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Abstract

The study aims to determine the source of NH," ions in the mineral waters of the Hranice Karst. The study area is located
in the eastern part of the Czech Republic, Europe. The area is known mainly for its carbon dioxide of deep origin; the
gas was the factor that enabled the formation of hypogene karst, in the Palacozoic limestones, as well as warm mineral
waters. The limestones of the area are covered by Neogene (Miocene) sediments of variable thickness and lithology.
Recurrent sampling was done at 36 sites. A total of 96 surface water samples, 65 borehole water samples and 96 karst
water samples were assessed. Major anions, cations and the content of nitrogen and its forms were determined for all
water samples. The soil types were characterised by a field pedological survey. The normalised difference vegetation index
was calculated in QGIS and vegetation vitality was evaluated. Since places with remarkably low vegetation index were
found to be linked to the occurrence of Miocene sandstones, they represent points of rather fast entry of rainwater into
the ground. As the presence of carbon dioxide creates an anoxic setting underground, the entering nitrates are transformed
into NH," ions. This mechanism of transformation within the nitrogen cycle explains the presence of NH," ions in areas
with elevated CO,.

Keywords Anoxia - Nitrogen - NDVI - Hypogene karst - Hranice abyss - Mineral water

Introduction

Water pollution caused by nutrients, such as nitrogen, is a
worldwide concern. Excessive nutrient content can impact
aquatic environments and may result in public health risks
in the case of drinking water contamination (Zhang et al.
2015,2021; Van Meter et al. 2017). White et al. (2013) stud-
ied the effects of land use composition on nitrate levels in
groundwater, suggesting a high correlation between nitrate
concentrations in drinking water and agricultural land use.
In addition, nitrates, along with dissolved organic carbon
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(DOC), can serve as valuable indicators when determining
the specific origin of water (Lorette et al. 2022).

Non-point agricultural pollution associated with agricul-
tural activity represents a significant portion of contamina-
tion sources. Nitrogen application has been employed in
agricultural concepts for decades, and quantities exceeding
the requirements for plant growth have occasionally been
used (Buvaneshwari et al. 2017; Lorette et al. 2022; Cui et
al. 2013), resulting in the deterioration of aquatic ecosys-
tems and beyond them. Natural hydrological and biogeo-
chemical time shifts of water quality changes can confuse
understanding when implementing conservation policies
(Chen et al. 2024; Nietch et al. 2024; Bouraoui and Griz-
zetti 2014; Van Meter et al. 2016). Accordingly, ground-
water pollution by agrochemicals, such as fertilisers, can
cause complex issues of biogeochemical transformation in
groundwater-dependent ecosystems (Kalvans et al. 2021).

The ions present at the site of infiltration usually reveal
the origin of the waters using GIS methods as does their
relationship to the rocks found there (Maurya et al. 2023;
Yadav et al. 2018). Various studies confirm the dominance
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of physical processes over biogeochemical processes in
transforming and gradually releasing nitrogen (Lorette et
al. 2020). Spatial heterogeneity of land use and land cover
is crucial in preserving a watershed (Liu et al. 2020). The
impact of landscape composition (the type and proportion
of land cover) and configuration (the spatial arrangement
of cover types) on groundwater is often poorly understood
and remains unclear. However, studies show that grassland
and cropland percentages correlate with groundwater qual-
ity (Qiu and Turner 2015). Holistic vegetation research
based on comprehensive monitoring was previously recom-
mended for research on karst areas, including their spatial
changes and damage (Vilhar et al. 2022). In the context of
karst hydrology, land use change considerations are also
promoted (Sivelle et al. 2022).

Karst aquifers, which are water sources on a global
scale, exhibit a notable degree of vulnerability. The poten-
tial contribution to water supply for approximately a quar-
ter of the global population highlights the significance of
such aquifers (Ford and Williams 2007; Coxon 2011). Karst
groundwater is more susceptible to pollution than water in
non-karstic aquifers; the earlier also shows a significantly
higher momentum of the pollutant dynamics. New multi-
disciplinary approaches enable the localisation of water
penetrating the karst environment and a more efficient
assessment of the vulnerability of karst aquifers (Sing et al.
eds ; Barry et al. 2023; Jiang et al. 2015; Shelar et al. 2023).

The mineral waters of the Hranice Karst have been used
for therapy in the local spa resort intensely since at least
1580. Nevertheless, the places of infiltration of the waters
from which these mineral waters originate are not yet known
(Sracek et al. 2019). The direction of the flow of these
waters is also unknown, while several large water infra-
structures exist in the vicinity that supply the region with
fresh water (e.g. Hao et al. 2023; Li et al. 2023; Ravbar et al.
2021), it can be assumed to take place in the Hranice Karst
area as well. For this reason, we consider it essential to have
possible interpretations regarding the place of groundwater
seepage and the further fate of the groundwater. Numerous
studies and technical papers exist that discuss the area of
the Hranice Karst; however, the authors did not address the
issue of possible contamination entering the waters of the
deep circulation system (Sracek et al. 2019; Vysoka et al.
2019; Pavlik et al. 2018), generally assuming a zero load
on the karst. The present paper aimed to determine whether
or not deep karst groundwater is affected in the landscape
featuring intense agricultural use and define possible sites
of water infiltration as applicable. The study employs a
multidisciplinary approach that includes a combination of
established water analysis methods complemented by an
advanced land use analysis using GIS tools.

@ Springer

Study area
Geological setting

The Hranice Karst (HK) is situated in the eastern region of
the Czech Republic (N 49°31', E 17°45"), covering an areca
of approx. 15 km? at the line of contact between the eastern
Bohemian Massif and the External Western Carpathians and
is classified as a hypogene karst (Figs. 1 and 2). The deeper
bedrock layer of the HK is made up of crystalline rocks of
the Brunovistulian Unit (Precambrian). The karst territory
was formed in Middle Devonian (Eifelian) to Mississippian
(Viséan) carbonate rocks that were deposited on carbonate
platforms and reef slopes in a tropical ocean (Macocha and
Liseit Fms.). The exact thickness of the carbonate rocks
is not known directly in the studied area; however, in the
Choryné-9 well located 11.5 km away towards SE, approx.
1200 m of these rocks located on the crystalline bedrock
were verified. In the adjacent areas, tectonically multiplied
Devonian and Carboniferous strata are documented; they
originated from the Variscan orogeny and are up to 7 km
thick (Chab 2010; Hladil et al. 2003; Schulmann and Gayer
2000). It is assumed that uplift and erosion occurred from the
late Carboniferous to the Miocene (Jirman et al. 2018). Dur-
ing this long period, extensive weathering occurred and dis-
tinct karst morphology developed. The presence of mogotes
and rift valleys is documented from geophysical surveying
in the vicinity of Hranice (Dlestik and Babek 2013; Tyracek
1962). The adjacent Carpathian foredeep formed during the
early Miocene (Burdigalian). Subsequently, in the Miocene
(early Langhian) period, there was flooding and sedimenta-
tion, both resulting in the surface of the karst relief being
buried by clastic sediments, in which poorly permeable
marine clays alternate with layers of more permeable con-
glomerates with sandstones (Sracek et al. 2019; Holcova
et al. 2015). The overthrust of the West Carpathian nappes
terminated the Miocene sedimentation. The current surface
of the karst area consists of Quaternary loess and colluvium
deposits (Supplementary Fig. 1).

The karstification of the HK took place in several stages.
Carbonates were first exposed to the process at the Devo-
nian in the Frasnian/Famenn transition. The next stages of
karstification took place in the early Permian through the
early Late Cretaceous and in the tropical setting of the Cre-
taceous period (Otava et al. 2009). Karstification took place
in the Miocene as well when cockpit-like karst morphology
was formed on the limestone surface and subsequently karst
objects were partially filled with marine clastic sediments
of the Miocene transgression (Tyracek 1962; Klanica et al.
2020). The last karstification stage is related to the emer-
gence of carbon dioxide as mineral waters began to form
during the middle Miocene regression following partial
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Fig. 1 A) Location of the Hranice Karst in the Czech Republic, B) Location of the sampling sites

denudation of the marine deposit from the HK surface and
continues through to the present. The contact between the
Bohemian Massif and the External Western Carpathians
has influenced the overall tectonic structure of the HK. This
younger Alpine Orogeny compression was partially reacti-
vated via the Palacozoic NW-SE faults that caused ground-
water to circulate intensely and gas to emerge. Isotopic
compositions of CO,, combined with the *He to “He ratio,
suggest that the gases originate near the Earth’s mantle tran-
sition zone (Meyberg and Rinne 1995; Smejkal et al. 1974).
Due to these processes, the hypogenic karst is considered
to be the result of these events (Sracek et al. 2019; Vysoka
et al. 2019; Bosak 2000) as stated by e.g. Klimchouk et al.
(2017).

Climate and precipitation

In the study area, the climate is nearing the continental type.
It is a moderately warm area with long, warm and mod-
erately dry to dry summers; the transition period is short,
characterised by moderately warm to warm spring and
autumn seasons. Winter is short, moderately warm and very
dry (Quitt 1971, 1975). According to the meteorological

analysis (Thiessen Polygon Method), which was based on
the data sourced between 1961 and 2021 from hydrome-
teorological stations (Bélotin, Hranice, Kel¢ and Valaéské
Institute (CHMI), the mean annual air temperature and
precipitation within the study area are 8.5 °C and 677 mm,
respectively. Annual precipitation days average 150-170.
There are 50-70 days with snowfall and 50-60 days with
snow cover per annum (Tolasz et al. 2007). The River Be¢va
and its tributaries drain the whole study site (Supplemen-
tary Fig. 2a, b). In the Teplice nad Bec¢vou municipality, the
gauge is managed by CHMI with a contributing basin area
of 1275.32 km?. According to CHMI, the average annual
flow of the River Be¢va is 14.8 m>.s™ ! and the average water
level is 0.89 m.

Agricultural land in the Hranice Karst has an artificial
drainage system installed in the 1960s (Supplementary
Fig. 3). It is a special ceramic, non-perforated pipe that was
buried in the ground at a depth of not more than 0.8 m. The
system was supposed to drain a wetland featuring silty and
clayey soils where the causes of waterlogging were com-
plex and difficult to identify (Kulhavy et al. 2007). The

@ Springer



631 Page 4 of 16

Environmental Earth Sciences (2024) 83:631

[ / AN _V VvV y W

] / (VVVVYy
| / VN2 7 5N
f :
/‘ ( VVvVvvvy
VVVVVVV
T % WYL
- 12 4 VvV
< AVAAY
> V V VL
P V V.V
% ©

watercourse

sampling site

© spring / drainage

@ caves

® wells

=) @ stream

© borehole

aquifer types
confining units
semi-confined aquifers

alluvial aquifers

e 4 fractured rock aquifer
//_/ > karst aquifer
///: f geological units
oy alluvial deposit
d deluvial and deluvio fluvial sediments
[(+) colian sediments
neogene sediments
carpathian flysch belt
paleozoic, graywacke, conglomerate
paleozoic, calciturbidites
P72 paleozoic, limestones
2
{
km

Fig. 2 Geological and hydrogeological situation (map base: Czech Geological Survey, 2004, 2018. G. Masaryk Water Research Institute, 2006)

water drained from agricultural land is discharged into sur-
face watercourses.

Hydrogeology

Two Quaternary and Devonian groundwater aquifers are
defined in the area. The Quaternary aquifer (aquifer system
I) formed by the fluvial sediment of the River Bec¢va con-
sists of gravels, sandy—clayish soils and relics of Pleistocene
gravel river terraces. The transmissivity coefficient ranges
between 1.10® and 1.10*m”.s™!. The general direction of
groundwater flow is to the northwest, i.e. in the same direc-
tion as the River Becva flow.

The karst aquifer (aquifer system II) is situated in Palaco-
zoic limestones with heterogeneous fissure—karst permea-
bility. The transmissivity coefficient in Devonian limestones
is 10% up to 1.10~° m’s ' (Reznitek 1977). Karst water
emerges in the Hranice Abyss in the ZbraSov Aragonite
Caves system and is pumped from deep boreholes for use
by the spa resort. In the Hranice abyss, warm outflows of
mineral water have been identified at depths of 30 m, 40 m,
and 60 m. In the ZbraSov Aragonite Caves (ZAC) system
there are lakes with mineral water in the Cave of Death
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(ZAC—CD) and Lake B (ZAC-B). A layer of carbon diox-
ide is present above the open water surface at the sites listed
above. The spa resort that utilizes CO,—enriched thermal
water was mentioned before 1553 (Gersl 2009). New bore-
holes RI, RII and RIII were drilled to supply mineral water
in the 20th century. As evaluated using tritium, the mean
residence time of groundwater in karst aquifers in borehole
RI spanned several years with comparable results. Accord-
ing to Svajner (1982), the residence time is 17-18 years;
according to Manik et al. (1992), it is less than 42 years (9
+/— 5 TU); and according to Sracek et al. (2019), it ranges
between 20 and 50 years. The groundwater in the karst aqui-
fer is of meteoric origin, with a recharge area found in the
uplands situated about 200 m above the River Becva valley
(Sracek et al. 2019). For the Hranice abyss, the mean resi-
dence time was determined, using tritium and CFC, to be
around 300 years (Vysoka 2016).
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Methods
Fieldwork and sampling strategy

The sampling aimed at taking samples of water from surface
streams, hydrogeological wells and karst waters of the area.
As no apparent ponors have developed in the karst region,
the sampling also covers the area of expected infiltration to
the karst aquifer (Figs. 1 and 2).

The conceptual model assumes that water with nitrates
enters the karst area and moves in an anaerobic environment.

Remote sensing methods and the geology of the area were
used to identify the points of entry.

The water samples subjected to analysis were divided,
based on the sampling site, into three groups — surface water,
groundwater and karst waters (Table 1). Recurrent sampling
was done at 36 sites. A total of 96 surface water samples,
65 borehole water samples and 96 karst water samples were
assessed.

The Surface and shallow water group comprises the
River Be¢va — the primary watercourse in the area — and 6
tributaries (Tab. C); in addition, drainage water and shallow

Table 1 List of sampled sites 1D Name/Type WGS (La) WGS (Lo) Stratigraphy/Lithology
Group 1 Surface and shallow water
S-01 River Beéva 49.5261822 17.75412 Q, gr, sa
S-02 Krkavec Stream 49.5254226 17.74878 Q, gr, sa
S-03 Hluzovsky Stream 49.5466135 17.77692 Q, gr, sa
S-04 Hurka Stream 49.5370173 17.80080 Q, gr, sa
S-05 Vrchoviny Hill 49.5322338 17.75650 Q,cl,sa
S—-06 Vrchoviny Waterfall 49.5305455 17.75711 Q,cl, sa
S-07 Kamenec Stream 49.5289897 17.81188 Q,cl, sa
S-08 Hluzov Drainage 49.5480600 17.77596 Q, M, sa
S-09 Javorova Spring 49.5372863 17.72820 Q, gr
S-10 Hirka Hill 49.5488215 17.78884 Q, M, sa
S-11 Vrchoviny Drainage 49.5323509 17.75556 Q,M,cl, sa
S-12 Vrchoviny Stream 49.5305570 17.75708 Q,M,cl, sa
Group 2 Groundwater
G-01 Well 49.5466571 17.76872 M, cl
G-02 Borehole LV-56 49.5485789 17.76866 M, cl
G-03 Well 49.5291811 17.73882 Q. M,cl
G-04 Well 49.5283759 17.73150 Q,M,cl, sa
G-05 Well 49.5312744 17.74140 Q,M,cl, sa
G-06 Borehole 49.5279279 17.79524 Q, M, cl, sa
G-07 Well 49.5290890 17.81179 Q,M,cl, sa
G-08 Borehole 49.5271844 17.82472 Q,M,cl, sa
G-09 Borehole HV-301 49.5358827 17.74096 P, gw
G-10 Borehole HJ-02 49.5304493 17.75715 M, cl, sa
G-11 Borehole 49.5229036 17.76163 P, ca.
G-12 Borehole 49.5295541 17.81160 P, ca.
G-13 Borehole 49.5272186 17.82467 M, cl, P, ca.
Group 3 3a) Karst water 3b) Hypogenic karst water
Hranice abys (HA)
3a HA-SWCh 6 Southwest Channel 49.5319191 17.75025 P, ca.
3b HA-NWCh 30 Northwest Channel 49.5324326 17.75015 P, ca.
3b HA-TS 30 Thermal Spring 49.5323726 17.75056 P, ca.
3b HA-TS 40 Thermal Spring 49.5322292 17.75056 P, ca.
3b HA-TS 60 Thermal Spring 49.5319970 17.75058 P, ca.
Zbraov aragonite caves (ZAC)
3b ZAC-B B Cave 49.5320245 17.74530 P, ca.
3a ZAC-CD Cave of Death 49.5316544 17.74395 P, ca.
. 3a ZAC-NN Nameless Cave 49.5321378 17.74536 P, ca.
Stratigraphy: Q — Quaternary, M
— Miocene, P — Palaeozoic Spa well
thologv: ca. — carbonates. ¢l — 3b R-1 Borehole 49.5316529 17.74615 P, ca.
agyzla“iztone’ o gravel gw_ 30 R Borehole 495334889  17.74578 P, ca.
3b R-III Borehole 49.5321471 17.74384 P, ca.

greywacke, sa — sand/sandstone
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Fig. 3 a) Box plot diagram, pH; b) Box plot diagram, EC [pS.cm-1]; ¢) Box plot diagram, COD [mg.1-1]; d) Box plot diagram, N-NO; [mg.1-1];

e) Box plot diagram, log N-NH," [mg.1-1]

springs belong to this group. The group of waters labelled as
Groundwater was sampled from boreholes with perforated
lining tubes installed, the depths ranging from 30 to 150 m.
The boreholes reached Miocene clays, sandstones and Pal-
aeozoic limestones, as well as a combination of the three
types. The group identified as Karst water was collected
from the Hranice abyss, the Zbrasov Aragonite Caves and
the boreholes that supply water to the spa resort (Supple-
mentary Figs. 4, 5 and 6).

Sampling and hydrochemistry analyses

Water samples were collected in 2021-2023; sampling was
done every two months. The sampling was not always pos-
sible in some locations due to low water levels. The samples
intended for cation and trace element analyses were pre-
filtered using 0.45 mm Millipore filters and then stored in
HDPE bottles for further analysis. In the Hranice Abyss,
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water sampling was conducted by cave divers — members of
the Czech Speleological Society.

Measurements of pH, electrical conductivity (EC) and
oxidation-reduction potential (ORP) of the sampled water
were performed directly in the field. Greisinger GMH 5530
with GE 117 electrode (pH), Greisinger GMH 5400 with
LF 425 electrode (EC) and Greisinger GMH 5530 with
GR 105 electrode (ORP) were the instruments used for the
measurements.

The contents of chlorides and sulphides were analysed
by an ion liquid chromatograph (Dionex ICS-2000), with
a measurement uncertainty of 10%. The concentration of
bicarbonate ions was analysed by the potentiometric method
at pH 4.5 and 8.3 with 5% measurement uncertainty. The
calcium, magnesium, sodium and potassium contents were
analysed using Electromultiplier ICP-MS Agilent Tech-
nologies 7700 with a measurement uncertainty of 10%.
The contents of ammonium cations and nitrate anions were
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analysed using Agilent Technologies 7700 Electromulti-
plier ICP-MS with a measurement uncertainty of 10%. The
Total nitrogen content was analysed by combustion in an
O, atmosphere and subsequent catalytic oxidation to nitro-
gen oxide using TOC—Vcph Shimadzu with a measurement
uncertainty of 10%. Chemical oxygen demand was analysed
by Hach Lange LCI400 cuvette tests with a measurement
uncertainty of 10%.

The analyses were conducted in the laboratories of
Povodi Moravy, s.p. (the local river basin management
company), accredited under EN ISO/IEC 17025:2017. The
resulting charge balance errors were at the level of +10%.
The Geochemist’s Workbench software (gwb.com 2023)
was used to evaluate hydrochemical parameters. The pri-
mary assessment is based on determining N-NO;, N-NH,,
COD, pH and EC concentrations. A total of 1147 determi-
nations were made, and values below LOQ were replaced
with 0.5XLOQ. Since concentrations below the LOQ are of
crucial importance in this type of assessment, they could not
be excluded as they were necessary for statistical evaluation
(Giiler et al. 2002). All 1147 values obtained from 36 sites
were assessed, including N-total, N-NO;, N-NH,, COD,
pH and EC determinations. Nitrite anions were determined
in randomly selected samples. Since their values were
always less than the LOQ, their determination was omitted,;
the control can be carried out as a possible deviation of the
sum of N-NH,, N-NO; from N-total.

Sourcing remote sensing data

Remote sensing data were sourced by Sentinel 2 A, a sat-
ellite acquiring 13 different bands within a temporal reso-
lution of 10 days. It provides a spatial resolution of 10 m
for bands 2-4; 8 and 20 m for bands 5-7, 8 A, 11 and 12;
and 60 m for bands 1, 9 and 10. Temporal resolution was
ten days (European Space Agency — ESA, 2015). Imagery
for selected bands 4 (red band) and 8 (near infrared band)
were accessed through EO Browser (Sinergise Ltd. 2022)
and downloaded as a raw 32-bit Tiff format. For the model
area, a spring vegetation period was selected to run from
04-12-2022 to 26—06-2022 to cover the vegetation stages
of the crop until the harvest (24-06-2022). Five data sourc-
ing dates with less than 3% cloud cover were selected:
12-04-2022, 12-05-2022, 20-05-2022, 19-06-2022 and
26-06-2022.

The normalised difference vegetation index (NDVI) was
calculated in QGIS (QGIS.org 2022) using a raster calcula-
tor via the standard NDVI formula (NDVI = (NIR — RED) /
(NIR +Red) (Rouse et al. 1974). Mean values and standard
deviations of taken images were calculated using the Cell
Statistic tool in QGIS. NDVI images were further visual-
ised in QGIS in a 10-class quantile classification. The NDVI

index was calculated and interpreted only in relatively large
areas of homogeneously sown seasonal vegetation (crops).

Land use analysis and pedology

Historical aerial photographs from 1950 to 2021 were geo-
referenced and vectorised for the study area in the QGIS
software environment (Geoportal 2017). The area’s land use
before 1950 was assessed using a historical cadastral map
from 1836 (Geoportal 2017).

Historical pedology maps provided the basis for pro-
ducing 1:50,000 maps in the QGIS software environment.
Data sourced from pedological maps were refined through
a pedological survey. Embedded pedological probes with
a depth of 1 m were used for the pedological survey. The
IUSS WRB (2015) world classification was used (Mantel
2023). The primary pedological classification was based on
maps and documents from the 1960s, on which 1:100,000
and 1:50,000 soil maps were produced.

Results
Water analysis

Collected water samples were classified based on their
chemical composition and physical parameters. Basic water
types were defined and parameters typical of the groups
defined in Table 1 were determined.

Group 1 - Surface and near surface water

The prevailing water type (11 out of 12) is Ca—HCO;; pH
values range from 6.2 to 9.48, with a median of 7.45. The
Javorova spring (S-09) is a Ca—SO, type water with a median
pH of 6.79; this is because the water flows exclusively in
the Palacozoic greywacke clasts. EC Group 1 values range
from a minimum of 187.8 uS.cm™! to a maximum of 2650
uS.cm™ ! with a median of 605 pS.cm™!. The value of 2650
uS.cm ! observed at site S-07 is an exceptional figure for
which no association with other parameters was found; the
median values were 641 uS.cm ! for EC; 15.60 mg.1"! for
COD; 4.70 mg.I"! for N-NO;; and 0.10 mg.I"! for N-NH,".
The water flows through a municipality with an unsatisfac-
tory connection to the sewerage system.

Across Group 1, N-NO;~ concentrations reach a median
of 4.55 mg.I"! and range from LOQ to 20.00 mg.I"!, while
N-NH," concentrations reach a median of 0.035 mg.I"! and
range from between LOQ and 1.900 mg.I"!. COD has a
median of 11.80 mg.1”!. In most instances, the concentration
of N-NO;~ consistently exceeds that of N-NH," (p<0.01,
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Wilcoxon matched-pairs signed rank test; Fig. 3a—e, Sup-
plementary Table 2).

The rather high nitrogen concentrations in the drainage
water are primarily attributed to the application of agricul-
tural fertilisers and/or the presence of wastewater discharged
from municipalities upstream of the sampling sites or both
factors. Field observations make it evident that the sewage
discharged often exceeds the natural volumes of the flows.

Group 2 - Groundwater

Ca—-HCOj; is the dominant water type, found in 11 of 13
boreholes. The water from borehole G-11 is classified as
the Ca—SO, type with a median pH of 6.85. Although the
borehole was drilled in limestone, the water type indicates
communication (input) from Palacozoic clasts situated
southwards.

The Na—Cl water type was detected in borehole G-13
with a median electric conductivity of 2352 pS.cm™!, COD
reaching a median of 10.20 mg.I"!. The Na—ClI type water
occurs in clay layers of the filling of the Miocene age.

Outside of the water contained in borehole G-13, the EC
ranges from 21.91 pS.cm ! — this unusually low value is
likely due to rapid infiltration of precipitation — to the maxi-
mum value of 2289 puS.cm™ ! as observed in borehole G-09.

Throughout the group, the N-NO; concentrations reach
a median of 4.20 mg.I"! and range from LOQ to 13.000
mg.1"!; the N-NH, concentrations reach a median of 0.080
mg.I"! and range from LOQ to 10.00 mg.I ' (» <0.01, Wil-
coxon matched-pairs signed rank test; Fig. 3a—e, Supple-
mentary Table 2).

For Borehole G-12, however, the N-NH4 median of
6.80 exceeds the N-NO; median of 4.90 with a relatively
high electrical conductivity of 1255 uS.cm ! and, at the
same time, a low pH with a median of 6.84. The borehole
is located on a recently decommissioned farm site where
no waste management system had been set up. Thus, con-
tamination and elevated NH," and Cl- originated from dung
water that leaked into the groundwater in an uncontrolled
manner. In borehole G-12, Palaeozoic limestones are found
at a depth of 1-50 m below the surface, while a water-filled
karst space was discovered at a depth of 34.6-36.1 m below
the surface. Here, N-NO; ™ contaminated karst water is pres-
ent already, deep below the surface.

Group 3 - Karst water

Group 3 waters are found in caves of hypogenic origin. Pri-
marily based on pH and EC, they can be classified as simple
karst waters (Group 3a) and deep circulation system waters
(Group 3b); the latter are generally considered to be hypo-
gene karst waters. Sites in group 3b are in active contact
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with CO, and possess elevated temperatures, corresponding
to the acidic pH, high electrical conductivity and low COD
values (Fig. 3a—e).

For three sites within group 3a, two are located in the
ZAC. The local Cave of death has N-NO; levels (median:
2.6 mg.l™!) higher than levels of N-NH, (median: 0.02
mg.1"1); the ZAC — Nameless cave site has N-NO, levels
(median: 0.67 mg.I"") higher than N-NH4 (median: 0.02
mg.I"!) levels. These caves are replenished with shallow
circulation water from the Aquifer I system.

The SWCh site found in the Hranice abyss 6 m deep
under the water surface has N-NO; levels (median: 2.20
mg.I"!) higher than levels of N-NH, (median 0.02 mg.I"!).
Included in the Aquifer I system, this cave part is actively
replenished with shallow circulation water.

For Group 3b, N-NH," concentrations overwhelmingly
exceed N-NO; concentrations. This makes this group sig-
nificantly different from Group 3a. In balneological bore-
holes R—II and R—III, nitrate concentrations were below the
detection limit in all cases. In borehole R-I, they slightly
exceeded the detection limit only once, to an N-NO;™ value
of 0.12 mg.I"!. In the Hranice Abyss, at the Severozapadni
kanal (Northwest Channel) site at 30 m depth, N-NO; ™ con-
centrations were consistently below the LOQ; in the case
of rising warm water at 30, 40 and 60 m depth, N-NO;~
concentrations exceeded the LOQ level slightly only once.
At the ZAC site (B point), N-NO;~ concentrations slightly
exceeded the LOQ on three occasions in a way that they
were about twice as high as N-NH," concentrations.

Land cover change, NDVI and representation of soils.

The spatial composition based on percentage shows a
relatively stable land use matrix. From a long—term per-
spective, land use does not change significantly (Fig. 4). For
the 1950 to 2021 period, land use can be classified under
five indicators: Woody area percentage (WAP), cropland
percentage (CP), Grassland percentage (GP), Water bodies’
percentage (WBP) and Built—up area percentage (BAP).
These indicators provide insight into the various compo-
nents of the landscape and assess its overall composition.

The low NDVI in the northern area of the chasm features
withered vegetation, even though the rest of the farmland
cover is in a good state of health. This image shows the pres-
ence of highly permeable soils that do not retain moisture
and allow high seepage of water into the underlying lime-
stones (Fig. 5, Supplementary Fig. 7). The HA—SWCh water
sampling site is the closest to this location. Thus, landscape
analysis through NDVI is an effective tool for identifying
areas with an extraordinary water regime.

The surroundings of the Hranice abyss are formed by
RSG Arenosols, which turn, towards the north, into tracts of
various sizes involving Rendzic Leptosols with limestone
outcrops. A layer of loess loam material of varying thickness
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Table 2 Statistical parameters of water groups

N-NO3 Gl

n 92
Minimum 0.050
Ql 1.800
Median 4.550
Q3 9.375
Maximum 20.000
IQR 7.575
Mean 5.775
Std. deviation 4.887
Skewness 0.803
Kurtosis -0.155
Q1 - lower quartile; Q3 - upper quartile; IQR - interquartile range
N-NH4 Gl1

n 92
Minimum 0.010
Ql 0.013
Median 0.035
Q3 0.080
Maximum 1.900
IQR 0.068
Mean 0.079
Std. deviation 0.209
Skewness 7.608
Kurtosis 64.623
pH G1

n 91
Minimum 6.200
Ql 6.950
Median 7.450
Q3 7.790
Maximum 9.480
IQR 0.840
Mean 7.406
Std. deviation 0.591
Skewness 0.418
Kurtosis 0.566
EC G1

n 91
Minimum 187.800
Ql 429.000
Median 605.000
Q3 692.000
Maximum 2650.000
IQR 263.000
Mean 600.533
Std. deviation 301.551
Skewness 3.630
Kurtosis 23.375
COD G1

n 89
Minimum 1.700
Ql 7.695
Median 11.800
Q3 18.350
Maximum 63.500

G2

57
0.050
0.215
4.200
7.000
13.000
6.785
4.327
3.893
0.415
-1.037

G2

57
0.010
0.040
0.080
0.440
10.000
0.400
0.911
2.200
2.948
7.910
G2

54
6.160
6.833
7.025
7.330
9.890
0.498
7.221
0.729
2.399
6.309
G2

54
21.910
631.250
826.500
1326.500
2573.000
695.250
1021.063
549.482
1.099
1.094
G2

48
0.250
6.625
10.200
14.675
56.100

G3a
25
0.100
0.690
2.300
2.750
3.200
2.060
1.820
1.052
-0.331
-1.559

G3a

25

0.010
0.020
0.020
0.040
0.100
0.020
0.034
0.029
1.665
1.441
G3a

19

6.130
6.270
6.440
6.520
7.060
0.250
6.446
0.233
1.001
1.467
G3a

20
1247.000
1417.250
1499.500
1678.500
2140.000
261.250
1537.500
221.539
1.044
1.694
G3a

14

0.210
0.438
1.590
2.240
6.700

G3b
71
0.050
0.050
0.050
0.050
0.310
0.000
0.064
0.046
4.348
20.233

G3b

71

0.070
0.140
0.170
0.330
0.500
0.190
0.226
0.109
0.558
-1.005
G3b

64

5.900
6.020
6.085
6.258
6.480
0.238
6.136
0.145
0.483
-0.866
G3b

64
2121.000
2254.000
2355.000
2642.500
2820.000
388.500
2438.328
210.206
0.264
-1.477
G3b

49

0.111
0.303
0.706
1.515
15.600
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Table 2 (continued)
IQR 10.655 8.050 1.803 1.212
Mean 16.084 11.557 1.749 1.595
Std. deviation 13.644 9.119 1.667 2.665
Skewness 1.913 2.728 2.150 3.814
Kurtosis 3.379 11.620 6.026 16.892

landuse/landcover (simplified)
cropland
I grassland
I wooded area
built-up area
water bodies
== carbonate rock
I __i area shown by multispectral imagery

Fig.4 Land Use / Land cover of the surrounding landscape and delimitation of the carbonate rocks

often covers the limestones. The upper parts of the Hran-
ice abyss consist of Miocene sandstones, so the soils of the
immediate forested surroundings of the abyss are members
of RSG Arenosols (Supplementary Fig. 8). The RSG Areno-
sols extend as far as several dozen metres into the agricul-
turally used land that forms the eastern edge of the chasm.
They are mixed with a heavier soil-forming substrate on
arable land — loess loam. The loess substrate was depos-
ited here due to the eolic activity of the late glacial period.
Agriculturally used soil other than that mentioned above is
mainly composed of members of RSG Haplic Luvisols in
various stages of erosion or accumulation, which in several
places turn into Colluvic Regosols. In shallow soils on the
Miocene sandstone outcrops, members of RSG Leptosols
can also be found towards the south.

@ Springer

Discussion

Land use analyses in relation to nitrogen
distribution

Karst aquifers possess distinct hydraulic and hydrogeologi-
cal attributes that render them highly susceptible to pollu-
tion resulting from human activities. The structure of karst
aquifers is distinguished by both rapid conduits and slower
pathways, such as fractures and sediments, through which
water flows, enabling both laminar and turbulent flows. A
study by Ulloa-Cedamanos et al. (2022) found a strong cor-
relation between changes in landscape structure and stream
hydrochemistry. Land use and land cover modification chal-
lenge the hydrologic system sustainability — not only by the
overall composition but also by the intensity of agricultural
activity. Based on the assessment of the long-term develop-
ment of land use in the Hranice Karst and its surroundings,
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Fig. 5 NDVI changes in the vicinity of Hranice Abyss and mineral springs. The arrow points to highly permeable soils in the northern vicinity of

the abyss and possible seepage of water into the limestone bedrock

we found that no major changes occurred there in terms
of land use. Larger agricultural plots allow more intense
agricultural techniques and fewer subtle farming practices.
Even partial deforestation and agricultural use of the land-
scape interrupt the original state of nutrient recycling. The
intensity of land cultivation, the use of fertilisers and, even-
tually, the increasing intensity of urbanisation, all certainly
have an impact on these processes; however, they cannot
be assessed through land-use change assessments very
well. Usually, the nutrients released by decomposers from
the decomposed biomass are re-used to a large extent, but
this only happens to a limited extent in a system with a fast
turnover of nutrients. Such systems are thus dependent on
additional inputs, and excess nutrients are, on the contrary,
leached into subsurface waters. In addition, as alteration
of the evapotranspiration current increases the amount of
water flowing through the soil, there is increased leaching of
the soil and of the soil-forming substrate. The Normalised
Difference Vegetation Index (NDVI) is one of the most
frequently used indices for determining vegetation vitality
and biomass volume (Rouse et al. 1974). NDVI combines
near-infrared radiation and red radiation to delineate veg-
etation in stress or different phenostages. Normalised dif-
ference vegetation indices typically range from 0.1 up to
0.9, with higher values associated with greater density and
greenness of the plant canopy. Soil values are close to zero.
When plants are subjected to pressure due to water, diseases
or other environmental factors, plant leaves reflect signifi-
cantly less NIR and more red irradiance. As a result, the
NDVI value is smaller than usual when plants are subjected
to stress (Lillesand et al. 2015). The spatial analysis of
NDVI revealed a possible infiltration site near the Hranice

abyss (Fig. 5). The NDVI is not directly linked to ground-
water quality, yet it can provide information about potential
changes in water availability and vegetation health. In some
instances, NDVI changes can indicate a decline in vegeta-
tion health and, in turn, suggest changes in the availability
or quality of groundwater. These waters are enriched with
nitrogen; they occur as drainage waters in other parts of the
territory. Long underground channels bring water into the
Hranice abyss area. Therefore, the nitrogen-enriched waters
from agricultural runoff are the suspected source of nitrogen
pollution within the studied hypogene karst environment.
However, they can only get deeper underground in places
where the permeable rock is made up of, for example, sand-
stone, which forms the overburden of the karst environment.

Nitrogen cycle in hypogene karst

Nitrate nitrogen values detected in the groundwater of the
Hranice Karst — including wells and caves were not exceed-
ing a maximum of 3.2 mg.I"!. This value is not extreme
when compared to the results found in the Moravian Karst
drip water where nitrate nitrogen reached 46.8 mg.l !
(Chalupka 2022). The Hranice Karst is an agriculturally
exploited area featuring drainage systems (Supplementary
Fig. 3). In recent studies worldwide, drainage systems were
identified as a significant source of agricultural pollution,
especially nitrate-nitrogen (Fucik et al. 2017; Kulhavy et al.
2007), pesticides (Zajicek et al. 2018; Brown and van Bei-
num 2009) and pesticide metabolites, and soluble forms of
phosphorus (Zajicek et al. 2022).

Water discharged from municipal wastewater treat-
ment plants into streams represents the majority of water
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especially during hot summer periods in the Hranice area.
Due to these conditions, the rock composition of the stream
channel is crucial. In cases when it is formed by imperme-
able clays, the water flows into the River Becva. However,
where the bedrock is formed by karst rock part of the water
is drained vertically leading to direct input of contaminated
water into the karst environment. A specific situation occurs
where the bedrock consists of Neogene and Quaternary
clayey sediments surrounded with rather coarse fluvial sedi-
ments in the floodplain (Supplementary Fig. 9).

The time required for nitrogen to be transported through
the soil and rock environment from the source (e.g., the area
of fertiliser application) to the recipient (the water body or
the sampling point), represents a critical value in the process
of pollutant displacement. The groundwater residence times
of 17-50 years were suggested for the Hranice area (Svajner
1982; Manik et al. 1992; Sracek et al. 2019). The biogeo-
chemical time delay is essential in understanding nitrogen
dynamics and the potential impacts of the element on water
quality (Huebsch et al. 2013; Sousa et al. 2013; Baily et al.
2011).

This wide time range probably reflects the variability
caused by the presence of differently permeable bedrock.
The presence of the impermeable Neogene clays certainly
leads to a primary slow-down infiltration. Conversely, in
areas with sandstones, increased infiltration is proved by
NDVI.

As nitrogen is the only water contaminant found in the
immediate vicinity, it is evident from the results that ammo-
niacal nitrogen is not the primary form of nitrogen found in
the water and does not signal any acute pollution (Fig. 3d,
e and a—e, Supplementary Table 2). Anoxic and reducing
conditions in the groundwater (deep wells) prevent the nitri-
fication of NH," through the Dissimilatory Nitrate Reduc-
tion to Ammonium (DNRA) process. The importance of
DNRA is usually subordinate to denitrification (Simon and
Klotz 2013; Appelo and Postma 2004; Smith et al. 1991),
but in some climates, especially warm and humid, DNRA
may be essential as a process (Riitting et al. 2011). The
high ammonium concentrations observed in the deep wells
within karst aquifers system II, especially those consid-
ered to be hypogene, suggest that DNRA could be actively
occurring in these environments. The anoxic conditions
caused with excess CO, are typical feature of the Hranice
aquifers. The anoxia lead to inhibition of nitrification and
promote DNRA thus the accumulation of ammonium in
deep environment can be expected. This is contrary to the
expectation that ammonium, if sourced from surface pollu-
tion, would be more prevalent in shallower boreholes. The
suggested mechanism explains ammonium presence in the
unique deep hypogene karst environment. The presence of
nitrate reduction-associated bacteria, such as Pseudomonas,
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Burkholderiales, and Rhizobiales, in the Hranice Abyss, as
identified in earlier studies (e.g. Pavlik et al., 2018) supports
the atypical nitrogen cycle. Their presence in the Hranice
Abyss supports the notion that microbial processes may
significantly contribute to the nitrogen dynamics within the
deep wells, particularly influencing the ammonia concen-
tration in waters of hypogene origin. The high ammonia
content in the water originating from HA can be explained
based on the presence of electron donors and their role in
the local water chemistry. In the case of NH," in the ground-
water of the Hranice Karst, including wells and caves, the
highest recorded value was 9.4 mg.l !, while in 2021, in
other karst regions of the Czech Republic, concentrations
ranged from 0.02 to 0.04 mg.1™! (Chalupka 2022). Given
the suitable conditions of warmth and low oxygen avail-
ability in the deep groundwater, denitrification can remove
nitrates from the system to a significant degree (Fig. 3a—e,
Supplementary Table 2). Denitrification depletes nitrates in
geothermal water (Wu et al. 2020).

Biogenic materials have accumulated via the opening of
the abyss. The dry cave area, known as Rotunda, houses a
substantial population of Myotis myotis bats, whose guano
accounts for the organic matter in the cave (Pavlik et al.
2018; Vysoka et al. 2019). Biomass falling into the abyss as
plant residues cannot be a significant source of N. In ZAC 1,
the balneological borehole environment is maintained clean,
yet N-NH," concentrations are higher. Water samples taken
from the warm waters emerging in the abyss that are free
of biomass show elevated N-NH," concentrations as well.

Based on the form of N present, the karst waters were
subdivided into two groups. Group I is characterised by a
decrease in the NO™ content and an increase in NH," cat-
ions. All waters are gaseous hydrothermal mineral waters,
with a high content of CO, exhibiting similarities to bal-
neological wells (R-I, R—II and R-III) and the NO; is
released into anoxic environments. Group II includes waters
located in the karst environment with more N-NO;~ com-
pared to N-NH,". This occurs when the rapid water infiltra-
tion takes place directly in the karst environment and NO,
does not have enough time to be converted to NH4™, It can
be assumed that the above ammonia—nitrate—nitrogen rela-
tionships have prevailed at the study sites for a long time.
The above facts indicate that no fundamental contradiction
would invalidate the hypothesis that the sampled waters
are located at sites where further infiltration can occur, thus
becoming part of Hranice Karst mineral waters.

Despite the high vulnerability of karst aquifers to water
quality issues, exploration, understanding and interpreta-
tion of the systems remain challenging, primarily due to the
unique groundwater flow patterns within the conduit sys-
tems (Goppert and Goldscheider 2008; Ravbar and Golds-
cheider 2007). In some areas, it is not reasonably possible to
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determine places where tracers would be possible to apply
or collect (e.g. Sracek et al. 2019).

The described process of N-NO;~ to N-NH," transforma-
tion, together with the assessment of changes in NDVI and
geological structure, can thus contribute to the identification
of places where surface water infiltrates and, subsequently,
generates karst mineral waters.

Conclusion

The present study documented, through systematic monitor-
ing of watercourses, that the discharge of wastewater into
low-watery or occasional streams needs detail monitoring
and evaluation. The behaviour of the nitrogen in the Hran-
ice hypogene Karst is the result of heterogenous geological
structure and influx of CO, to the area. The observed fea-
tures are thus masked and their identification was possible
only using multiapproach combining NVDI and analytical
geochemistry. The land use analysis enabled the identi-
fication of places where permeable strata are present and
contamination can enter the sensitive karst system. Using
satellite imaging and normalised difference vegetation
index (NDVI) analysis, areas with debilitated vegetation
were found. A pedological survey verified that these areas
have been formed from highly permeable sandstones of the
Miocene age.

A direct correlation was found between the occurrence
of karst waters with a high CO, content and the form of N.
The results obtained proved that nitrogen NO;~ compounds
are converted into NH," compounds in an anoxic environ-
ment. It was also proved that the NH," present in karst ther-
mal waters comes from agricultural activity on the surface.
These permeable layers are overlying karst carbonate rocks
and serve as conduits for contaminants. The water analyses,
landscape use, remote sensing of the Earth and pedological
survey, all proved to be essential tools for identifying the
origin of pollution in the karst waters.
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