively low activity concentrations (<5–63 mBq L− 1) with the exception 
of three specific wells. Notable radon activity concentration was measured in the springwaters from Velence Hills 
(1.01–3.14 × 105 mBq L− 1) and in interrelation with the highest (285–695 mBq L− 1) 226Ra activity concen-
trations. The geochemical model suggests that uranium distribution is sensitive to redox changes in the aquifer. 
Its mobility in groundwater depends on the residence time of groundwater compared to the reaction time 
controlling the consumption of oxidizing species. The longer the flow path from the recharge point to an 
observation point where U is measured, the more likely it is that reducing conditions will be found in the aquifer 
and the elemental concentration U will be low.   

1. Introduction 

Groundwater is one of the most important freshwater resources on 
Earth. In certain countries, the excess of natural radionuclides in 
groundwater is a key issue that has attracted scientific attention 
(Stackelberg et al., 2018; Sherif and Sturchio, 2018). As the ingested 
radionuclides undergo radioactive decay, the emitted particles can 
damage cells and tissues in the human body. The risk from ionising ra-
diation must be kept as low as possible, to this end strict regulations are 

in force regarding the radionuclide content of drinking water. The nat-
ural radionuclide content of groundwater is primarily determined by the 
geological background, particularly by the occurrence of felsic igneous 
rocks (e.g. granites and pegmatites), which usually contain high 
amounts of uranium and other radionuclides and which are found all 
over the world (Banning and Benfer, 2017). 

The effective dose received from drinking water consumption (not 
including bottled mineral water consumption) largely arises from the 
presence of dissolved 400K, 234U, 235U, 238U, 226Ra, 222Rn and 228Ra 
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(Beyermann et al., 2010; Vesterbacka et al., 2006). 210Po and 210Pb also 
contribute but to a lesser extent (Ahmed et al., 2018; Jia and Torri, 2007; 
Kinahan et al., 2020). In case of bottled mineral waters, the sources of 
internal exposure are mainly 228Ra, 226Ra and 210Pb (Chmielewska et al., 
2020; Pérez-Moreno et al., 2020). 

Beside tritium and radon activity, gross alpha and gross beta activity 
measurements are used as preliminary screening methods to assess the 
risk of radioactive elements in drinking water. In the European Union, 
the recommended screening levels are 1.0 × 105 mBq L− 1 for tritium, 
and 1.0 × 105 mBq L− 1 for radon, 100 mBq L− 1 for gross alpha activity 
concentration, and 1000 mBq L− 1 for gross beta activity concentration, 
in order to keep the indicative dose lower than 0.1 mSv yr− 1 (Council 
Directive, 2013/51/Euratom). If either the gross alpha activity con-
centration or the gross beta activity concentration exceeds the relevant 
threshold, analysis of specific radionuclides shall be required. In order to 
evaluate if the indicative dose received from the intake of radionuclides 
is a health concern, derived concentrations of the most common natural 
radionuclides were calculated. The derived concentration values of the 
radionuclides concerned in this paper are the following: 3000 mBq L− 1 

for 238U, 2800 mBq L− 1 for 234U and 500 mBq L− 1 for 226Ra. 
Beside drinking water quality issues, the natural radionuclide con-

tent of groundwater has also been studied for scientific purposes. The 
isotopes of uranium, radium, and radon have long been used as natural 
tracers in the study of groundwater flow systems (Eisenlohr and Sur-
beck, 1995; Erőss et al., 2012; Gainon et al., 2007; Gainon, 2008; 
Swarzenski, 2007). While the behavior of these radionuclides in 
rock-water systems has been investigated in depth (Bourdon et al., 2003; 
Osmond et al., 1983; Porcelli and Swarzenski, 2003; Rama and Moore, 
1984; Sheppard, 1980), this knowledge has not yet been properly 
introduced to the competent authorities of drinking water supply. 

Although the presence of radionuclides in groundwater is primarily 
determined by the presence of their source rocks (e.g. granites, rhyolites, 
phosphorites, black shales), the spatial distribution of elevated radio-
nuclide activity concentration in aquifers is also controlled by solute 
transport occurring along the hierarchically organized groundwater 
flow paths. A combination of multiple physical and geochemical factors 
(from different hydraulic conductivities to different temperature, pH, 
redox potential, specific electric conductivity, ion compositions) can 
change geochemical conditions along the flow paths (Tóth, 1999, 2009). 
Hydrogeological research can help to understand the monitoring results 
of the groundwater derived drinking water regarding radioactivity (Bird 
et al., 2020; Csondor et al., 2020; Erőss et al., 2018; Szabo et al., 2012). 
Erőss et al. (2018) investigated the occurrence of 234U+238U (hereinafter 
referred to as uranium) activity concentrations in groundwater in the 
southern foreland of the Velence Hills, a granitic outcrop in Hungary, 
where gross alpha values above 100 mBq L− 1 were measured in the 
waterworks’ wells. Uranium activity concentration measurements of 30 
samples were carried out and the results were evaluated using 
pressure-elevation profiles referring to the hydraulic properties of the 
groundwater flow system. Uranium activity concentration up to 753 
mBq L− 1 was explained by a conceptual model of the groundwater dy-
namics in the study area, which included the predominance of recharge 
areas characterized by oxidizing environments as key determinants for U 
mobility in the aquifers. Erőss et al. (2018) concluded that a better 
understanding of the groundwater flow systems can provide key infor-
mation regarding the evolution and distribution of radionuclides in 
aquifers. Beside the geological factors, Erőss et al. (2018) suggested that 
the groundwater dynamics and associated geochemical environment 
should be taken into account for an informed use and management of 
groundwater resources in the presence of geogenic radionuclide 
contamination. However, Erőss et al. (2018) did not analyze other ra-
dionuclides, nor performed modeling analysis to quantitatively interpret 
their results in the context of the hydrogeological behavior of the study 
area such as supported by a geochemical modeling analysis. 

The aim of this study was to refine the conceptual model presented 
by Erőss et al. (2018) through a more detailed analysis of 

nuclide-specific activity concentrations in groundwater in the same 
Hungarian area and through model-based analysis. Compared to the 
previous work, the study area was expanded to include the granitic 
complex of the Velence Hills and its whole foreland, in order to evaluate 
the geographical extension of the previously identified high radionu-
clide content of the groundwater. The new study involved 26 new 
sampling locations, including springs of the granitic outcrop of the 
Velence Hills and new boreholes which were not sampled before. Ura-
nium, 226Ra and radon isotopes were measured in every sample. 
Moreover, 226Ra and radon activity concentrations were also deter-
mined in the samples taken in previous sampling campaigns. To com-
plete the previously applied hydrogeological approach based on 
pressure-elevation profiles, the physico-chemical properties and the 
hydrogeochemical characteristics of the water samples were further 
evaluated. 

Finally, a process-based geochemical modeling analysis was per-
formed using PHREEQC software (Parkhurst and Appelo, 2013) to 
quantitatively validate the conceptual model and the governing hy-
pothesis explaining the behavior of radionuclides in groundwater. 
Geochemical modeling has been widely adopted to elucidate the inter-
pretation of processes in a variety of applications, which includes 
redox-sensitive mobility of contaminants in aquifers (e.g. Dalla Libera 
et al., 2020; Greskowiak et al., 2015; Ma et al., 2014). As groundwater is 
the exclusive source of drinking water in the study area, the 
process-based understanding of groundwater quality has a crucial role in 
water supply and resource management. 

2. Material and methods 

2.1. Study area 

The study area is located in the southern foreland of Lake Velence 
(Hungary), as formerly delineated by Erőss et al., (2018) (Fig. 1). 
Northwest from the lake, in its catchment area outcrop the igneous rocks 
of the Velence Hills. The western part of the hills is constituted by a 
biotitic granite batholith. It is characterized by higher uranium (up to 
9.9 ppm) and thorium (up to 48.2 ppm) concentration (Bérczi, 1982) 
than the crust average (in Vinogradov, 1962 3.5 and 18 ppm, respec-
tively). The central and eastern parts of the hills are built up by meta-
morphosed andesite and intrusive quartzite with less significant 
uranium and thorium content (up to 2.24 ppm and 11.4 ppm, respec-
tively). In the foreland of the lake, the crystalline basement is covered by 
an up to 400 m thick siliciclastic sequence deposited in lacustrine to 
fluvial environment (Mezősi, 2015). These deposits host the Pannonian 
aquifer and the Quaternary aquifer, which are the main groundwater 
reservoirs and serve as drinking water sources of the local settlements. 

The Pannonian sequence starts with locally sourced conglomerate, 
sand, and gravelly sand deposited on the crystalline basement or on 
previously redeposited granitic material in lacustrine depositional 
setting (Gyalog and Ódor, 1983; Sztanó et al., 2016; Budai et al., 2019). 
The particle size can reach 10–20 cm and decreases away from the 
bedrock (Gyalog and Ódor, 1983). It is followed by finer grained deltaic 
and fluvial deposits. The deltaic sequence is composed of 2–10 m thick 
deltaic bodies forming coarsening upward sequences from muddy pro-
delta to sandy delta front deposits capped by heterolith delta top de-
posits (Sztanó et al., 2013; Magyar et al., 2019). The fluvial depositional 
system, feeding the deltas is built up by sandy fluvial channels and grey 
to variegated siltstones and sand-mud heterolithics deposited on the 
alluvial-plain (Gyalog and Horváth, 2004; Haas, 2012). Charred plant 
remains and lignite layers are typical in these successions (Sztanó et al., 
2013). Opposed to the lacustrine sediments, these deposits were fed by a 
more distal source. Their mineralogical composition is dominated by 
quartz. Other minerals such as feldspar, muscovite, rock fragments, 
altered minerals, clay minerals are present in a decreasing frequency. 
Among heavy minerals, chlorite, garnet, epidote, magnetite and 
amphibolite are the most abundant (Juhász and Thamó-Bozsó, 2006; 
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Thamó-Bozsó, 2002). The exploration for fissile materials established 
that the average uranium concentrations of the Pannonian formations 
are between 2.9 and 12.4 ppm. Although higher values are connected to 
the coaly-clayey beds (up to 290 ppm) and the carbonate cemented 
zones of sand and sandstone layers (up to 90 ppm) (Szilágyi and 
Glöckner, 1971). 

The older formations are overlaid by a few meters thick siliciclastic 
Quaternary cover with a few outcrop exceptions, such as the Velence 
Hills. The Quaternary cover is made up of sediments of different origin 
(i.e. fluvial, lacustrine, eolic, eluvial, deluvial, proluvial) (Gyalog and 
Horváth, 2004). Loess is the most widespread formation with an average 
thickness of 2–5 m. In the proximity of the granitic area, it frequently 
contains fine grains of granite derived clasts. Loess mixed with eolic 
sand (sandy loess, loessy sand) covers the areas south of the Lake 
Velence. Besides the previous, redeposited clay and sand, derived from 
Pannonian sediments from eluvial and deluvial origin are frequent along 
the lake. Streams running from Velence Hills deposited sand and gravel. 
The youngest sediments are clayey–aleuritic formations filling the val-
leys, depressions and streambeds and peaty silt, calcareous clayey silt 
formed in the Lake Velence itself (Ádám, 1955). In general, the Qua-
ternary sediments are characterized by higher quartz content than the 
Pannonian formations but have the same heavy mineral composition (e. 
g. chlorite, epidote, garnet) (Thamó-Bozsó, 2002). 

2.2. Sampling 

The present study added 26 new sampling locations to the 27 pre-
viously sampled sites as documented in the previous work by Erőss et al. 
(2018) (Fig. 1b). In total, 53 water samples were collected from 7 
sampling campaigns carried out during 2018–2019. The samplings 
occurred in July and August 2018 (07/17, 08/16, 08/22 and 08/27) and 
in April 2019 (04/01, 04/02 and 04/18). The samples were taken from 
groundwater (N = 44), from surface water bodies (N = 5) and from 
springs (N = 4). The groundwater samples were collected from drilled 
wells screened into either the Pannonian sandstone (N = 34) or the 
Quaternary sand aquifer (N = 10). The wells are all continuously 
operating water supply wells owned by waterworks, companies or in-
dividuals. The elevation of the screened interval or measuring points for 

the collected water samples were from 96 m above sea level (asl) to 
− 172 m asl. The sampled surface water courses are lakes and ponds 
situated in the research area with an elevation range of 107–141 m asl. 
The springs are located in the Velence Hills between 180 and 264 m asl 
and emanate from the granitic bedrock. The previously published 
dataset by Erőss et al., (2018) was also used during data processing to 
complement the interpretation of the results. The complete list of data 
used in this work is included as Table S1 of the electronic supplementary 
material (ESM). 

The physicochemical properties of the water, such as specific elec-
trical conductivity (±0.5%), temperature (±0.2 ◦C), pH (±0.2), Oxida-
tion Reduction Potential (ORP, hereafter) (±20 mV), dissolved O2 
(±2%) were recorded on-site during the sampling by a YSI Pro Plus 
multiparameter water quality instrument (Xylem, USA). The accuracy of 
the device for each parameter is shown in parentheses. Water samples 
for elemental analysis were collected in 1.5 L PET bottles, 50 mL PP 
centrifuge tubes and 0.25 L glass bottles. For uranium and 226Ra mea-
surements, water samples were taken in 0.25 L polypropylene bottles. To 
determine radon activity concentration, liquid scintillation detection 
was used which requires specific sampling. On the previous day, 10 mL 
organic cocktail (Opti-Fluor O) was added into glass cuvettes, into which 
10 mL water sample was injected by a syringe on-site and then the cu-
vettes were sealed by Parafilm M tape. All collected samples were kept 
cool at 5–10 ◦C until delivery to the laboratories. 

2.3. Laboratory measurements 

The hydrochemical analysis of the water samples was performed in 
the laboratories of the National Public Health Centre of Hungary and 
Eötvös Loránd University. The concentration of the major ions (Na+, K+, 
Ca2+, Mg2+, HCO3

− , SO4
2− , Cl− , NO3

− ) and the trace elements (As, B, 
Ba, Be, Co, Fe, Li, Mn, Sr, Ti, V) 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 spectropho-
tometry (UV-1800, Shimadzu, Japan) in accordance with the relevant 
standard methods for drinking water (Standard MSZ EN ISO/IEC 
17025:2005). 

Uranium, 226Ra and radon activity concentration measurements 

Fig. 1. a) Location of the study area. b) Sampling locations.  
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were carried out from the collected water samples. Uranium was 
measured both by ICP-MS (after acidification by nitric acid) and with 
alpha spectrometry using NucFilm discs. For 226Ra activity concentra-
tion measurements, only alpha spectrometry using NucFilm discs was 
applied (see Appendix S1 of the ESM, for further details on this mea-
surement method). NucFilm discs are coated by selectively adsorbing 
thin films. The U-discs are made of polycarbonate, which is covered with 
epoxy resin fixing a finely ground ion exchange resin (Diphonix) that 
adsorbs actinides very selectively. Ra-discs are polyamide discs stained 
with MnO2. In contact with water it works as a highly selective cation 
exchanger for heavy alkaline-earth ions. Some precautions are neces-
sary, Ra-discs can be applied as long as the pH is above 4 and the barium 
concentration below 0.5 mg L− 1 in the water sample (Surbeck 1996, 
2000). All of our water samples meet these two requirements (Table S1 
of ESM). 

For 226Ra and uranium measurements by NucFilm discs, 100 mL 
water sample is needed. As the first step, 20 mg EDTA (i.e. ethyl-
enediaminetetraacetic acid) is added to the water to avoid carbonate 
precipitation. A Ra-disc is inserted and the sample is stirred for 8 h for an 
adsorption efficiency >90%. After the pre-treatment process, the disc is 
dried. Finally, the activity concentration of the 226Ra adsorbed on the 
disc is measured by solid-state alpha detector with the measurement 
time of 24 h. The expected detection limit using 100 mL sample for one- 
day measurement is approximately 5 mBq L− 1. By using Ra-discs, 226Ra 
activity concentration can be determined. As the pre-treatment is 
completed for 226Ra measurement, the same water sample is acidified to 
pH 2–3 with concentrated (85%) formic acid. This treatment guarantees 
that uranyl-carbonate complexes are broken up. The U-discs are exposed 
to 100 mL acidified, stirred water for 20 h. After 20 h, 90% of the ura-
nium activity present in the sample is adsorbed. The dried disc is sub-
sequently measured with the alpha detector for another 24 h. Detection 
limit is the same as for 226Ra (5 mBq L− 1). The calibration uncertainty of 
alpha spectrometry is ±20% compared to international standards. The 
alpha detector that is available in our laboratory measures the U-discs at 
ambient pressure. This is not only easier than in vacuum but also avoids 
contaminations of the detector by recoiled decay products. Thus, this 
method gives the sum of 234U, 235U and 238U activity concentrations. 
Isotopic speciation was not considered in this study. As the 235U activity 
contributes only about 5% of the 238U activity, we use the term “ura-
nium activity” to refer to the sum of the uranium isotopes (234U+238U). 

The ICP-MS measurements determines mainly the 238U elemental 
concentrations. Indeed, 234U can be hardly detected by standard ICP-MS, 
given that 234U has significantly lower abundance than 238U. Since ICP- 
MS only provides 238U elemental concentrations but alpha spectrometry 
includes both 234U and 238U, it is obvious that these two methods do not 
measure the same quantities and the correlation is not always 1:1. In this 
study, uranium elemental concentration [μg L− 1] measured by ICP-MS 
was only used as an input parameter during the geochemical 
modeling, whilst the activity concentration values [mBq L− 1] deter-
mined by alpha spectrometry were compared with the derived concen-
trations (laid down in Council Directive, 2013/51/Euratom) to assess 
the possible health effect. Radon activity concentration was measured 
with liquid scintillation detection using TriCarb 1000 TR in the labo-
ratory within 2 days. The minimum detectable activity concentration of 
the TriCarb 1000 TR instrument is 2 × 103 mBq L− 1. 

2.4. Geochemical modeling 

The widely used geochemical code PHREEQC (Parkhurst and 
Appelo, 2013) was utilized for the quantification of key reactive pro-
cesses controlling the speciation and mobility of radionuclides in the 
aquifer. Specifically, the analysis targeted the redox sensitivity of two 
main processes attenuating U, sorption-related processes and precipi-
tation of U-bearing minerals. As this is the first study involving 
geochemical modeling in the area, the modeling only focused on the 
understanding of uranium mobility in groundwater, because the 

occurrence of Ra and Rn are local and lesser significant in this given area 
and the processes controlling their mobility are less well characterized 
than for U, therefore potentially complicating the interpretation of the 
model results. 

The model is conceptualized as a batch-like kinetic reactor, which 
reproduces a transition from an oxic to an anoxic environment. The 
PHREEQC script to run the simulation can be accessed as Appendix S2 of 
the electronic supplementary material (ESM). The geochemical calcu-
lations including aqueous speciation, redox equilibria and mineral re-
actions were performed using the thermodynamic database wateq4f 
(Ball and Nordstrom, 1991). Although wateq4f already contains uranium 
complexes, the adopted database (attached as Appendix S3 of the ESM) 
was amended with the uranium complexes obtained from the more 
updated THEREDA database (Altmaier et al., 2011; Moog et al., 2015). 
Moreover, the dissolved ternary Ca-uranyl-triscarbonato complexes 
CaUO2(CO3)3

2− and Ca2UO2(CO3)3 by Maia et al. (2021) were also 
included in the thermodynamic database, considering that such com-
plexes may also exert a control on uranium transport (e.g. Kersten 
2021). The fact that we have included the new complexes in the data-
base implicitly means that we were modeling the competition between 
the dissolved Ca uranyl carbonato complex formation and adsorption of 
uranyl carbonato complexes. Relevant model parameters, including the 
composition of the initial solution and other parameters involved in the 
modeling analysis, are listed in Table 1. As the key goal of the model was 
to provide a general understanding of processes controlling U mobility 
in the whole aquifer, the initial water composition was based on the 
average composition of oxidized waters enriched with U and sampled 
during the sampling campaigns. Specifically, we considered a compo-
sition similar to well nr. 4, which shows oxidizing water conditions 
(ORP = 124.9 mV) with a uranium elemental concentration of 1.3 ×
10− 2 mg kg− 1 water. Total Fe concentration (missing for well nr. 4, due 
to problems with the measuring device) was assumed to be similar to the 
one collected at well nr. 48, i.e. Fe = 0.111 mg kg− 1 water, which shows 
a comparable ORP condition. 

The PHREEQC model is conceptually inspired by Fig. 2, with the 
following simple rationale: the longer the infiltrating water stays in a 
flow tube, the more prone that water is to undergo reducing conditions. 
Assuming homogeneous flow and geochemical conditions, the redox 
conditions along a flow tube from the recharge point to a discharge point 
change depending on the residence time of water T (s) compared to the 
time taken by soil reactions to generate a reducing environment. Using 
the Darcy’s law, T can be computed as 

T =
Lθ
Ki

(1) 

Table 1 
Composition of the initial solution, kinetic and surface parameters used for the 
geochemical model.  

Initial solution compositiona Kinetic and surface parameters 

pH 7.87 Initial organic matter [mol L− 1] 10 
pe 4 k [s− 1] 1.0 × 10− 14 

As 5.0 × 10− 4 YO2 [mol L− 1] 2.94 × 10− 4 

B 2.3 × 10− 2 YNO3 [mol L− 1] 1.55 × 10− 4 

Ba 0.116 YSO4 [mol L− 1] 1.00 × 10− 4 

C 494   
Ca 53 Initial surface sites  
Cl 10 Weak binding sites [mol L− 1] 1 
Fe 0.111 Strong binding sites [mol L− 1] 1 
K 2   
Li 3.1 × 10− 2   

Mg 44   
N(5) 10   
S 10   
Sr 1.2   
Ti 2.5 × 10− 3   

U 1.3 × 10− 2   

V 1.1 × 10− 3    

a The concentrations are in mg kg− 1w. 
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where L is the travel length (m) between two points of the flow tube, θ is 
the porosity (− ), K is the average hydraulic conductivity (ms− 1) along 
the flow tube and i is the hydraulic gradient (− ), calculated from the 
groundwater head difference and the distance between two points of the 
flow tube. The longer the flow route L, the longer is the residence time T, 
and in turn the more likely that a flow tube will eventually experience 
reducing conditions at some distance from the infiltrating point. Such 
simplified model formulation is justified to identify mainly the key 
geochemical processes controlling the overall geochemistry in the 
aquifer, whereas a detailed multidimensional reactive transport model is 
required to capture the detailed dynamics of redox and radionuclides 
propagation fronts in the domain. 

Given the organic-matter-rich (OM-rich) nature of the Pannonian 
aquifer, where the majority of the sampling was performed, we assumed 
kinetic OM degradation as the main driver of the redox change along a 
flow tube. The OM degradation can be described via additive Monod 
kinetic laws with multiple electron acceptors (eAs) (e.g. Appelo and 
Postma, 2005 p.526). Here, we utilized three eAs, namely O2, NO3

− , and 
SO4

2− , such that the relative change in OM concentrations (COM) with 
time can be written as  

where rOM (mol L− 1 s− 1) is the overall reaction rate, k is the first-order 
maximum degradation rate (s− 1), and YX is the half-saturation con-
stant of the “X′′ EA (mol L− 1). 

Under oxidizing conditions, U(VI) can sorb on a generic surface. 
Sorption of U was modelled using a surface complexation model (SCM), 
which assumed hydrous ferric oxide (Hfo) as the main phase containing 
two different types of the sorption sites (i.e. “strong” and “weak” sites, 
Dzombak and Morel, 1990). We adopted the simplest form of the surface 
complexation model without explicit treatment of diffuse double-layer 

(DDL) and/or Stern layer mechanisms (Appelo and Postma, 2005 
p.326). The corresponding thermodynamic calculations along with the 
surface reactions for the SCM are performed with the standard wateq4f 
database. For the uranyl carbonate species, we have included the surface 
reactions from Mahoney et al. (2009), which summarized the dataset 
obtained from different studies and corrected the thermodynamic pa-
rameters for the old Dzombak and Morel (1990) model. 

As the system tends to reducing conditions, U(VI) becomes U(IV). 
Under these conditions, uraninite [UO2] and other minerals may pre-
cipitate. Uraninite is the simplest mineral, readily found in many envi-
ronments in the world and is the predominant U mineral to precipitate in 
this system over a range of pH and at low to extremely low Eh (Cum-
berland et al., 2016). As such, uraninite was used in the model as the 
main sink of U in mineral phases. Despite the dominating siliciclastic 
nature of the aquifers, carbonate minerals are dispersed in the studied 
domain, contributing to buffer the groundwater acidity. Therefore, 
calcite was included as the main pH-buffering mineral. Surface 
complexation, uraninite precipitation and calcite dissolution are usually 
fast reactions, they were modelled as equilibrium reactions. 

3. Results 

3.1. Hydrochemistry 

The 34 groundwater samples taken from the Pannonian aquifer 
represent the 96 to − 172 m asl elevation interval according to the 
elevation of the screened sections of the wells (Fig. 3a, b). Most of the 
samples are characterized by low mineralization (609–827 μS cm− 1) 
based on the field recorded electrical conductivity (EC) values (Table S2 
of the ESM). The EC values show no clear correlation with the screened- 

Fig. 2. Conceptual model explaining the relationship between length of the flow tube (L), residence time in the flow tube (T), which are related to the likelihood to 
create a reduced (low ORP) environment. Hydraulic head, ORP and uranium activity concentration values are shown for wells used for geochemical modeling. (Not 
to scale.) 

∂COM

/

∂t= rOM = − kCOM

(
[O2]

YO2 + [O2]
+

[NO3 − ]

YNO3− + [NO3 − ]
+

[SO42 − ]

YSO42− + [SO42 − ]

)

(2)   
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interval depth. 
Eight Pannonian groundwater samples (nr. 2, 7, 23, 24, 25, 40, 48) 

have higher (1070–2056 μS cm− 1) EC values. Samples nr. 2, 7, 23, 24, 25 
and 48 were taken from shallow wells (up to 77 m depth). Their high 
concentration of either Na+, SO4

2- or NO3
− most likely had anthropo-

genic causes (i.e. agricultural activity, sewage effluent). Although 
sample nr. 6 was collected from a well that has higher depth (196 m), 
that specific well belongs to a farm. In the case of samples nr. 40 and 44, 
the cause is possibly natural (NO3- lower than 0.5, Na–K–HCO3- facies). 
The 10 water samples taken from the Quaternary aquifer represent a 
narrower screened elevation range of 33–83 m asl (Fig. 3a,b). The range 

of EC (616–930 μS cm− 1) characterizing the Quaternary aquifer is 
consistent with the range of values characterizing the Pannonian aquifer 
(Table S2 of the ESM). The sample nr. 41 shows the highest EC value 
(1385 μS cm− 1), which is also having one of the highest sulfate con-
centrations (140 mg L− 1). It is likely that sample nr. 41 is directly 
affected by anthropogenic activity, thus not being representative of 
natural aquifer conditions. All sampled groundwaters have circum-
neutral pH, consistent with the presence of pH-buffering carbonate 
minerals of the siliciclastic aquifers’ cement. The pH of the Pannonian 
samples is generally higher (up to 8.13) than that of the Quaternary 
samples (up to 7.53) (Fig. 4). Quaternary samples have a narrower range 

Fig. 3. a) The variation of electrical conductivity of the wells versus elevation profile. b) Temperature versus elevation profile of the sampled wells.  

Fig. 4. The variation of the physico-chemical parameters. Samples with different origins are distinguished (GW_P: samples from the Pannonian aquifer; GW_Q: 
samples from the Quaternary aquifer; SP: spring waters; SW: surface waters). 
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of temperature (13.3–15.3 ◦C) with an outlier (20.6 ◦C in nr. 3), whilst 
Pannonian samples have more variable temperature values between 
13.4 and 25.5 ◦C (Fig. 4). According to the ORP measurements, 
oxidizing conditions are predominant among the collected samples. Two 
of the Quaternary samples (range: 9–261 mV) and eleven of the Pan-
nonian samples (range: 181–440 mV) represent reducing conditions 
with their negative ORP values (Fig. 4). 

The most prevalent anion in all groundwater samples is HCO3
− , 

while there is no dominant cation (Fig. 5). Among the Quaternary 
samples, 5 of them have a dominant cation: in samples nr. 3, 22 and 57 
magnesium is dominant; in nr. 41 and 42 sodium and potassium are 
dominant. On the other hand, 2 of the Pannonian samples have sodium- 
potassium as the prevalent cations and 3 of them are characterized by 
magnesium dominance. The most common hydrochemical facies (40 of 
the 44 samples) identified from Piper-plot is the calcium-magnesium- 
bicarbonate facies. 

The five surface water samples (lakes) have both higher EC (range: 
1359–3635 μS cm− 1) and pH (8.07–8.87) values compared to ground-
water (Table S2 of the ESM). These samples have relatively high tem-
perature among the water samples (17.9–25.8 ◦C) (Fig. 3b). Their 
dominant ions are HCO3

− and Mg2+ as well, in one case there is neither a 
dominant cation or an anion (Fig. 4). Springs in the Velence Hills have 
the lowest EC (236 μS cm− 1) and temperature (9.7 ◦C) value (Table S2 of 
the ESM) of the sampled waters. Unlike groundwater samples, springs 
have calcium as the dominant cation and either HCO3

− or SO4
2− as the 

dominant anion (Fig. 5). Both surface water and spring samples repre-
sent oxidizing conditions (73–170 mV). 

3.2. Radiochemistry 

Among the measured radionuclides, uranium were measured in the 
highest activity concentration in all sample types (Fig. 6). All activity 
concentration values are at least an order of magnitude lower than the 
derived concentrations of 238U and 234U (3000 and 2800 mBq L− 1, 
respectively) in the drinking water quality recommendation. In 
groundwater samples the activity concentrations vary between 3 and 
753 mBq L− 1, though Quaternary samples show lower activity 

concentrations (up to 524 mBq L− 1) than Pannonian samples (up to 753 
mBq L− 1) (Table S3 of the ESM). Most of the highest uranium activity 
concentration values occur in the 100–0 m asl elevation interval (mean 
= 513.6 mBq L− 1; with a maximum of 753 mBq L− 1), while under 0 m asl 
lower (mean = 30.83 mBq L− 1) values were measured with a few ex-
ceptions (nr. 6, 10, 30, 31, 54; mean = 241.8 mBq L− 1). These excep-
tional samples were all taken from recharge areas (according to the 
research done by Erőss et al., 2018), where groundwater flows down-
wards, so that the oxidizing environment can be generated in greater 
depth compared to discharge areas. In surface water samples collected 
from 107 to 141 m asl elevation, uranium activity concentrations were 

Fig. 5. Piper-diagram shows the results of water chemistry analysis of the 
water samples. Hydrochemical facies and the dominant anions, cations can 
be determined. 

Fig. 6. Cumulative frequencies of the measured radionuclides (234U+
238U, 

226Ra and 222Rn) showing a lognormal distribution. 

Fig. 7. Pourbaix diagram for uranium based on the thermodynamic database 
published by Mühr-Ebert et al. (2019) showing dominant species of uranium in 
complexing aqueous medium. 
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measured with an average of 346 mBq L− 1 (Table S3 of the ESM). 
Springs emerging from the granitic bedrock present on the highest 
elevation of 180–264 m asl with an average uranium activity concen-
tration of 153.25 mBq L− 1. Examining the spatial distribution of the 
elevated uranium activity concentrations, several groups can be distin-
guished with different locations e.g. Velence Hills, Bika Valley, local 
settlements. It can be concluded that the highest uranium values are not 
restricted to an easily delineated specific area. Samples collected from 
the so-called Bika Valley running from SE towards the Lake Velence are 
characterized by highest uranium activity concentration values. 

The Pourbaix diagram can be generated for the sampled waters based 
on the ORP and pH values measured on site. It shows the stability of the 
various U-complexes (Fig. 7). The samples are in the negatively charged 
carbonate complex stability field of UO2(CO3)3

4− and CaUO2(CO3)3
2− . 

For 226Ra, most of the samples are characterized by very low activity 
concentration (<5–63 mBq L− 1). 226Ra activity concentration higher 
than the derived concentration of 500 mBq L− 1 was measured in a 
Pannonian groundwater sample (nr. 23). Relatively high 226Ra activity 
concentrations (107 and 285 mBq L− 1) were determined in two other 
Pannonian groundwater samples (nr. 18 and 46, respectively). The well 
nr. 18 has one of the deepest screened elevation intervals (− 169 m asl) 
and its ORP referred to reducing conditions (− 73.5 mV). The wells nr. 
23 and nr. 46 are sampling a much shallower elevation interval (72 and 
74 m asl, respectively) and ORP measurements are showing oxidizing 
conditions (85 and 69 mV, respectively). In the latter two wells, rela-
tively high uranium activity concentrations (537 and 168 mBq L− 1, 
respectively) were determined in addition to the 226Ra activity, sug-
gesting that the interpretation of radium controlling processes may be 
complicated in the study area. These two sampled wells are located 
relatively close to each other (ca. 6 km away) on the left side of the study 
area, whilst the well nr. 18 is on the opposite side of the area alongside a 
small lake close to the Danube. 

No radon activity concentration was measured in the surface water 
samples. This was anticipated considering that radon leaves the hydro-
sphere rapidly to the atmosphere via volatilization. Up to 3.14 × 105 

mBq L− 1 radon activity concentration was determined in the samples 
collected from the springs of the Hills. Most of the Pannonian ground-
water samples have very low radon activity concentration (<0.5–7.8 ×
104 mBq L− 1) with two notable exceptions exceeding the 1 × 105 mBq 
L− 1 limit in wells nr. 23 and nr. 46 (2.89 and 1.27 × 105 mBq L− 1, 
respectively), corresponding to the previously presented high 226Ra 
activity concentrations. In groundwater samples collected from the 
Quaternary aquifer the activity concentrations are even lower (0.8–7.0 
× 104 mBq L− 1). The highest radon activity concentrations are 
concentrated in the Hills and on the left side of the area interrelated with 
the high 226Ra activity concentrations measured in that location. 

3.3. Model results 

Fig. 8 and Fig. 9 show the main results of the modeling analysis. In all 
plots, the horizontal axis represents the time of the simulation in years. 
In Fig. 8, panel a) shows the elemental concentrations of dissolved 
uranium as U(VI) and U(IV), computed by the PHREEQC. Ferric iron is 
also shown for comparison purposes. In panel b), the elemental con-
centrations of uranium (U(IV)) adsorbed on weak (“Hfo(w)”) and strong 
(“Hfo(s)”) sorptive surfaces are shown. In panel c), the redox potential 
(expressed as pe) and the saturation index (SI) of uraninite are shown. 

As depicted in Fig. 8, the model suggests that for short time scales 
(corresponding to short residence time of water in a flow tube, or to a 
short flow path) the system remains under oxidizing conditions (pe 
above 0). Under these conditions, uranium is highly mobile, being 
present as U(VI). Uraninite appears to be undersaturated (SI < 0) and the 
sorption sites are occupied by an amount of uranium which is in equi-
librium with the elemental concentration present in the aqueous phase. 
With time, the aqueous elemental concentrations of U(VI) tend to in-
crease slightly (Fig. 8a), likely due to the slight decrease in pe, causing a 

shift in equilibrium with the Hfo surfaces and consequently a release of 
uranium from the surface to the pore-water (Fig. 8b). This is consistent 
with the field observation. In some cases, we observed that the total U 
content is higher at boreholes which are located downstream from 
others, and therefore away from the recharge zone. For example, sam-
ples (nr. 5, 4, 1) derived from the Pannonian aquifer within a screened 
elevation interval of 44–56 m asl in Bika Valley show an increasing 
uranium activity concentration toward Lake Velence (402, 536, 753 
mBq L− 1, respectively). The same phenomenon has been observed 
elsewhere (e.g. Dhaoui et al., 2016). 

Setting the rate coefficient used for the OM degradation kinetic law 
(Eq. (2)) to k = 1.00× 10− 14 s− 1, the model suggests a sudden change in 
oxidizing-reducing potential occurring in the aquifer at t ≈ 560 years. 
This is reflected by a drop in the calculated pe, tending to pe = − 2. Note 
that, in real life, the change in oxidizing-reducing potential could be less 
discontinuous, although such an effect cannot be reproduced by our 
model. A different model, such as based on an advection-dispersion- 
reaction model, may be used to replicate a more realistic smoother 
transition between high and low pe values. We devise the development 
of such a model as a future development of this study. The time at which 
the system transitions from high low to pe values agrees well with the 
mean residence time T of water flowing from wells nr. 4 (located in the 
Bika Valley running towards the lake from SE) to well nr. 18 (located on 
the right side of the study area alongside a small lake close to the 

Fig. 8. Results from the PHREEQC analysis. a) Elemental concentrations of 
redox-sensitive species, U(IV), U(VI) and Fe3+, showing a change in concen-
trations around 500 years with a decrease in U(IV) when reducing conditions 
prevail. b) Elemental concentration of uranium on weak and strong sorptive 
surfaces (hydroferric oxides, Hfos). c) Redox potential (expressed as pe) and 
saturation index (SI) of uraninite, rapidly tending to SI = 0 when reducing 
conditions occur. 
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Danube). The wells lie along the main regional groundwater direction 
towards the Danube River. From nr. 4 to nr. 18, we observed a transition 
from ORP = 90 mV to ORP = − 73 mV, which corresponds to a pe from 5 
to 6 to about 2 (considering the instrumentation error and the range of 
possible conversion factors from ORP to pe – e.g. Wolkersdorfer, 2008 
p.183). Recalling Equation (1), we considered a porosity θ = 0.2, a hy-
draulic conductivity K = 5 × 10− 5 ms− 1 (values representative of the 
bulk Pannonian aquifer, e.g. Mádl-Szőnyi and Tóth, 2009) and a hy-
draulic gradient i = 1.5 × 10− 3 calculated from the head difference Δh 
= 12 m between these points, which are separated by L ≈ 8 × 103 m. 
This results in a residence time T=676 years. While the minimum pe 
values observed during the new sampling campaign were limited to 
values of pe ≈ 0 (at well nr. 33, where ORP = − 181 mv), it should be 
noted that the actual ORP values at the sampling points may be lower 
than the measured values. Indeed, we should recall the notorious diffi-
culties to conduct reliable in-situ measurements of redox potential, as 
the groundwater tends to rapidly equilibrate with the oxidized 
atmosphere. 

As the system tends to reducing conditions, U(VI) transforms to U(IV) 
while uraninite precipitates, becoming a sink of uranium. The ground-
water chemistry adjusts to the new redox equilibrium by releasing 
uranium from the Hfo surfaces, which also contribute to the formation of 
uraninite. Consequently, the calculated U elemental concentrations drop 
from values close to a maximum of 34 μg L− 1 to 0.09 μg L− 1, which 
agrees with the range of measured values (from 18 μg L− 1 to 1.5 μg L− 1). 

The rate k controlling the time scales of the transition from an 
oxidized to a reducing status was key for this modeling exercise. While 
the adopted values for the results shown in Fig. 8 are consistent with 
those reported in literature for nitrate and sulfate reduction (e.g. Appelo 
and Postma, 2005), the parameter k remains uncertain. A sensitivity 
analysis around the parameter k was therefore performed to study the 
implication of this parameter on the behavior of uranium and control-
ling variables. The results are shown in Fig. 9. It was found that the 
model is very sensitive to the adopted kinetic rate. A change of k towards 

higher values (i.e. quicker OM degradation) causes a faster depletion in 
EAs, and consequently U(IV) tends to attenuate more rapidly. On the 
contrary, a change of k towards lower values (i.e. slower OM degrada-
tion) causes a delay in the attenuation process, leaving U(VI) mobile for 
longer time scales. It is therefore concluded that a proper assessment of 
the kinetic rate k may be critical to make adequate model-supported 
decisions regarding the mobility of uranium in the studied aquifer. 

4. Discussion 

The results of this new study corroborate and further support the 
conceptual model proposed by Erőss et al. (2018), which suggested a 
direct control of groundwater dynamics on radionuclide mobility. 

The groundwater tapping either the Pannonian or the Quaternary 
aquifers show very similar geochemical characteristics in the extended 
study area. The newly collected samples (nr. 32–57) have common 
features regarding their physical and chemical properties to those pre-
sented by Erőss et al., (2018) (nr. 1–31). This is due to the extensive 
Pannonian and Quaternary aquifers used widespreadly in the vicinity of 
Velence Hills. The relatively low temperature (17.5 ◦C on average) and 
EC (869 μS cm− 1 on average) values and the positive ORP values (76 mV 
on average) measured in the groundwater samples seem to support the 
hydrogeological configuration described in Erőss et al., (2018). Ac-
cording to this configuration, the groundwater samples were collected 
from recharge areas and mainly local flow systems penetrating in 
shallow depth were sampled. Close to the River Danube, a well (nr. 18) 
with almost the deepest screened elevation (− 169 m asl) may sample a 
regional flow limb moving from higher elevation (i.e. Vértes Mountains 
and Velence Hills) toward its discharge point (i.e. Danube River). These 
results correspond with the conceptual model presented by Gainon 
(2008) which indicates that high uranium activity concentrations occur 
along local flow limbs and in recharge areas where the geochemical 
environment modified by the groundwater is favorable for uranium 
dissolution and mobilization (i.e. oxidizing conditions exist). 

The extended study area and the results of new samplings, with 
uranium activity concentration up to 358 mBq L− 1, confirmed that 
uranium contributes to the gross alpha activity concentration above the 
screening value to a large degree. The extension of the study area and 
the collection of more water samples revealed that the elevated uranium 
activity concentration is not limited only to the wells located in the 
southern foreland of Lake Velence. The drinking water supply wells used 
in other settlements in the wider area are also concerned. Consequently, 
it can be concluded that this is a widespread phenomenon in the studied 
area, i.e. several private and company owned wells deliver groundwater 
with elevated radioactivity due to uranium, which are out of the scope of 
the regulatory monitoring. However, no health concern arises from 
uranium consumption because the derived concentrations of 234U and 
238U isotopes are relatively high (2800 and 3000 mBq L− 1, respectively) 
and all measured activity concentrations (up to 753 mBq L− 1) are 
generally an order of magnitude lower. 

Relatively high 226Ra (up to 695 mBq L− 1) and radon activity con-
centrations (up to 2.89 × 105 mBq L− 1) were also determined in specific 
wells (nr. 23, 46). The presence of 226Ra may indicate that these wells 
sample the reducing water of a regional groundwater flow system. Given 
the 3.8 days long half-life of radon, its high activity concentration may 
suggest the existence of a local radon source, which is most likely iron 
and manganese oxyhydroxide precipitation (Erőss et al., 2012; Gainon 
et al., 2007; Kovács-Bodor et al., 2019). These wells belong to the local 
waterwork and the precipitations may be artificial (water distribution 
pipes or the water treatment chemicals can be the sources of the iron) 
beside natural causes (iron- and manganese-bearing minerals naturally 
occurring in the aquifer). Further investigations might be necessary to 
understand the phenomenon responsible for the 226Ra and radon ac-
tivity concentration exceeding the limit values (500 mBq L− 1 and 1 ×
105 mBq L− 1, respectively) and to estimate the health risk arising from 
the concurrence of these radionuclides in drinking water. 

Fig. 9. Sensitivity analysis around the rate coefficient k used for the OM 
degradation kinetic law (Eq. (2)). The resulting (a) elemental concentrations of 
U(IV) as aqueous form and (b) bound to the strong Hfo surfaces and (c) the pe 
are compared. 
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The Pourbaix diagram based on Mühr-Ebert et al. (2019) identifies 
the possible aqueous forms of uranium as UO2(CO3)3

4− and 
CaUO2(CO3)3

2− . The Pannonian siliciclastic aquifers are mainly 
cemented by carbonate cement (Gyalog and Horváth, 2004). The 
hydrochemical analysis revealed that the prevalent anion in the ana-
lysed groundwater samples is HCO3

− and the common hydrochemical 
facies is calcium-magnesium-bicarbonate. These hydrochemical prop-
erties can be related to the carbonate cement and enable the formation 
of the above-mentioned complexes. Moreover, Szilágyi and Glöckner 
(1971) mentioned a possible form of uranium accumulation as the 
repeating solution and precipitation of this cement. The granitic rocks of 
the Velence Hills with its relatively high thorium and uranium content 
(Bérczi, 1982) is a possible source rock and it is located upstream from 
the high uranium activity concentration values along the assumed 
regional flow system travelling from NW to SE. To reveal if the granite 
has an impact on the radionuclide content of the waters in the study 
area, the springs in Velence Hills were sampled. Based on the significant 
annual changes of the discharges of the springs and their low tempera-
ture (up to 14.5 ◦C) they are presumably the discharge points of local 
flow systems. The EC values (up to 842 μS cm− 1) are likely biased due to 
anthropogenic impact. Radon anomalies in the soil gas and in the springs 
in the Hills have been studied thoroughly (Minda et al., 2009; Torres 
et al., 2018) and the source of the radon was identified as 
monazite-group minerals and allanite (Burján et al., 2002). However, 
other radionuclides in the springwaters were measured only by this 
study and revealed elevated (up to 337 mBq L− 1) uranium content of 
springwaters beside radon (up to 3.14 × 105 mBq L− 1). 

The results of the geochemical modeling with PHREEQC further 
support the conceptual model proposed by Erőss et al. (2018) and 
confirmed in the present study, by which uranium is mainly controlled 
by redox-sensitive processes. The modeling highlighted that the wide 
range of uranium activity concentration can be explained by complex 
rock-water interactions existing in recharge areas and along their paths 
towards the discharge points. The modeling exercise developed with 
PHREEQC illustrates well the capacity of geochemical models to support 
decisions when dealing with the excess of radionuclide in groundwater. 
Although simplified compared to a real-life complex geochemical sys-
tem, the batch-like model results already provide quantitative infor-
mation about some of the relevant processes that can control the 
occurrence of U and overall chemistry in groundwater. It should be 
however highlighted that the model presents some limitations. 

The most critical limitation is that the aquifer is a multidimensional, 
physically and geochemically heterogeneous system in which multiple 
boundary conditions (such as lakes, springs, rainfall driven recharge or 
rivers) concur directly or indirectly in the control of the radionuclide 
dynamics. The geochemical system is more complicated than the one 
simulated in this work. The model presented here does not simulate 
transport explicitly. One consequence is that the sharp redox front 
reproduced in Figs. 8 and 9 is unlikely to occur in reality. Mechanisms 
such as mixing and spreading contribute to the smearing the redox front, 
as well as controlling the extension of geochemical reactions occurring 
in the aquifer (e.g. Dentz et al., 2011). Heterogeneity controls the time 
scaling of solute transport in the different parts of aquifers (Bianchi and 
Pedretti, 2018), with direct consequence on the ratio between transport 
and reaction time scales as well as on the geometry of the flow tubes. 

Furthermore, electrostatic effects induced by the ionic and surface 
charge might exert additional controls on the reaction fronts (e.g., 
Appelo et al., 2008, 2010; Muniruzzaman et al., 2014; Muniruzzaman 
and Rolle, 2017; Rolle et al., 2013; Tournassat and Steefel, 2015). Such 
Coulombic effects and electrical double layer (EDL) mechanisms can be 
particularly relevant in the current system because of slow groundwater 
flow velocities (e.g. Boudreau et al., 2004; Giambalvo et al., 2002; 
Muniruzzaman and Rolle, 2015, 2019; Soler et al., 2019). 

These limitations shall be addressed in a more detailed and dedicated 
future modeling analysis. All listed mechanisms can be included in a 
multidimensional reactive transport model (Steefel et al., 2015). Codes 

based on PHREEQC were successfully applied to reproduce multidi-
mensional U transport at the Hanford site in the USA (Ma et al., 2010), 
and they could be deployed to reproduce U and other radionuclide 
transports in the present study area. 

5. Conclusion 

A new study was performed to evaluate the occurrence and controls 
of geogenic radionuclide mobility in groundwater in the southern 
foreland of the Velence Hills, a granitic outcrop in Hungary. The area 
was previously investigated by Erőss et al. (2018), who focused on 
uranium mobility and concluded that groundwater dynamics may have 
a direct impact on radionuclide mobility in the area. 

The present work extended the former research done by Erőss et al. 
(2018) by adding (1) new sampling points, which included springs and 
boreholes never sampled before, (2) nuclide-specific measurements of 
the new sampled waters, namely of uranium, 226Ra and radon, (3) 
measurements of 226Ra and radon on samples taken from previous 
campaigns, and (4) geochemical modeling for a quantitative interpre-
tation of the uranium controlling processes. 

The main conclusions achieved from this work can be listed as 
follows:  

• Groundwater derived from the extensive Pannonian and Quaternary 
aquifer share similar geochemical characteristics but present a wide 
range of activity concentrations of radionuclides among which ura-
nium reaches the highest values.  

• Besides aquifer lithology and flow dynamics, the local geochemical 
processes along the flow path have the major control on the range of 
uranium activity concentrations. 

• Geochemical modeling is a crucial tool for understanding radionu-
clide mobility in complex aquifers. The model is able to quantify the 
effect of strongly nonlinear processes, such as the interplay between 
the kinetic degradation of organic matter (generating reducing 
conditions) and the attenuating mechanisms that remove uranium 
from the aqueous system. It was shown that a simple batch-like 
model is able to provide similar time scales for the transition from 
oxidizing to reducing conditions, which results in a change in ura-
nium elemental concentration in groundwater from >10 μg L− 1 to 
<1 μg L− 1. 

• The monitoring strategy should include nuclide-specific measure-
ments in case of gross activity concentrations exceeding the 
screening values, since only nuclide-specific measurements facilitate 
the complex understanding of the interrelationship of geological 
sources and transport processes of groundwater flow.  

• The collection and analysis of more water samples pointed out that 
uranium contributes to the natural radioactivity of groundwater to 
the largest degree, but no health risk arises from its radiological 
properties because the measured activity concentrations are lower 
than the derived activity concentration of 2800–3000 mBq L− 1, 
specified in the relevant regulation. One well should be further 
investigated, where 226Ra activity concentration above the 500 mBq 
L− 1 derived concentration and radon exceeding the 1 × 105 mBq L− 1 

screening value was determined. 

The results of this new study corroborate and further support the 
conceptual model proposed by Erőss et al. (2018), which suggested a 
direct control of groundwater dynamics on radionuclide mobility. 
Therefore, application of process-based geochemical modeling can 
support decision making when dealing with radionuclide excess in 
drinking water. Those areas can be delineated where the geochemical 
environment along with the hydrogeological properties are favorable for 
uranium mobilization by the groundwater and therefore more frequent 
quality monitoring may be crucial. 
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groundwater–The importance of hydraulic regime and groundwater flow system’s 
understanding. J. Environ. Radioact. 195, 90–96. https://doi.org/10.1016/j. 
jenvrad.2018.10.002. 

Gainon, F., Goldscheider, N., Surbeck, H., 2007. Conceptual model for the origin of high 
radon levels in spring waters–the example of the St. Placidus spring, Grisons, Swiss 
Alps. Swiss J. Geosci. 100 (2), 251–262. https://doi.org/10.1007/s00015-007-1220- 
6. 

Gainon, F., 2008. Les isotopes radioactifs de la série de l’uranium-238 (222Rn, 226Ra, 
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Gyalog, L., Horváth, I. (Eds.), 2004. Geology of the Velence Hills and the Balatonfő. 
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