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Abstract: Groundwater quality constantly evolves through rock-water interactions, which can enrich
groundwater with undesirable elements such as naturally occurring radionuclides. The aim of this
study was to understand the cause of gross alpha activity exceeding the screening value of 0.1 Bq L~
measured in groundwater-derived drinking water in the vicinity of a metamorphic outcrop in Hun-
gary. As groundwater quality is strongly dependent on the properties of groundwater flow systems,
environmental tracers (52H and 8180 composition, 226Ra, 222Rn, total U activity concentration, and
23417 /238U ratio) and hydraulic evaluation were applied to understand groundwater dynamics. The
collected groundwater samples had total U activities up to 540 mBq L~!, which translates into an
indicative dose below the drinking water parametric value. However, in the presence of dissolved
uranium, the 82H (—52.6-(—83.4)) and 5'80 (—7.17-(—11.96)) values led to the conclusion that local
flow systems were sampled that are known to be most vulnerable to any changes in their recharge
area. The results confirm that the groundwater flow system approach involving environmental
tracers and hydraulic evaluation is a powerful tool for identifying the cause of natural radioactivity
in groundwater-derived drinking water.

Keywords: drinking water; groundwater flow systems; hydraulic evaluation; uranium; stable
isotopes

1. Introduction

Groundwater is an essential source of drinking water; however, geogenic contamina-
tion can limit its potable use. Understanding the processes that govern groundwater quality
is critical for the protection and sustainable management of these resources [1]. Ground-
water quality constantly evolves through rock-water interactions during its underground
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flow; therefore, understanding flow systems through comprehensive hydrogeological re-
search can be a powerful tool to gain insight into water quality and support drinking
water resource management [2,3]. The natural geological and geochemical environment
can not only contribute to the composition of groundwater elements that are beneficial for
human health (e.g., in the case of mineral water) but can also lead to undesirable or toxic
properties due to an excess of certain elements, e.g., naturally occurring radionuclides [4,5].
Groundwater can contain a variety of natural alpha (B4U, 28y, 22Th, 22°Ra, 222Rn, and
210po) and beta (“°K, 228Ra, and ?!°Pb) emitters, ranging from undetectable levels to activity
concentrations that are a concern to human health [6,7]. The latter is primarily characteris-
tic of areas where the rock framework contains many radioactive elements (e.g., granites,
rhyolites, phosphorites, and black shales) [5,8]. Under favourable conditions, primary ore
deposits can form in these formations; thus, these areas are generally targeted for fissile
material exploration, which includes comprehensive petrographic analysis and geochem-
ical assessment of the rock framework. However, less attention is paid to investigating
the radioactive substances that the groundwater may contain. Continuous and organised
movement of groundwater can lead to the mobilisation, transport, and accumulation of
certain elements, including radionuclides [9,10]. Groundwater flow can modify the primary
distribution of radionuclides determined by geological buildup, and secondary radionu-
clide accumulations can form in rocks relatively distant from the primordial source rock
(e.g., sandstone-type uranium deposits) [11,12]. Changing groundwater flow conditions
due to climate change and human activity can enhance these processes and remobilise
previous accumulations, which may lead to deterioration in the quality of groundwater
(i.e., drinking water) [13].

Formations with anomalously high radionuclide content are found near the surface in
only a few locations in Hungary. In these areas, the geology favours elevated radionuclide
content of the shallow groundwater used for drinking water supply. The Sopron Mountains
represent one such location. Most of the Pannonian Basin is covered by young sedimen-
tary rocks, but the crystalline basement outcrop and metamorphic rocks are exposed in
this specific area. The Sopron Mountains and their surroundings have a long history
regarding natural radioactivity research. In recent years, the area has become the focus
of interest since drinking water quality monitoring revealed elevated gross alpha activity
(>0.1 Bq L) in waterwork wells drilled in the sedimentary basin situated in the fore-
land of the mountains. According to the 2013/51/EURATOM Directive, drinking water
must also be monitored for radiological parameters [14]. In Hungary, the principles and
the procedure of groundwater monitoring, including radioactivity, are contained in the
5/2023 Government Decree, which is currently in force [15]. According to the regulation, be-
sides tritium and radon parameters, gross alpha and gross beta activity measurements must
also be used as primary screening methods to assess the risk arising from the radioactive
elements in drinking water.

When gross alpha activity exceeds the screening value in the waterwork wells,
radionuclide-specific measurements are needed to evaluate whether the effective dose
received from drinking water consumption exceeds the 0.1 mSv y~! parametric value.
For an in-depth understanding of the radioactivity phenomenon, a groundwater flow sys-
tem approach is a powerful tool, as it explains the systematic distribution of geochemical
elements in groundwater [2,16,17].

Consequently, our goal was to apply the flow system theory and its methodology to
reveal the cause of elevated gross alpha activity in water wells and to assess the potential
health impact. Activity concentrations of the most common alpha emitters in drinking water
(i.e., 24U, 38U, 226Ra, and 222Rn) were determined, and the interpretation of the results was
complemented by hydraulic evaluation and an extensive geochemical evaluation, including
measurement of H and O stable isotopic composition and the 234U /28U isotopic ratio. This
complex approach helps to evaluate the vulnerability of the drinking water supply system
and to estimate the effect of human-induced alteration of groundwater flow systems (e.g.,
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due to climate change and increasing water demand) on the activity concentrations of
naturally occurring radioactive elements in water supply wells [18].

The data presented in this study further expand our knowledge regarding the ra-
dioactivity of drinking water in the European Union countries, thereby contributing to
the availability of harmonised information and publications about the overall condition of
drinking water resources [1,19].

Methods Rationale

The naturally occurring content of radionuclides in groundwater can be assessed
not only in terms of the health effects resulting from their consumption, but they can
also be used as environmental tracers to learn about groundwater flow dynamics [20-26].
Therefore, their behaviour in rock-water systems is well-researched [23,24,26-31]. For
drinking water quality, the isotopes of uranium, radium, and radon are the most relevant;
hence, their properties are briefly discussed below.

The mobilisation of uranium isotopes in groundwater usually occurs in oxidising
environments. pH values between 6 and 8 and the high carbonate alkalinity of groundwater
further favour their transport [29,32-34]. On the other hand, radium isotopes are mobile
under reducing conditions; thus, their presence is especially characteristic of brines with a
high dissolved solid content [35-37]. Among the isotopes of radon, ?*’Rn has the longest
half-life (3.82 days) and is interesting from a hydrogeological point of view. 222Rn is a noble
gas that does not react chemically with either the rock framework or groundwater but is
highly soluble in water. Its transport by groundwater is mainly controlled by physical
factors (e.g., emanation rate, porosity, permeability, and the presence of structures) [6,38,39],
although the adsorption of its mother isotope, 2*°Ra, on iron and manganese oxyhydroxides
can serve as a local radon source [20,24,40,41].

Due to the significantly distinct geochemical properties of the abovementioned iso-
topes, their presence is characteristic in different gravity-driven groundwater flow system
segments. Oxidative conditions favourable for uranium mobilisation occur in recharge
areas or along local flow systems [2,3,16]. On the other hand, radium is expected along
intermediate, regional flow paths and in their discharge areas [22-25,41]. Infiltrating water
can transport radon in recharge areas, and if there is rapid flow, it can travel greater dis-
tances, even to the discharge points of local flow systems [21]. However, its presence is
more likely related to radium-rich iron and manganese oxyhydroxide precipitation at the
discharge points of regional flow paths [20,24,40,41].

In summary, in presence of each radionuclide, it is possible to draw conclusions about
the properties of the groundwater flow system and vice versa; if we know the groundwater
flow dynamics, we can estimate which radionuclide will be dissolved in a high activity
concentration in the groundwater. The latter can also assist with risk assessment in the
drinking water supply.

Measuring not only activity concentration but also isotopic ratios can provide an
even more accurate picture of subsurface processes. For instance, examining the natural
fractionation of uranium isotopes is an efficient method for identifying isotopically distinct
groundwater and geochemical environments [42,43], investigating transport and flow
processes in aquifers, and interpreting timescales of weathering [44]. Isotopic fractionation
of uranium is usually less significant compared with that of light elements; nevertheless,
the 24U /238U ratio (AR) has been found to vary considerably (between 0.5 and 40) in
groundwater due to natural causes [45,46]. When uranium decays in a closed system,
234U and 38U tend to reach a state of secular equilibrium over time, with their ratio
settling around 1.0. Under natural circumstances, a deviation from that equilibrium is
caused primarily by atomic recoil, leading to the preferential leaching of 2>*U compared to
238U from a solid to solution phase [47,48]. It has to be mentioned that the atomic recoil
mechanism is relatively efficient when dissolution rates of the minerals are low and the
residence time of groundwater is long [44]. However, AR can also be influenced by other
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properties of the system; the age and type of the rocks, climatic effects, and biochemical
processes can also affect the variation of 23U and ?*8U isotopes in groundwater [44,48].

Besides radioactive isotopes, stable isotopes of hydrogen and oxygen are also involved.
The 5?°H and §'80 composition of water provides supplementary information that is useful
to trace groundwater flow. Changes in ’H and 'O can indicate groundwater flow
directions, mixtures of different water sources, and rock—water chemical reactions and can
identify recharge sources to groundwater [49-52].

The application of different hydrogeochemical and hydrogeological tools supple-
mented by radioactive and stable isotopic measurements has been effectively used to
evaluate groundwater recharge, aquifer heterogeneity, water residence time, and ground-
water flow system dynamics, supporting sustainable water resource management and the
provision of a safe drinking water supply [52,53].

2. Materials and Methods
2.1. Study Area

The study area is located in the northwestern corner of Hungary (Figure 1). It encom-
passes the Hungarian part of the Sopron Mountains and the surrounding lowlands (approx.
363 km?). For the maps presented in this study, the Hungarian ‘EOV’ coordinate system
(Uniform National Project system) was used. This national coordinate system expresses
the easting (as EOV Y) and northing (as EOV X) distances in meters from the system’s
origin. The highest point of the study area is located in the Sopron Mountains (577 m above
the Baltic Sea level, hereafter referred to as “m asl’), while the lowest area is represented
by Lake Fert6 (ca. 115 m asl). The area has a moderately cool subalpine climate with an
increasing average annual temperature (8.5-10 °C) and a decreasing amount of annual
precipitation (600-750 mm) towards the east [54-56]. The aridity index varies between 1.06
and 1.10 [56].
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Figure 1. (a) The location of the study area. (b) Sampling locations.
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Previously, numerous studies investigated the natural radioactivity phenomenon in
this area. Between the 1950s and 1970s, the area was surveyed for fissile material [57].
Although no economically productive ore deposits were found, the survey revealed an
anomalous uranium concentration (up to 70 mg kg ') related to specific metamorphic for-
mations (metagranite and leucophyllite) [58]. In addition, secondary uranium enrichment
was found to be related to the coaly, clayey formations deposited in the sedimentary basin
in the foreland of the Mountains [59]. Research into the natural radioactivity phenomenon
has continued ever since. Indoor radon activity was continuously monitored for five years
in an artificial gallery of the Geodynamic Observatory of Sopronbanfalva, and extremely
high radon activity concentration (100-600 kBq m~3) was measured [60]. As for groundwa-
ter, springs were also targeted for radon activity measurement, and radon activity up to
291 Bq L~! was found [61].

2.2. Geological Settings

The study area has a complicated geological build-up (Figure 2). The crystalline
basement outcrops in the hilly area are predominantly composed of medium- to large-
grade folded orthogneisses and sheared mica schists. Leucophyllites and quartzites appear
in subordinate quantities [62-64]. The protoliths of the metamorphic rocks are pelitic
sediments and granitic rocks. They suffered a complicated multistage polymetamorphism
during which some of the gneisses underwent plastic deformation, resulting in mylonite
formation [62,63]. Fluid migration through the mylonites resulted in the precipitation of
U-bearing minerals [58,65]. The average U content of 3.4 mg kg~! with a maximum of
70 mg kg~! was found to be related to the metamorphic formations in the mountains [58,59].
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Figure 2. Detailed geological map of the study area.

The crystalline basement is unconformably overlain by Miocene and Quaternary sedi-
ments. The Miocene sediments, such as sandstone, coal, clay, sandy conglomerate, clayey
marl, limestone, and siltstone, were deposited in various depositional settings, including
fluvial, marine, and lacustrine environments. The Quaternary sequence includes rem-
nant debris deposited on the slightly steep surface of the metamorphic areas and alluvial,
lacustrine sediments along the creeks and by Lake Fert6 (clay, gravel, and sand) [66].

2.3. Hydrogeological Characterisation

Metamorphic rocks generally have poor hydraulic conductivity (1071010713 m s~1),
but the presence of fractures results in an increase in their conductivity
(1074-10"8 m s71) [67]. Due to multiple metamorphic events and recent weathering
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processes, the metamorphic rocks in the Sopron Mountains are highly fractured [68]. Nu-
merous springs can be found in the Sopron Mountains that emerge from the weathered
and fractured metamorphic rocks or the Miocene to Quaternary siliciclastic sediment cover.
Groundwater can penetrate in shallow depths (15-25 m); thus, the springs are charac-
terised by fluctuating discharge rates, low temperature, and low total dissolved solid
content [68,69].

In the surroundings of the mountains, the diverse geological setting results in the
alternation of aquifer and aquitard layers. The drinking water supply of the region relies
exclusively on groundwater resources. Wells are drilled mostly in Miocene Sarmatian
formations and screened in conglomerates, sandy-gravely beds, and fractured limestones.
Badenian limestone and Pannonian siliciclastic sediments are less significant aquifers in the
area. Since these are near-surface aquifers, the average well depth is between 10 and 100 m.

Lake Fert6 (Neusiedler See), the largest shallow alkaline lake in Europe, is located in
this region, west of the mountains at the Austrian-Hungarian border. The lake has a surface
area of 309 km? (75 km? lies in Hungary), with an average water depth of 1.1 m [70,71].
Due to regulation, the lake’s water level varies between 114.5 and 115.5 m asl [72].

2.4. Sampling and Laboratory Measurements

Altogether, 18 water samples were collected for laboratory measurements (Figure 1).
The sampling campaign was carried out on 24-25 August 2021. Samples were taken from
springs (n = 10), waterwork wells (n =7), and a creek (n = 1). The springs were included
in the study because they bear information about the flow systems as a whole, and they
discharge on the metamorphic outcrop in the Sopron Mountains, which is a possible source
of radionuclides in the studied region [10,69,73]. The sampled springs are situated between
317 and 465 m asl elevation and emerge from either the metamorphic bedrock or its Miocene
and Quaternary sediment cover. Waterwork wells are screened between 18.67 and 91.31 m
asl elevation. The wells were selected based on the results of gross alpha measurements.
Wells were sampled where gross alpha activity above the 0.1 Bq L~! limit was measured
(with one exception: sample nr. 18).

The physicochemical properties of the water were recorded on site during each sam-
pling. Specific electrical conductivity (EC) (£0.5%), temperature (+0.2 °C), pH (£0.2),
oxidation-reduction potential (ORP) (£20 mV), and dissolved O, (£2%) were measured by
a YSI Pro Plus multiparameter water quality instrument (Xylem, Rye Brook, NY, USA). The
accuracy of measurement is provided in parentheses for each parameter. Water samples
were collected in 1.5 L PET bottles, 50 mL PP centrifuge tubes, and 0.25 L glass bottles for
water chemistry analysis. PP bottles with a capacity of 0.25 L were used to collect samples
for total U and ??°Ra measurements. For 222Rn measurements, 10 mL water samples were
taken and injected on site into glass cuvettes previously filled with a 10 mL organic cocktail
(Opti-Fluor O, PerkinElmer Inc., Waltham, MA, USA). For the H, O stable isotope mea-
surement, 60 mL water samples were collected in HDPE bottles. In order to preserve the
samples, they were refrigerated until the laboratory measurements were performed.

Water chemistry analysis of the samples was performed in the laboratory of the
National Public Health Center of Hungary, with one exception: HCO3™ concentration was
measured in the laboratory of E6tvos Lordnd University (ELTE). The concentrations of Na*,
K*, Ca%*, and Mg2+ ions were determined by ICP-MS (iCAP RQ, Thermo Fisher Scientific,
Waltham, MA, USA) in accordance with the MSZ EN ISO 17294-2:2017 standard. SO42,
Cl~, and NO3™ ion concentrations were measured using ion chromatography (DIONEX
ICS-5000 DP, Thermo Fisher Scientific, Waltham, MA, USA) following the MSZ EN ISO
10304-1:2009 standard. For HCO3 ™ measurement, titrimetry was applied (MSZ EN ISO
9963-1:1998 standard).

222Rn activity was measured by liquid scintillation detection using a Tricarb 1000 TR
device (PerkinElmer, Waltham, MA, USA) at the laboratory of the ELTE Department of
Atomic Physics. A cost- and time-effective technique was applied for total U and ?*°Ra
activity concentration measurements. The so-called NucFilm discs were developed by
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Surbeck and can be used for radioactivity measurements of drinking water samples [74].
Two types of discs exist: U-discs are polycarbonate discs coated with epoxy resin, and
Ra-discs are polyamide discs stained with MnO,. These specific coatings selectively adsorb
uranium, polonium, or heavy alkaline earth elements. Only 100 mL of water is required
to extract the radionuclides from the water sample. After immersing the Ra disc in the
water, the sample is stirred for eight hours to obtain an adsorption efficiency of >90%. As
the pretreatment process is completed for 22Ra measurement, the U-disc is exposed to the
exact same water sample after being acidified with 85% formic acid to decrease its pH to
between 2 and 3. Acidification ensures the decomposition of uranyl-carbonate complexes.
The exposure of the U-disc takes 20 h. After 20 h, 90% of the uranium activity present in
the sample is adsorbed.

After extracting the radionuclides from the water sample using chemisorption, the
discs are measured by an alpha detector for another 24 h. The expected detection limit
using a 100 mL sample for one-day measurement is approximately 5 mBq L~! for both
total uranium and *?°Ra measurements. Further details on this sample pretreatment
and measurement method can be found in the Electronic Supplementary Materials in
Bajak et al. [75].

The alpha detector in the ELTE Miiller-Surbeck laboratory measures the U-discs at
ambient pressure. Measurement is easier to perform than in a vacuum and prevents
contamination of the detector by recoiled decay products. Due to the absence of vacuum,
this method gives the sum of 234y, 5y, and 38U activity concentrations; hence, the
term “uranium activity” is used hereafter to refer to the sum of the activity of three
uranium isotopes (>3*U + 2°U + 2380). The 234U /238U isotopic ratio (AR) of the samples
was measured in two laboratories because, in the case of drinking water samples, gross
alpha activity was also measured to confirm the previous results provided by Sopron
Waterwork Ltd., while spring samples were only analysed for AR. Gross measurements
could only be performed in one of the laboratories—that of the Joint Research Centre of the
European Commission (JRC-Geel). In the JRC-Geel, AR was determined in samples nr. 1,
12,13, 14, and 17 using a radioanalytical method based on high-resolution alpha-particle
spectrometry [76]. The procedure involves preconcentration with iron(IlI)-hydroxide,
coprecipitation, extraction chromatographic separation, and alpha-source preparation
using electrodeposition. Samples nr. 2-11, 15, 16, and 18 were analysed for AR in the
laboratory of the Centre for Energy Research using a Thermo Element 2 double-focusing
ICP-MS instrument (Thermo Finnigan MAT, Bremen, Germany). The following procedure
was applied for sample preparation: 10 mL of filtered water sample was acidified with
100 puL cc. HNO3 was sub-boiled from Suprapur grade (Merck KGaA, Darmstadt, Germany)
in single-use PP centrifuge tubes. Then, 4 ug L~! of Rh (thodium) internal standard was
added to this solution. Due to high measurement uncertainties, the isotopic ratio could not
be determined in samples nr. 6, 7, 8, 10, 11, 15, and 18.

The results of the radioactivity measurements described above are expressed as volu-
metric activity concentration in mBq L~! or Bq L.

§*H and 5'80 measurements were performed in the isotope laboratory of the Geologi-
cal Survey of Finland using PICARRO 1.2130-i $*H/§'80 an ultra-high-precision isotopic
water analyser (Picarro Inc., Santa Clara, CA, USA). The results are normally expressed as
b (‘“delta’) values, expressing the isotope ratios of the sample relative to a standard with a
known isotopic composition. 5 values are calculated according to the following equation
and reported per mil (%o) [77]:

b= [(Rsamples — Rstandard)/ (Rstandard)] * 1000, 1)

where Rgample and Rtandard are the isotope ratios (*80/1%0 or 2H/'H) for the sample and
the reference material (standard), respectively. Generally, for hydrogen and oxygen, the
international VSMOW (Vienna Standard Mean Ocean Water) standard is used [78]. Daily-
use in-house standards (calibrated against the VSMOW2-SLAP2 international standards)
are utilised to normalise measured &-values of standards to the VSMOW-SLAP scale. The
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uncertainty of the isotopic measurement is <0.1%o in the case of oxygen analysis and <0.3%.
for hydrogen measurement.

2.5. Hydraulic Evaluation

One approach to investigate the dynamics of the groundwater flow systems is to
use the basic regional hydraulic methods of hydrogeology developed by Téth [10] that
are based on his hydraulic continuity theory [73,79]. This methodology uses archive well
data, and based on graphical representation, both the horizontal and vertical groundwater
flow components can be determined. In Hungary, archive well data are accessible in the
data repository of the Supervisory Authority of Regulatory Affairs. In our study area,
documentation for a total of 145 wells was processed, which contains all the essential data:
(1) well coordinates, (2) elevation, (3) depth of the static water level, and (4) elevation of the
screened interval or measuring point (Figure 3a).
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Figure 3. (a) Available well data in the study area, the delineated p(z) profile areas, and the related
groundwater regime types. (b) The sampled wells are located in p(z) areas nr. 3, 4, and 5. (c) Well
data distribution as a function of the screened elevation.

The spatial distribution of the processed wells is sporadic; they are concentrated in
the vicinity of small settlements near Lake Fert6. Most of them are screened between 50
and 150 m asl. The Sopron Mountains lack wells, given the metamorphic bedrock, but
numerous springs can be found, providing information on the properties of the ground-
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water flow systems. As the distribution of wells by geographical location and by depth
is poor, compilation of tomographic potential maps for consecutive elevation intervals
was not possible based on the collected data (Figure 3c). p(z) profiles were constructed to
understand vertical groundwater flow directions.

By taking into account that (1) wells interpreted in one p(z) profile should have
approximately the same land surface elevation and (2) data points should cover the widest
possible depth range and the smallest possible surface area, five p(z) profiles were made,
focusing primarily on the surrounding area of the sampled wells. The following steps
were followed to construct p(z) profiles. First, hydraulic head values were derived using
the following calculation: the depth of the static water level (m) was extracted from the
wellhead elevation (m asl). Then, the hydraulic head values were converted to pore pressure
values using the equation presented below:

h=z+p/(p-g), 2)

where h is the calculated hydraulic head; z is the elevation of the measurement point
relative to the Baltic Sea level; p is pore pressure; and (p-g) is the specific weight of the
fluid, which is numerically equal to the hydrostatic vertical pressure gradient of that fluid
(9.81 MPa km™1).

After that, the p(z) profiles were constructed, plotting the calculated pore pressure
values as a function of the elevation of the measurement points. From the regression line
equation fitted to the pore pressure values, the vertical pressure gradient can be calculated,
indicating the pore pressure change per unit of vertical length. If the system is under
hydrostatic conditions, the buoyancy and the force of gravity on the water particles are
in balance; thus, there is no vertical fluid flow. In this case, the vertical pressure gradient
is called hydrostatic, and its value is yst = 9.81 MPa km™1, assuming a constant water
density of 1000 kg m~3. When a driving force exists, the system becomes dynamic, and the
vertical pressure gradient is also dynamic (y4yn)- By comparing yst with yqyn, the vertical
groundwater flow direction can be obtained. Recharge areas are characteristic of yqyn
lower than vt (subhydrostatic), indicating downward groundwater flow. Discharge areas
are characterised by yqy, higher than s (superhydrostatic); therefore, groundwater flow
points upward. In midline areas, Y4yn, is equal to yst, meaning that the groundwater flow
has no vertical component; however, the horizontal component cannot be excluded. On the
p(z) profiles, the hydrostatic vertical pressure gradient line is also shown to illustrate the
difference between v 4y, and vst.

3. Results
3.1. Physicochemical Properties Measured On-Site and Hydrochemistry

Water samples from springs and wells have different characteristics. Table S1 of
the Supplementary Materials contains all the measured parameters. Spring waters have
low mineralisation (108—697 S cm 1), with one exception (sample nr. 1, 1609 uS cm™1).
Creek water has similarly low specific electric conductivity (552 uS cm~1!). Groundwater
samples taken from wells have EC values within the range of 708—1198 xS cm~!. Since the
total dissolved solids content (TDS) of the water positively correlates with the EC values
measured in the water, well water has higher TDS (554—857 mg L~!) than spring water
(52—482 mg L) (Figure 4a). Spring sample nr. 1 has remarkably higher TDS than other
springs (1115 mg L~1), which could be explained by local anthropogenic causes (design of
the spring orifice, contamination by tourism, or use of road salt), given its relatively high
Cl—,S04%",K*, and Na* contents (see Table S1 of the Supplementary Materials).
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Figure 4. (a) Total dissolved solids of the samples as a function of the elevation of the measuring
point. (b) Temperature values of the samples as a function of the elevation of the measuring point.

Water samples with different origins cannot be distinguished based on the measured
temperature (Figure 4b). The creek sample had the highest temperature of 18.1 °C, but
spring and groundwater samples had temperatures between 9.9 and 16.0 °C. The lowest
temperature (9.9 °C) was measured in the spring with the highest elevation (481 m asl).
Among the spring samples, samples nr. 1 and 5, which are situated in the lowest elevations
(317 and 330 m asl, respectively), had the highest temperatures (15.6 and 16.0 °C, respec-
tively). A weak-moderate relationship was found between elevation and temperature
(Pearson’s R = —0.38 and related P = 0.12; Spearman’s rho, r = —0.69 and related p =
0.001), while elevation shows a moderate-strong correlation with TDS (R = —0.74, P < 0.001,
r=—0.77, p < 0.001) (Figure 4).

The pH of the samples is semineutral (6.14-8.15). Sample nr. 3 has the lowest pH
(pH = 6.14), which can be explained by the different origins of the water; according to
archive reports, the sampled ‘spring’ could be an outflow from an abandoned borehole
drilled in the crystalline basement, probably during fissile material exploration between the
1950s and 1970s [80]. As for the ORP values, positive ORP values were measured in 15 of the
18 samples, indicating the existence of oxidising conditions (42.1-234.1 mV). In the case of
the remaining three samples (nr. 12, 13, and 18), negative ORP values were recorded, which
may correspond to reducing conditions (—24.6-(—14.9) mV). On-site measurement showed
0.0-4.3 mg L~ ! dissolved oxygen concentration in these latter groundwater samples.

All water samples are characterised by the dominance of an HCO3™ anion or no domi-
nant anion (Figure 5). As for cations, there is either no prevalent cation or the sample has
Ca dominance. Spring samples have slightly different major ion compositions reflected in
their various water types. According to Back [81], the samples were classified into different
hydrochemical facies. Samples nr. 1, 6, 10, and 11 belong to the Ca—Na—HCO3—-Cl-50;4
facies, similarly to the creek sample (nr. 2). Samples nr. 4, 8, and 9 can be classified as
Ca—Na—HCOj3; water type. Sample nr. 5 is of Ca—Mg—HCO3;—-Cl-SOy type, and nr. 7
belongs to the Ca—Na—Cl-50,—HCO; water type. An outlying sample (nr. 3) has Na-K
dominance and can be classified as Na—K—-HCO3—CIl—-S0O,4 water type, which is further
evidence of the different origin of water compared to the other springs emerging in the
Sopron Mountains. Groundwater samples share similar hydrochemical characteristics and
can be classified as Ca-Na-HCO3-Cl-SOy (nr. 12, 15, and 16) and Ca-Mg-HCO3;-Cl-SOy4
water types (nr. 13, 14, 17, and 18).
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Figure 5. Piper diagram showing the common water types based on Back. Arrows indicate increasing
concentration [81].

3.2. Radionuclide Measurements

Among the analysed radionuclides, total uranium was measured in the highest activity
concentration (up to 540 mBq L™!) in all sample types (Table S1 of the Supplementary
Materials). The highest activities were measured in the groundwater samples (Figure 6).
The measured total uranium activities show a moderate correlation with the changes in
the elevation (R = —0.64, P = 0.004, r = -0.63, p = 0.005). A similar relationship exists
between ORP and total uranium activity (R =-0.64, P = 0.003, r = —0.57, p = 0.012). These
correlations seem reasonable, given that uranium is especially mobile under oxidising
conditions, which are present in shallow depth along local flow systems or in recharge
areas characterised by downward flow direction.
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Figure 6. (a) Cross plot illustrating total uranium activity concentration (mBq L™!) vs. elevation
(m asl) of the measuring point. (b) Total uranium activity concentration as a function of the total
dissolved solids concentration of the water samples.

Spring waters and the creek had low uranium activity (up to 93 mBq L~!). Among
spring samples, samples nr. 1 and 5 had the highest activities (86 and 93 mBq L), as
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well as the highest TDS among all spring samples (Figure 6b). Given that these springs are
situated at the lowest elevation, these values may be the result of the longer residence time
of water compared to the other springs.

226Ra activity was below or barely above the detection limit of 5 mBq L™! in the
case of all groundwater, spring, and creek samples (up to 36 mBq L~1). 222Rn activity of
groundwater was measured below the 100 Bq L~! drinking water parametric value (up
to 57 Bq L~!). On the contrary, spring samples nr. 7 and 8 have 155.1 and 142.9 Bq L~!
activity concentrations, respectively.

Of the analysed samples, only the results of AR measurements in samples nr. 1-5, 9,
12-14, 16, and 17 can be interpreted (Table S3 of the Supplementary Materials). The AR
ratios vary between 0.64 and 7.99, indicating a dynamic system in which no radioactive
equilibrium exist between the two uranium isotopes [42]. To examine the relationship
between 234U and 23U, the activity concentration of the isotopes were plotted against each
other (Figure 7). The slope of the regression line fitted to the data points represents the
AR value. The samples follow two trends: on the one hand, the spring and creek samples
have AR values higher than 1.0, the value of AR in secular equilibrium. On the other
hand, the AR value measured in groundwater samples is 1.0 or below. Our data gave good
correlations, and R? calculation shows values of 0.9965 (Trend 1) and 0.9497 (Trend 2).
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Figure 7. Examination of the 23*U/238U ratio in the analysed water samples.

3.3. Stable Isotope Measurements

The stable isotopic composition of water changes continuously within the water
cycle. At ambient temperature (i.e., in surface waters and shallow aquifers), the isotopic
composition can be considered a conservative property of the water [82]. Therefore, isotopic
variations can be applied to characterise the hydrological system within the catchment area
or in the aquifer itself [77]. The measured §?H and §'80 values are plotted in Figure 8a,b. As
groundwater has precipitation origin, we compared our results to the isotopic composition
of the global and local precipitation. The §*H versus 5!80 plot was supplemented with
the global meteoric water line (GMWL; [78]) and with a local meteoric water line (LMWL)
derived from the stable isotope data of precipitation measured at Farkasfa, a meteorological
station in western Hungary [83]. The GMWL and LMWL represent the annual average
relationship between §°H and §'80 composition of precipitation. LMWL is very similar
to GMWL.
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Figure 8. (a,b) Stable isotopic composition of the collected water samples. GMWL: °H = 8 x 580 +
10 [78]; LMWL: 62H = 7.48 x 5180 + 4.48 [83].

Values of §'80 vary from —11.96 to -7.17%., and 5?H values range between -83.4 and
—52.6%0 (Table S2 of the Supplementary Materials). The samples distributed along the
LMWL represent stable isotope values that are characteristic of rainwater under current
climatic conditions. The differences in the delta values reflect the annual variation of rainfall
and may indicate that spring samples represent rainfall from different altitudes; the springs’
orifices are situated between 317 and 481 m asl. The most negative delta values of sample
nr. 3 further support the notion that this spring (or abandoned overflowing borehole) is
an outlier among the spring samples collected in the mountains, and the delta values may
indicate older groundwater recharged under climatic conditions that differ from current
conditions [84,85].

Groundwater samples share similar stable isotope characteristics, although the sam-
ples can be divided into two groups. Samples nr. 12 and 18 have slightly more negative
values than samples nr. 13, 14, 15, 16, and 17, which could be explained by the larger depth
of screening of the sampled wells (18.7 and 29.9 m asl) compared to the others (46.9-91.3 m
asl). The sample taken from the creek has the least negative delta values among all samples,
indicating that the isotopic composition of the creek water is affected by evaporation. This
sample also has the lowest d-excess value (4.8, calculated as 2H-8*180). As the spring
samples have a similar isotopic composition as the groundwater samples, groundwater,
similarly to the springs, has a direct origin from precipitation and a short residence time
(i.e., local flow systems).

3.4. Hydraulic Evaluation

Given the poor distribution of well data in the hilly part of the study area, five p(z)
profiles could be constructed near the local settlements in the northern part of the study
area. Figure 9 summarises the results. The vertical pressure gradient (yqyn) was higher
than hydrostatic pressure (10.42-11.03 MPa km 1), i.e., superhydrostatic in the case of three
p(2) profiles, namely nr. 2, nr. 4, and nr. 5, indicating upward flow in their area. yqyn
was hydrostatic (9.81 & 0.5 MPa km~!) in the case of p(z) nr. 3, identifying a midline area.
In p(z) area nr. 1, Yqyn was lower than hydrostatic (8.99 MPa km™1),ie., subhydrostatic,
referring to the downward flow direction characteristic in recharge areas. This p(z) profile
has the highest average surface elevation (232.3 m asl), while a lower surface elevation
characterises the midline and discharge regime areas. p(z) nr. 2, 3, and 4 are situated in a
local-scale depression called Kéhida Basin with a surface elevation of between 144.9 and
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150.9 m asl, while p(z) nr. 5 can be found on the shore of Lake Fert6 with the lowest surface
elevation of 117.5 m asl among all profiles.
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Figure 9. Pressure—elevation profiles constructed in the surroundings of the sampled wells. Addi-
tionally, total uranium activity concentrations are shown at the elevation of the measurement point of
the sampled well. The arrows show the vertical groundwater flow directions.

As for the spatial distribution of the different regime types, the downward flow
direction is characteristic in the hilly area, whereas the upward flow direction was identified
in the depression of the Kéhida Basin and by Lake Fert6 (Figure 3a,b).

4. Discussion

Many springs that discharge in the Sopron Mountains and are characterised by
fluctuating discharge rates, low temperature, and low TDS [69,86]. Ten of the numer-
ous springs in the mountains were sampled, and low temperature (9.9-16 °C) and TDS
(52-482 mg L~ !) values were measured. Springs with similar properties can be found
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typically at the discharge points of local flow systems [73]. The metamorphic bedrock
has low hydraulic conductivity, except for its upper weathered and fractured part. The
infiltrated rainwater flows in the regolith at a shallow depth (15-20 m) but discharges a
short distance from the infiltration point. The short residence time of water resulted in low
TDS and low uranium activity up to 93 mBq L~! measured in spring water, as the time
is short for rock-water interaction. The direct origin of spring waters from precipitation
is also reflected by their stable isotopic composition (5°H between -55.4 and -83.4, '80
between —8.42 and —11.96), as the sample points are located along the LMWL, indicating
recharge from precipitation in today’s climate [85,87]. Samples nr. 1 and 5 have the highest
uranium activity among all spring samples (86-93 mBq L—!), which may correspond to a
longer residence time of water, given that they are situated near the foot slopes of hills.

Although springs serve as drinking water sources for tourists, the primary drinking
water source in the region is the Miocene sediments in the foreground of the Sopron
Mountains. Most water wells are screened in shallow depth, between 50-150 m asl in
sandy—gravely and limestone aquifers. In the collected water samples, low temperatures
(12-14.9 °C) and TDS (554—857 mg L.~!) were measured, and the dominance of Ca?* and
HCOs5~ characterises the water. These properties indicate the presence of local flow systems
in this depth. Like the springs, groundwater samples have stable isotope characteristics
referring to direct rainwater origin.

The constructed p(z) profiles show that the hilly area is a recharge area with a down-
ward flow, while discharge areas characterised by an upward flow can be found by Lake
Fertd, in local depressions, and along surface watercourses. Additionally, this picture is
influenced by the local variation in topography (variation of hills and depressions), indicat-
ing a short residence time between the recharge and discharge points of the groundwater.
Based on these findings, the groundwater resources in the foreground of the mountains
may not receive recharge from the hilly area because the metamorphic formations have
low hydraulic conductivity. The infiltrating water moving in the fractured and weathered
part of these metamorphic rocks is discharged in the form of springs. The sedimentary
formations in the foreland receive recharge from the nearby local elevations.

Among the radionuclides, ?Ra was barely above the detection limit (up to
36 mBq L™1). 222Rn activity above the drinking water parametric value of 100 Bq L™!
was detected in two springs (samples nr. 7 and 8), but negligible radon activity was mea-
sured in the groundwater samples. On the other hand, uranium activity up to 540 mBq L~!
was measured in the water wells. The lack of dissolved radium and radon and the presence
of dissolved uranium can be explained by the dynamics of the groundwater flow system.
Positive ORP values were recorded in most samples, referring to an oxidising environment
that corresponds well with the presence of local flow systems.

Despite the possibly short residence time of groundwater, the total uranium activity
concentration of the groundwater samples was remarkably higher (up to 540 mBq L~1)
than in the case of the springs. The source area of the basin-filling sediments was primarily
the crystalline rocks in the Sopron Mountains. Uranium transported either by infiltrating
water or debris could have accumulated in a favourable environment. According to the
outcome of the fissile material survey, syn-sediment enrichment of uranium may be related
to the organic matter-rich and clayey sediments in the surroundings of the mountains
(Badenian Clay Fm. and Szadk Fm.) [59]. Oxygen-rich groundwater can remobilise uranium
from these sediments, which causes the elevated total uranium activity concentration of
drinking water in this area [88].

From a public health perspective, even the highest activity concentration is one order
of magnitude lower than the calculated acceptable level in drinking water (3 Bq L™ for
238y, 2.8 Bq L ! for 224U). The measured uranium activity explains the observed elevated
gross alpha activity. However, the derived indicative dose was below the parametric value,
so health risk from drinking water consumption is not expected.

Spring and groundwater samples follow two trends based on the AR values measured
in the water samples. According to El-Aassy et al. [42], groundwater can be called “normal”
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groundwater if the AR is between 1 and 2, while AR values below 1 refer to possible
uranium remobilisation. Along with this statement, groundwater samples show signs
of remobilisation of uranium, and spring samples are “normal” groundwater samples.
The theory of uranium remobilisation is in line with the abovementioned conclusion that
uranium accumulated in Miocene sediments is remobilised by the groundwater. Moreover,
groundwater with low AR values points to the presence of young water with a more
substantial contribution of U due to rock-water interaction and a local recharge component
of the groundwater [42], in accordance with the results of p(z) profiles and the stable
isotopes. The significantly high value of AR in sample nr. 3 (7.99) can be explained by rapid
change in the geochemical environment [43] or indicate old groundwater [42]. However,
since the water’s exact origin is unknown (unidentified borehole), further conclusions
cannot be drawn.

5. Conclusions

Drinking water quality measures revealed that drinking water of groundwater origin
contains radionuclides in the surroundings of the metamorphic outcrop of the Sopron
Mountains. Understanding the radioactivity phenomenon has become crucial to under-
stand potential health impacts.

Our results show that both the springs in the mountains and the drinking water re-
sources in the surrounding basin are characterised by low temperature, low TDS, and the
dominance of Ca** and HCO3 ™~ ions, which are typical of local flow systems with short
residence time and shallow penetration depth, which explains the presence of dissolved
uranium in drinking water wells because uranium is mobile under oxidising conditions.
However, no health risk arises from the consumption of drinking water (the highest
measured uranium activity value is an order of magnitude lower than the derived concen-
tration). As local flow systems are known to be the most sensitive to any changes, climate
change and increasing human activity may deteriorate water quality and quantity in the
area. Thus, our study identified the high vulnerability of the drinking water resources in
the area.

As a methodological conclusion, it can be stated that the Téthian hydraulic methods,
in combination with environmental tracers, are powerful tools for gaining insight into
the radioactivity phenomenon and can assist in the risk assessment of drinking water
supply systems.
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