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Abstract

The deep transboundary aquifer of regional scale along the Czech Republic—Austria border in Central Europe serves as a
thermal-mineral water resource for balneotherapy and plays an important role in the region’s development. The aquifer is
composed mostly of Jurassic carbonates at depths from 160 to — 3000 masl. Despite more than two decades of exploitation,
no complex analysis of groundwater flow directions and groundwater fluxes ever took place. Now, cross-border cooperation
enabled the research team to gather crucial information on the Jurassic aquifer. For a better understanding of the groundwater
flow system, a numerical model was developed. To simulate the effect of variable density and viscosity occurring in such
a deep aquifer, the SEAWAT numerical model was used. The simulation shows that there is an inflow of low mineralised
groundwater from the crystalline outcrops in the northwest and inflow of saline groundwater from southeast. Aquifer dis-
charge was identified along the zone partly corresponding to the course of the Dyje River. To check the model’s accuracy,
the river water was sampled together with streamflow measurements. Detected sections of increasing chloride concentration
indicate zones of the Jurassic aquifer discharge into the Dyje River. The discharge rate of 85 L/s derived from streamflow
and chloride concentrations matches the value computed by the model. The relatively high discharge of the Jurassic aquifer
contributes significantly to the high chloride loading observed in the Dyje River.

Keywords Deep aquifer - Transboundary aquifer - Variable density and viscosity flow - Numerical model - Groundwater

discharge - River chloride load

Introduction

Transboundary aquifers often hold large amounts of ground-
water (IGRAC 2021). A transboundary aquifer is an aquifer
that crosses national borders, i.e. its parts are located in dif-
ferent national states (IGRAC 2021).

One such aquifer lies along the Czech Republic-Austria
border in Central Europe. This deep-seated sedimentary
reservoir mostly composes of Jurassic carbonates (Juras-
sic aquifer). It covers an area of about 1400 km? and pro-
vides thermal-mineral water for balneology in both coun-
tries. Wells are about 1.5 km deep. Although this natural
resource has been used for more than 20 years, no complex
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hydrogeological characterisation has taken place so far. A
comprehensive understanding of the hydrogeological system
is needed to protect this aquifer from overexploitation, which
is a major risk for water resource sustainability (Custodio
2002).

A close cross-border collaboration enabled the research
team to gather crucial information from previous research
conducted in the area. The study region is abundant in
hydrocarbon resources (Picha et al. 2006), which is why
most of the information about the Jurassic aquifer comes
from records of drilling of hydrocarbon exploratory wells.
This information made it possible to draft the groundwater
flow pattern of the Jurassic aquifer, which is controlled by
the configuration of hydraulic heads and by the distribu-
tion of hydraulic conductivity (Sophocleous 2004). The
knowledge of the groundwater flow pattern enables to derive
recharge and discharge rates (T6th 2009). However, a wide
range of groundwater mineralisation and temperatures are
present in such a deep aquifer affecting groundwater head
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data. Because of this, a variable-density and viscosity flow
model was developed to derive groundwater flow patterns.

This type of model is commonly used to simulate sea-
water intrusion (Beheshti et al. 2022; Agossou et al. 2022;
Chang et al. 2020), groundwater contamination (Yoon et al.
2023; Okuhata et al. 2022; Colombani et al. 2015), radio-
active waste disposal (Kapyrin 2021; Malkovsky and Pek
2013), and deep aquifers consisting of both fresh and saline
groundwater (Senger 1993).

The simulation of a real groundwater flux requires a
thorough knowledge of the spatial distribution of hydraulic
conductivity together with the observed hydraulic heads and
aquifer geometry (Freeze and Witherspoon 1968). However,
the sparse and predominantly archival data available on the
Jurassic aquifer meant the simulated groundwater discharge
was verified by hydrochemical sampling and hydrological
survey of the Dyje River, which is the major drainage sys-
tem in the study region. The groundwater from the Jurassic
aquifer should flow upward and seep into the Dyje River.
The upward flow from deep aquifers may cause the saliniza-
tion of shallow aquifers and thereby influence the shallow
water chemistry (T6th 2009; Moore et al. 2009; De Louw
et al. 2010; Larsen et al. 2021). For this reason, the chemical
composition of the Dyje water was also carefully examined
to check for the presence of deep Jurassic aquifer discharge
as indicated by the numerical model.

Description of the study area

The study area is in Central Europe, in the border area
between the Czech Republic and Austria (Fig. 1). Spa resorts
using thermal mineral water from the aquifer are located
near the Pasohlavky village approx. 30 km south from Brno
(Czech Republic) and in the city of Laa an der Thaya approx.
57 km north from Vienna (Austria). The study area belongs
to the Outer Western Carpathian lowlands (Bina and Demek
2012). Elevation varies from 290 m above sea level (masl) in
the northwest to 170 masl in the southeast. Average annual
temperatures range from 9 to 11 °C. The average annual sum
of precipitation in most of the study area is between 500 and
550 mm and in the lowest parts it is below 500 mm (Chmi.
cz 2023). It is one of the driest areas of the Czech Republic
and Austria (Tolasz et al. 2007).

The area is drained by the Dyje river and its tributaries
(Fig. 1). Though a major part of the area is used for intensive
agriculture, the most significant source of pollution is the
wastewater discharged into the Dyje river from the chemical
factory Jungbunzlauer Austria AG producing citric acid in
Pernhofen (Fig. 3). The wastewater contains high concentra-
tions of dissolved solids, chlorides, sulphates, nitrates, and
concentrations of organic substances, cyanides, and heavy
metals (Cu, Zn). Additional contamination of the Dyje river
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comes from its tributary the Pulkava loaded by organic pol-
lution from domestic sewage (Mlejnkova et al. 2007).

Geological settings

The study region belongs to the Carpathian foredeep, in
Austria known as the Molasse Zone (Brzobohaty and Cicha
1993), which is a part of Neogene basins formed in the fore-
land of the Outer Western Carpathians flysch nappes during
the Alpine orogeny (Chlupac et al. 2002). Neogene sedi-
ments are underlain by a crystalline Proterozoic basement
and its Paleozoic and Mesozoic sedimentary cover (Krasny
et al. 2012; Picha et al. 2006).

In the northwest, the area is formed by crystalline rocks
of the Bohemian Massif, which continues to the southeast
far below the overlying Neogene sediments (Picha et al.
2006). The overlying Mesozoic sequence begins with clas-
tic rocks of the Middle Jurassic (Dogger) up to 1500 m thick
in the southeast, followed by mostly carbonate sedimenta-
tion of the Upper Jurassic reaching a thickness of about
660 m (Picha et al. 2006; Adamek 1986). As a result of the
crystalline basement decline, the Upper Jurassic sediments
increase in thickness in the southeast direction (Krasny et al.
1987). Additionally, there are two facies of these sediments,
a marginal-carbonatic, in the northwest represented by lime-
stones and dolomites and a deeper basinal-pelitic-carbonatic
in the southeast, which is represented by carbonates and the
Mikulov Marls with a maximum thickness of about 1000 m
(Adamek 1986, 2005). The transition zone between both
Jurassic facies (Fig. 2) is called the MuSov Zone (Adamek
1974, 1977). Upward, the Mikulov Marls gradually transi-
tion into approximately 400 m thick Upper Jurassic Kurdéjov
Limestones (Picha et al. 2006; Adamek 2005). The Upper
Jurassic carbonates and the crystalline rocks in the northwest
of the study area are covered by Neogene sediments. The
Neogene sedimentation begins with the Aquitanian (in the
Austrian part of study area) and Burdigalian (in the Czech
part) clastic rocks represented by gravels, sands, and clays
(Krasny et al. 2012), followed by the Karpatian clayey sedi-
ments and siltstones with sandstone lenses and ends with
the Langhian sands and clays (Adamek 2003; Chlupac et al.
2002; Franzova 1986).

A NE-SW fault system occurs in the crystalline basement
and overlying Jurassic and Neogene sediments (Adamek
et al. 1990; Franzova 1973). The faults detected by the geo-
physical survey were formed as a result of thrust loading
over the foreland in the Neogene (Adamek 2005).

Hydrogeological settings

Based on the geological settings, six geological units (GU)
were identified (Fig. 2).
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Fig.1 Localization of the study area and deep abstraction wells
MUS-3G and Laa TH N1, cross section of A-A’, B-B’ and C-C' are
shown in Fig. 2. The background map showing the basement of the
Neogene sediments was modified from source Picha et al. (2006).

The lowest unit is the approximately 50 m thick weath-
ered zone of crystalline rocks of the Bohemian Massif
(GU1). The overlying Jurassic sediments represent the
main reservoir of thermal mineral water (groundwater) and
are composed of the Middle Jurassic (Dogger) clastic sedi-
ments (GU2). Above them are the Upper Jurassic carbonates
(GU3). The Mikulov Marls (GU4) and the Upper Jurassic
Kurdé€jov Limestones (Lst) (GUS) occur in the deeper south-
eastern part. The uppermost unit comprises the relatively
permeable sediments in the Aquitanian and Burdigalian
sediments (GU6).

These units form on a regional scale one aquifer. It is
referred to as Jurassic aquifer as the Jurassic units are the
main ones. The Jurassic aquifer is overlaid by a Neogene

CZ Czech Republic, A Austria, D Germany, PL Poland, SK Slovakia,
H Hungary, RO Romania, SRB Serbia, HR Croatia, SLO Slovenia, /
Italy, CH Switzerland

aquifer composed mostly of low permeable sediments
(Krasny et al. 2012).

The Jurassic aquifer can be subdivided into a relatively
shallow northwestern part and a deeper southeastern part
separated by the MuSov Zone. The groundwater in both parts
corresponds to the Na-Cl hydrochemical type. However, they
differ significantly in mineralisation and temperature.

The mineralisation of the groundwater is between 0.4 and
20 g/L, with temperature ranging between 12 and 60 °C in
the northwestern part of the Jurassic aquifer. The ground-
water is of meteoric origin mixed with highly mineralised
groundwater (Adamek et al. 1990). Topinka et al. (1992)
consider this part of the aquifer as semi-open, having a
natural recharge area and discharged only by pumping. The
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groundwater recharge area is assumed to be in the north-
west, on the outcrops of the Bohemian Massif (Novotna and
Barton 2011).

The northwestern part of the aquifer supplies ground-
water to Czech and Austrian spa resorts for balneotherapy.
The groundwater is abstracted by two deep wells (Fig. 1):
Musov 3G (MUS-3G; 1455 m deep) in Pasohlavky (Czech
Republic) and Laa Thermal Nord-1 (Laa TH N1; 1448 m
deep) in Laa an der Thaya (Austria) (Adamek et al. 1990;
Michalicek et al. 2005).

The deeper southeastern part of the Jurassic aquifer con-
tains saline groundwater with mineralisation ranging from 20
to 56 g/L and temperature from 60 to 136 °C. Topinka et al.
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(1992) describe this structure containing highly mineralised
groundwater as closed without natural recharge and discharge.

According to Krasny et al. (2012) the Jurassic aqui-
fer drainage should occur in the vicinity of the Dyje and
JeviSovka river confluence (Fig. 1).

Methods
Materials and data

The hydrogeological conditions in the Jurassic aquifer were
drawn upon the documentation of wells drilled within the
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Fig.3 a Location of wells reaching the Jurassic aquifer and b location of the water sampling and streamflow measurement points, position of the

Musov Zone according to Adamek (2005)

Czech part of the study area kept in the Czech Geological
Survey archives and the company MND. Hydrogeological
datasets from wells drilled in the Austrian part of the study
area were provided by the Geological Survey of Austria
and OMV company. The documentation includes records
of aquifer tests, hydraulic conductivity values, pressure
measurements, and physicochemical properties of the ther-
mal-mineral water measured from 1950 to 1990s. The data
from abstraction wells MUS-3G (Kocman 2020) and Laa
TH N1 (Geological Survey of Austria) and 2 shallow wells
observed by the Czech Hydrometeorological Institute comes
from measurements made between 2010 and 2019. In total,
46 wells were used for the hydrogeological characterization
of the Jurassic aquifer (Fig. 3a). Details on the data sources
of these wells are in the Appendix 1.

Hydraulic conductivity

The spatial distribution of hydraulic conductivity was deter-
mined using the values published in archival documents and
calculated from archival aquifer test data that has not been
evaluated yet. The archival documents provided hydraulic
conductivities obtained from 23 pumping tests and labora-
tory permeability tests on 21 core samples. Records of 10

pumping and recovery tests were analysed using the Cooper-
Jacob straight-line method (Cooper and Jacob 1946). Fur-
thermore, 8 values of hydraulic conductivity were calcu-
lated using steady-state pumping tests evaluated according
to Thiem (1906). The radius of influence for the pumping
well was estimated using the Sichardt formula (Kyrieleis
and Sichardt 1930).

Hydraulic heads

Significant differences in pressure, mineralisation, and tem-
perature causing variation in the density of groundwater had
to be considered when deriving an accurate groundwater
flow pattern in the Jurassic aquifer.

The correction for density variations, based on the con-
version of 27 observed hydraulic heads to the hydraulic
heads in groundwater with the uniform density (fresh water
heads), was applied using Eq. (1) as derived by Post et al.
(2007).

P; Pi— Py
hf,i = _lhi -

<j
o P (D
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where h;; is fresh water head (m), p; is water density at meas-
urement point i (kg/m?®) calculated by the software PanSys-
tem Version 5.2 (Weatherford), p;is fresh water density (kg/
m’), h; is point water head (m) and z, is the mean level of the
well screen (m).

In order to derive the groundwater flow directions, the
fresh water heads need to be calculated at the same reference
depth z, (m), i.e. corresponding fresh water heads A, (m)
according to Eq. (2) as derived by Post et al. (2007).

Pi Pa
he =z, 42 (h—z)—2(z,—2
'for <y p ( i Zz) p (Zr Zl) (2)

where p,, is the average water density (kg/m?) between the
screens (z; and z, level).

Numerical flow model

The extent of the GU was identified using well-log data and
a geophysical survey combined with the available lithologi-
cal description of the boreholes. A 3D model of the GU
forming the Jurassic aquifer and a spatial distribution model
of groundwater mineralisation and temperature were con-
structed using the program Groundwater Modeling System
Version 10.5 (Aquaveo). Programs included in this Graphic
User Interface were used to develop 3D variable-density
flow model.

The regional groundwater flow in the Jurassic aquifer
was simulated using the equivalent porous media approach
(Scanlon et al. 2003). The groundwater flow model was cre-
ated with the computer program MODFLOW-2000 (Har-
baugh et al. 2000). Transport model created in MT3DMS
(Zheng and Wang 1999) and MODFLOW were coupled in
SEAWAT program (Langevin et al. 2008) to develop a 3D
model of variable-density flow. The groundwater flow model
accounted for fluid viscosity variations as well, due to the
wide temperature range in the aquifer. The input and result-
ing data were interpolated by the inverse-distance weighting
method.

Water sampling and streamflow measurements

To verify the Jurassic aquifer’s discharge into the Dyje
river, a field survey involving water sampling and stream-
flow measurements was conducted on 4 May 2022. Fifteen
samples were collected from the Dyje and its main tributar-
ies the Pulkava, Mlynska strouha, and JeviSovka (Fig. 3b).
To get a better idea about groundwater composition in the
overlying Neogene aquifer, 4 groundwater samples from
wells (NW1, NW2, NW3, NW4) located near the Dyje river
were taken (Fig. 3b). The depth of these wells ranged from
60 to 450 m, and the sampling was made under pumping
conditions. All the water samples were stored after filtering
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(0.45 um) in plastic bottles at 4 °C until analysis. Major
cation and anion concentrations were analysed at the Depart-
ment of Geological Sciences, Masaryk University in Brno.
The concentrations of Mg+, K*, and Na* were analysed by
Atomic Absorption Spectroscopy (AAS). Concentrations of
Ca?t, HCO;™, CI™ were analysed by titration, SO42‘ and
NO;™ by the gravimetric method and sodium salicylate
method, respectively. The charge balance error of all sam-
ples is less than 5% (calculated by Geochemist’s Workbench
12.0).

Streamflow measurements were made using the OTT C2
current meter (counter Z400). Some streamflow measure-
ment profiles coincide with gauging stations of the Czech
Hydrometeorological institute (D1, D7, J1). Measured
streamflow rates match accurately the values reported by
Czech Hydrometeorological Institute, which states an uncer-
tainty of streamflow measurement of 5%.

Results and discussion
Conceptual model

Based on the combination of geological and hydrogeological
data describing the studied aquifer, the conceptual model
was developed.

Aquifer extent and hydraulic conductivity

The study part of the Jurassic aquifer is restricted by the
slopes of the Bohemian Massif in the northwest and by a
line through the Mikulov and Ernstbrunn cities (Fig. 3a).
The top and bottom of the Jurassic aquifer occurs at depths
from 160 to —3000 masl and 110 to — 4400 masl, respec-
tively. Figure 4 shows the 3D hydrogeological model and
cross-sections of the Jurassic aquifer in close vicinity of the
abstraction wells.

The aquifer was divided into 6 GU to capture this spa-
tial heterogeneity adequately. The hydraulic conductivity
values specified within each GU are summarized in the
Table 1. The values range from 4.2x 107'° m/s in GU4 to
6.0x 10~ m/s in GU3. The highest hydraulic conductivity
was observed in the relatively shallow northwestern part.

Groundwater flow directions

The hydraulic heads observed in groundwater of variable
density were converted to fresh water heads in groundwater
with a uniform density of 1000 kg/m?>. These fresh water
heads are represented by a map of hydraulic heads isolines
(Fig. 5) based on observation at 27 deep wells.

When tracing groundwater flow directions, the fresh
water heads should be evaluated at the reference level
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Table 1 Statistical characteristic of hydraulic conductivity (HC) values within the investigated geological units (GU)

GU Description HC Number of HC values
Min Max Geometric mean Median  Standard deviation Derived Published (archives)
[m/s] [m/s] [m/s] [m/s] [m/s] Aquifer tests Labora- Pumping tests
tory
testing
GU6 Egerian and Eggenbur- 1.6E-07 2.3E-05 8.9E-07 9.8E-07 6.0E-06 3 9 1
gian sediments
GUS Upper Jurassic Kurdéjov  1.6E-07 2.2E-06 4.9E-07 4.8E-07 5.7E-07 1 11 0
Lst
GU4 Mikulov Marls - - - 4.2E-10* — 0 0 0
GU3 Upper Jurassic carbonates 1.3E-09 6.0E-04 5.5E-07 8.2E-07 1.3E-04 11 1 9
GU2 Middle Jurassic sedi- 6.9E-09 6.4E-05 4.1E-07 2.7E-07 1.6E-05 2 0 13
ments
GU1 Crystalline rocks - - - 1.2E-08 - 1 0 0

#Value derived by model calibration

because hydraulic heads in groundwater of variable density
will also vary with depth under the hydrostatic conditions
(Post et al. 2007). Consequently, the estimate of average
water density between well screens and the reference level
must be defined to calculate the corresponding fresh water
head (Eq. 2). However, the determination of average density
can be a significant source of uncertainty in the resulting

hydraulic heads (Post et al. 2007), especially in a tilted
Jurassic aquifer of a regional scale. For this reason, only
approximate groundwater flow directions were estimated in
this study (Fig. 5).

The highest levels of fresh water head, close to 221 and 265
masl, were found along northwestern and southeastern border
of the study region. The lowest fresh water heads having 190

@ Springer
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masl were located along the MuSov Zone passing approxi-
mately through the centre of the study region in a NE/SW
direction (Fig. 5). The general groundwater flow direction is in
the southeastern part from SE to NW and in the northeastern
part from NW to SE towards the discharge zone identified
along the MusSov Zone. The northeastern part of the discharge
zone is parallel to the course of the Dyje river (Fig. 5). The
surface water table in the Dyje river ranges from 181 to 171
masl, thus an upward flow of groundwater from the confined
Jurassic aquifer into the Dyje river can be expected there. The
groundwater recharge area of this aquifer is situated in the
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northwest, outside of the modelled area. The groundwater ori-
gin from the southeast is unspecified.

The groundwater flow directions are subject to uncertainty
associated with the average groundwater density. For this rea-
son, a numerical model was developed to reflect the ground-
water variable density and specify the initial assessment of
groundwater flow directions and flux.
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Numerical model
Boundary conditions and model grid

The model, covering the study part of the Jurassic aquifer,
is bounded by specific head boundaries along northwestern
and southeastern perimeter. The northeastern and southwest-
ern perimeter of the model are characterized by a no-flow
boundary condition, representing the contact of the Juras-
sic aquifer with low permeable rocks in the northeast and a
streamline in the southwest. Groundwater discharge occurs
along the MuSov Zone. This zone is simulated by specified
head boundary located in the uppermost model layer, where
the Jurassic aquifer discharges into the overlying sediments.

The modelled area was divided into a grid of 116 rows
and 194 columns forming cells with a uniform horizontal
size of 300 %X 300 m. The model grid consists of 50 layers
that capture the slope of the aquifer. The model grid is ori-
ented along the NW-SE direction, which corresponds to the
general flow direction of the groundwater.

Input parameters

To simulate the transport the hydrodynamic dispersion
coefficient, molecular diffusion and effective porosity were
defined. The value of longitudinal dispersivity 10 m was
used according to Xu et al. (2015). Dispersivity correspond-
ing to horizontal transverse and horizontal vertical dispersiv-
ity was multiplied by factor 0.1 and 0.01. Molecular diffu-
sion coefficient of mineralization and temperature was set
according to Langevin et al. (2008) to 1.74x 10~'* m%/s and
1.86x 107% m?%s, respectively. Porosity values determined by
laboratory testing of rock samples from well cores are listed
in Table 2. 3D model of mineralisation (Online Appendix
2a) and temperature (Online Appendix 2b) was developed by
interpolation of observed values. Totally 120 observations
of groundwater mineralisation and 91 observations of tem-
perature at 34 deep wells were used. This spatial distribution
was used MT3DMS. The transport time was set to short time
only to create data sets required for SEAWAT.

Table 2 Porosity values assigned to each geological unit (GU)

The variable density of groundwater in the confined
Jurassic aquifer was simulated under the steady-state flow
conditions. The initial simulations were made with the
median values of hydraulic conductivity within each GU
(Table 1) with the ratio of horizontal to vertical hydraulic
conductivity being 10 as the default setting.

The effect of variable water density and viscosity on
groundwater flow was simulated using the variable den-
sity and viscosity packages that are included in SEAWAT
program. The minimum density value was set to 930 kg/
m? and the maximum density to 1050 kg/m®. The reference
fluid density was 1000 kg/m>. The dependence of fluid den-
sity on pressure was expressed by the approximate value
of 0.00446 (kg/m3)/m, as per Langevin et al. (2008). The
dynamic viscosity values were calculated with the PanSys-
tem program (Weatherford) and ranges from 2.42x 107 to
7.25% 10~* kg/(m-s). The reference dynamic viscosity value
of 8.904 x 10™* kg/(m-s) was set as suggested by Langevin
et al. (2008). The full set of parameters and their values used
in the SEAWAT calculation is in Table 3.

Model calibration

To ensure the model is able to adequately simulate real
groundwater flow through the Jurassic aquifer, it was cali-
brated using the fresh water heads observed in the 22 wells
inside the area (27 observations are available in total, but
three wells are located outside the modelled area and two
observed hydraulic heads appear to be uncertain, see Fig. 5).

After initial trial-and-error calibration that improved the
boundary condition settings and approximated hydraulic
conductivity to an acceptable level, the model was cali-
brated using the automatic calibration with the PEST code.
To determine the spatial distribution of hydraulic con-
ductivity that yields an optimal correspondence between
observed and simulated hydraulic heads, the highly para-
metrized optimization was used (Doherty and Hunt 2010).
The model domain’s spatial parameterization was achieved
within zones formed by GU. Each GU was assigned a net-
work of pilot points representing locations where hydraulic
conductivity was estimated. At wells where aquifer test data

Table 3 Parameters used in SEAWAT simulation

GU Description Porosity
%
GU6 Egerian and Eggenburgian sediments 18.6
GUS Upper Jurassic Kurdéjov Lst 4.7
GU4 Mikulov Marls 1.0
GU3 Upper Jurassic carbonates 59
GU2 Middle Jurassic sediments 13.0
GU1 Crystalline rocks 5.5

Parameter Value Unit
Minimum fluid density 930 kg/m?
Maximum fluid density 1050 kg/m?
Reference fluid density 1000 kg/m?
Density/pressure slope 0.00446 (kg/m®)/m
Minimum dynamic viscosity 0.00024 kg/(m-s)
Maximum dynamic viscosity 0.00072 kg/(m-s)
Reference dynamic viscosity 0.00089 kg/(m-s)
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was available, the pilot points were assigned a fixed value
of hydraulic conductivity. The adjustable range of hydrau-
lic conductivity assigned to each pilot point corresponds to
the values observed within the respective GU. To obtain
more realistic distribution of hydraulic conductivities, the
Tikhonov regularization was used together with SVD-Assist
regularization. Acceptable level of match to the observed
hydraulic heads was specified by mean of PHIMLIM
(Doherty and Hunt 2010) to achieve geologically plausible
calibrated parameters.

The calibration evaluation is demonstrated through
residuals which portray the disparity between observed and
computed hydraulic heads (Fig. 6). Residuals are distrib-
uted randomly while clustering around a diagonal line. The
calibration error consists of the following statistical param-
eters: the mean error 0.2 m (ME), the mean absolute error
1.7 m (MAE), the root mean square error 2.2 m (RMSE),
and the normalized root mean square error 3.1% (NRMSE).
NRMSE eliminates the dependence of RMSE on the range
of observed hydraulic heads. Both the calibrating plot and
error statistics attest to the model being well calibrated. The
locations of the 22 calibration wells are depicted in Fig. 7a.

Model results and uncertainty

The developed numerical model confirmed the initially indi-
cated principal groundwater flow directions and computed
the groundwater fluxes through the modelled part of the
Jurassic aquifer. The distribution of simulated fresh water
heads at the top layer of the model is shown in the Fig. 7a.
It is evident that the northwestern, relatively shallow part
of the aquifer is characterized by low hydraulic gradients,
unlike the southeastern part where the gradients are steeper
(Fig. 7a). The zone of relatively low hydraulic conductivity

was inferred through model calibration along the fault in
northwestern part near MUS-3G well. This zone (Fig. 7a)
was simulated using Horizontal Flow Barrier package (Hsieh
and Freckleton 1993) with assigned hydraulic characteristic
1x 107! m/s. The hydrodynamic role of remaining faults
is unclear due to lack of hydrogeological observations. The
simulated flux of groundwater through the modelled aquifer
is 350 L/s. Only about 3 L/s is exploited by MUS-3G and
Laa TH N1 well in total, thus most of the groundwater is
discharged through upward flow along the MuSov Zone into
formation top (Fig. 7b).

The primary source of model uncertainty stems from the
lack of hydraulic head observations. Moreover, the hydraulic
head data used for the model’s calibration were observed
at different times. Most of the wells had been plugged and
abandoned, making it impossible to measure the hydraulic
heads again. Consequently, the only feasible way of vali-
dating the model’s results is to check the simulated value
of groundwater flux from the part of the Jurassic aquifer
where the discharge zone is parallel to the Dyje river, which
is expected to drain the groundwater discharged from the
northeastern part of the Jurassic aquifer (Fig. 3b). The model
suggests that approximately 80 L/s should be discharged into
the Dyje river in this zone. This is why the river’s hydro-
chemistry and streamflows were evaluated to verify the sim-
ulated value of groundwater influx from the Jurassic aquifer
to the Dyje river.

Field investigation of Jurassic aquifer discharge
into the Dyje river

Water chemistry and streamflow measurements were made
at 15 sites along the Dyje river and its main tributaries the
Pulkava, Mlynsk4 strouha, and JeviSovka (Fig. 3b). The
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Fig. 7 a Spatial distribution of the simulated hydraulic heads at the top layer and b the cross-section A-A’ of the modelled aquifer. Coloured bars
represent the range of residual error (green <2 m, yellow > 2 m, red >4 m)

measurements were taken during low flows when the effect
of groundwater influx on the Dyje’s chemical composition
is more significant. Low streamflows show the value of 3.5
m?/s observed at site D7. This streamflow corresponds to
35% of the average annual flow rate 9.9 m*/s (Hydro.chmi.
cz 2023). In addition, the chemical composition of ground-
water in the Jurassic and overlying Neogene aquifer was
evaluated to uncover the origin of groundwater discharged
to the Dyje river. The aquifer’s hydrochemistry was deter-
mined using a chemical analysis of groundwater from 9
wells screened across the Jurassic aquifer JW1-JW9) and
4 wells (NW1-NW4) screened across the Neogene aquifer.
The sampled wells are located along the Jurassic aquifer’s
discharge zone parallel to the Dyje river (Fig. 3b).

Groundwater chemistry

The Jurassic aquifer samples are characterized by relatively
high mineralisation ranging from 2,815 to 26,802 mg/L and
Na* and Cl~ ion dominance. The Neogene aquifer samples
are less mineralised (649—1398 mg/L) exhibiting a range
from Ca®* to Na* cation and from SO,*>~ to CI~ anion
dominance.

Surface water chemistry

Surface water mineralisation ranges from 268 to 1,347 mg/L.
A sudden increase in mineralisation from about 300 mg/L at

sites D1-D3 to 911 mg/L (D4) was detected in the Dyje river
after the discharge of wastewater from the Jungbunzlauer
Austria AG factory (Fig. 3b). Wastewater discharge into the
Dyje river leads to a marked increase in Na*, SO,*~ and
C1™ concentrations downstream (Fig. 8a, b). The chemi-
cal composition of the Dyje river water is also influenced
by its main tributaries the Pulkava, Mlynska strouha and
JeviSovka. The Pulkava stream water chemistry (P1, P2) is
characterized by high mineralisation (1258-1347 mg/L) and
Mg?* and SO,?~ ion dominance. The stream water sampled
from Mlynska strouha (MS1, MS2) exhibited low minerali-
sation with a dominance of Ca®" and HCO,~ ions. The mix-
ture of Mlynska strouha with Dyje river changes the anion
dominance at site D7 from CI™ to HCO;~ (Fig. 8c). The
JeviSovka stream water (J1, J2) shows medium mineralisa-
tion with a dominance of Mg** and HCO;™ ions.

Zones of deep groundwater discharge into the Dyje river

Groundwater from the Jurassic aquifer is characterized by
high chloride concentrations (1418-15,853 mg/L), signifi-
cantly exceeding the concentrations in the Neogene aquifer.

The background chloride concentrations in Dyje river are
represented by sites D1 (33 mg/L), D2 (35 mg/L) and D3
(34 mg/L). The significant increase in chloride concentra-
tions, from 34 to 172 mg/L in site D4, is due to the waste-
water discharge. However, another rise in chloride concen-
trations was observed in the Dyje river downstream section
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between D4 and D9, where wastewater discharge (2.5 L/s)
is negligible (Heis.vuv.cz 2023) and chloride concentrations
in the tributaries are low (< 86 mg/L). For a more detailed
understanding of the distribution of chloride concentration
in the Dyje river, chloride concentrations were calculated at
sites designated as P2+ D4, MS2 + D6, J2 + DS, where the
main tributaries join the Dyje river, using the analysed con-
centrations and observed streamflows (Fig. 9). The result-
ing distribution of chloride concentrations in the Dyje river
shows an increase in concentrations in two sections: P2 + D4
to D5 and MS2 + D6 to D8. Given the negligible discharge
of wastewater and relatively low chloride concentration in
the tributaries, the sections of increasing chloride concentra-
tion indicate the discharge of chloride-rich groundwater. The
considerable reduction in streamflow rates observed between
sites D1 and D3 (Fig. 9) is caused by drainage into irrigation
channels. The measured streamflow rates at all 15 observa-
tion sites are listed in the Online Appendix 3.

Deep groundwater discharge rate into the Dyje river
The values of streamflow and chloride concentration at the
observation sites were used to determine the chloride-rich

groundwater discharge rate into the Dyje river. Calculat-
ing the discharge rate requires the characteristic value of

@ Springer

chloride concentration in groundwater. The highest con-
tribution of groundwater discharge into the Dyje river is
expected to come from the Jurassic aquifer due to trans-
missivity, which is likely to significantly exceed that of
the Neogene aquifer. Because of the high variability in
chloride concentration along the discharge zone of the
Jurassic aquifer (standard deviation of 3,514 mg/L), both
mean and median chloride concentration, corresponding
to 3,904 and 2,108 mg/L, were taken into account.

The resulting groundwater discharge rate in zone 1 is
26-47 L/s and 16-38 L/s in zone 2 (Fig. 9). The total dis-
charge from the Jurassic aquifer into the observed section
of the Dyje river is 42-85 L/s. If only the Neogene aqui-
fer’s discharge were considered, the total groundwater dis-
charge would be 768-937 L/s given the mean and median
chloride concentrations in the Neogene aquifer, which are
211 and 192 mg/L, respectively. However, the observed
streamflow values exclude such high groundwater inflow
in both discharge zones (Fig. 9).

The discharge rate into the Dyje river, 85 L/s, as esti-
mated from the median chloride concentration in the
Jurassic aquifer, matches the groundwater flux of 80 L/s
computed by the numerical model in the discharge zone
parallel to the Dyje river.
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Fig.9 Spatial variability in chloride concentrations and streamflow rates in the Dyje river

Considering the groundwater discharge of 85 L/s, the
Jurassic aquifer discharge supplies about 14 tons of chlorides
per day into the Dyje river.

Wastewater inflow to the Dyje River is about 460 L/s
(Prochazkova et al. 2016). Thus, the wastewater chloride
concentration, based on concentration and streamflow
observed at sites D3 and D4, is approximately 490 mg/L.
The wastewater discharge into the Dyje river supplies about
19 tons of chlorides per day. Comparing the chloride mass
supplied into river by wastewater and groundwater discharge
shows that the Jurassic aquifer discharge is an important
contributor to chloride loading of the Dyje river.

Conclusions

This study provides an insight into the groundwater flow in
the deep transboundary Jurassic aquifer of a regional scale,
reaching depths of up to 3 km below the ground surface. To
investigate the groundwater flow pattern of the aquifer, a 3D
numerical model of the flow system with variable density
and viscosity was developed based on hydrogeological data
gathered as part of cross-border cooperation between the
Czech Republic and Austria.

The study shows a relatively high groundwater flux of
350 L/s in the modelled part of the Jurassic aquifer. The
aquifer discharges into overlying Neogene aquifer along

the MuSov Zone, separating the aquifer into relatively
shallow northwestern and deeper southeastern part.

The northeastern part of the discharge zone is paral-
lel to the Dyje river, which is the primary drainage sys-
tem in the region. The simulated groundwater discharge
from this part of the aquifer is about 80 L/s. The expected
upward groundwater flow from the Jurassic aquifer to the
Dyje River was verified by sampling of the river water and
streamflow measurements.

The groundwater of the Jurassic aquifer is highly min-
eralised with a dominance of Na' and Cl~ ions. Three
river sections of significant increase in chloride concen-
trations were identified. The highest increase of chloride
concentration is caused by wastewater inflow. However,
two other sections of increased chloride concentrations
were detected in an area without wastewater inflow and
with low background chloride concentrations. This indi-
cates that the Jurassic aquifer discharges groundwater into
the Dyje river in these sections. The discharge rate of up
to 85 L/s, determined by the median chloride concentra-
tions in the Jurassic aquifer and chloride concentrations
and streamflow observed in the Dyje river, conforms to the
simulated value. This discharge from the Jurassic aquifer
to the Dyje river represents a significant natural source
of high chloride concentrations, adding about 14 tons
of chloride per day. Both wastewater inflow and Juras-
sic aquifer discharge leads to significant increase in river
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mineralisation especially in periods of low streamflow.
Such periods become more frequent.

The findings have value for the assessment of the Dyje’s
water quality and demonstrate that groundwater from deep
aquifers can be a significant part of river discharge not influ-
enced by actual climate effects. Furthermore, groundwater
from several kilometres depth can be an important source
to a river’s overall chemical load. This has implications for
environmental studies and assessments at least in the Dyje’s
watershed. The Pasohlavky and Laa an der Thaya spas extract
actually only one percent of the calculated groundwater flow
and the understanding of the deep southeastern aquifer is vital
to the sustainable development of the thermal mineral water
spas. Some aspects of the transboundary Jurassic aquifer
are still not solved by the numerical modelling. The age of
the deep groundwater in the southeast and the origin of the
hydraulic gradient for the up-flow are open questions as well
as the volume of the highly mineralised groundwater or a pos-
sible inflow to this groundwater body.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12665-024-11670-7.
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