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1 INTRODUCTION

Modern hydrogeology revolves around the concept of gravity-driven groundwater
systems and their three fundamental factors: basin geometry, basin geology, and temporal
changes in the water table (Toth, 2009). These three factors converge to describe how
groundwater flow transports various substances such as fluids, gases, solutes, colloids,
particles, and heat from recharge areas to discharge sites (Toth, 2015). Therefore, from a
hydrogeological perspective, the spatial distribution of geological heterogeneity has gained
significant importance, as it is recognized as one of the three primary controlling factors in
aquifer production (Dutton, et al., 2003; Buday et al., 2015), model calibration (Cooley,
2004), recharge estimation (McCord et al., 1997), and is also the primary factor influencing
solute transport (Bianchi and Pedretti, 2017).

Additionally, defining an exact geological framework for a specific site may be
challenging; however, creating a reasonable approximation using stratigraphic and
sedimentological concepts is achievable. This approach allows for the development of a
comprehensive geological analysis that aligns with the objectives of groundwater
investigations (Freeze and Cherry, 1979).

In the context of geothermal or petroleum projects, the targeted depth enables the
joint evaluation of seismic and wireline log data (Torrado et al., 2020; Ben Mahrez et al.,
2023). However, the situation differs when dealing with freshwater aquifers extending to
depths of some hundred meters, as is the example in this research with maximum depths of
280 m. Such depths are too shallow for cost-effective seismic investigations and too deep
for vertical geoelectric measurements (Kirsch, 2009). Consequently, wireline log
correlations within this depth interval are challenging to support with additional 2D
geophysical methods, which are essential for achieving sufficient horizontal resolution
between them.

This situation contributes to the underestimation of 3D regional hydrogeological
models and places greater reliance on 2D representations. These representations not only
pertain to the geometrical configuration of the rock framework but also the hydrogeological
data. This reliance on 2D representations occurs despite the significant heterogeneity and
anisotropy properties of rocks and sediments, which are the primary determinants of
preferential flow paths and sources of uncertainty (Maliva, 2016).

Therefore, the current research presents a methodological approach that enables us

to recognize the 3D nature of the characteristics of the Southern Nyirség—Hajdusag




Groundwater Body. The proposed workflow integrates the 3D geological model developed
using well-log correlation and geostatistical modelling with the hydrodynamic and
hydrogeochemical patterns derived from a densely spatially referenced hydrogeological
dataset. This correlation between the geometry of the rock framework and the hydraulic
system patterns of the aquifer is evaluated, resulting in a robust hypothesis of the aquifer

system concept. This approach facilitates the progression toward 3D numerical modelling.

1.1 Southern Nyirség—Hajdusag Groundwater Body — state of art.

The Southern Nyirség—Hajdusag Groundwater Body constitutes a complex aquifer
system that has been exploited since 1830 due to its favorable specific yield capacity
(Debreceni Vizmii Zrt., 2017a). Despite the abundance of wells, production data,
hydrogeochemical information related to the study site, and previously published
hydrogeological studies (Marton et al., 1980; Marton and Szanyi, 1997, 2000; Téth and
Almasi, 2001), there is a notable absence of a comprehensive 3D regional hydrogeological
model with the necessary resolution to precisely define the spatial continuity of aquifer
layers. This precision is crucial for effective and sustainable water protection and
management (Debreceni Vizmi Zrt., 2017b; Kinokow and Bredehoeft, 2020), particularly
given the current increase in water demands of the region.

The initial study by Marton (1980), presented the regional flow net of the entire
Nyirség Region in a two-dimensional section of 150 m depth, spanning from Séarand in the
southwest to Fehérgyarmat in the northeast (Figure 1). This research concluded that a
significant volume of water is stored in the Pleistocene aquifer, characterized by low vertical
infiltration rates attributed to a seepage factor five orders of magnitude lower than the

horizontal hydraulic conductivity of the aquifer.
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Figure 1. Regional flow net of Nyirség Region (Marton, 1982).
Despite the low recharge from precipitation, substantial supply potential exists across
the extensive surface area of several thousand square kilometers. Additionally, the study

found that the isotopic composition of water in the central area of the Nyirség Region closely




resembles contemporary rainwater, while at the edges, water samples exhibit similarities to
Pleistocene waters.

In 1997, Marton and Szany made a significant contribution to the hydrogeological
description of the Nyirség Region and its Quaternary sedimentary succession. They
conducted a geostatistical investigation of the transmissivity of the Pleistocene aquifer,
which was represented as a zero-order intrinsic random field modeled through an inverse
procedure using a specific capacity dataset. Using Kriging interpolation, they generated a
series of three transmissivity surfaces for different periods (Figure 2). The differences in
these patterns were attributed to disturbances in the flow geometry, likely caused by

significant leakage flux.
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Figure 2. The geostatistical investigation of the transmisivity of the Pleistocene Aquifer around
Debrecen in the Nyirség Region (Marton and Szanyi, 1997).

Starting from the early 20th century, the emphasis on drinking water supply in
Debrecen shifted from surface and shallow water sources to deep aquifers. As a result, the
currently operational wellfields of the city (WF-I, II, IV) (Figure 3) primarily tap into the
Lower Pleistocene aquifer. Consequently, a study by Szany and Marton (2000) illustrates




how this intensive water production has gradually altered the natural flow conditions. A

significant shift began in the 1970s, marked by a decline in the hydraulic head of the aquifer.
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Figure 3. Changes in the water production of Debrecen between 1955 and 1997, and the water
level in 1998 (Marton and Szanyi, 2000).

In addition, they highlighted two critical consequences of the imbalance in the water
budget within the aquifer system. One relates to ecological damage (Sziics and Madarasz,
2006), while the other consequence is the alteration of hydraulic properties that elevate the
risk of contamination of deeper aquifers (Simon et al.,, 2023). Marton and Szany
investigation also revealed that aquitards can become significantly permeable under

sustained, decades-long intensive pumping and increasing hydraulic gradients. This change




in the flow geometry raises serious questions about the protective properties of the
intermediate 'waterproof' layers.

Subsequently, Szany (2004) introduced the first 3D local hydrogeological model of
the area. The nearly 70 years of operation of the Debrecen Waterworks Sites offer an
opportunity to comprehend both horizontal and vertical hydraulic conditions. By analyzing
water level time series from wells screened at various depths, hydraulic head data was
categorized into three different depth intervals: 1) wells screened from the shallow aquifer
to 65-70 m depth with hydraulic head around 115 m a.s.1., 2) wells screened between 85 and
105 m with hydraulic head around 100 m a.s.l. and 3) wells screened between 120-170 m
depth interval with hydraulic head around 92 m a.s.l. (Szanyi, 2004). The persistence of
characteristic potential differences between these defined depth intervals underscores the
significance of interbedded clayey aquicludes in shaping the flow regime of different
hydrofacies within the aquifer system. Another local-scale model has been presented by
Simon et al. 2023, focusing on how the imbalance in the regional water budget affects
wetlands and, as a side effect, water-dependent ecosystems. This study concludes by
examining wetland-groundwater interactions and their applicability to water retention
planning.

Furthermore, Té6th and Almasi (2001) introduced a fluid potential pattern for the
Great Hungarian Plain. In their study, they combined the Quaternary succession, Zagyva
Formation, and Ujfalu Formation (before Tortel Formation) into what they referred to as the
Great Plain Nagyalfold Aquifer. This aquifer is characterized by a gravity-driven flow
regime and has an average permeability of 1000 md. It receives its recharge from the
highlands of the Nyirség Region and has its primary discharge zone at the Tisza River.
Additionally, two other studies have focused on the Great Hungarian Plain (Madl-Szdnyi
and Toéth, 2009; Ben Mahrez et al., 2023). The research by Madl Szényi (2009) aims to
present the Duna-Tisza interfluve flow network at three different scales, while the recently
published work by Ben Mahrez et al. (2023) introduces a subdivision of the previously
mentioned Great Plain Nagyalfold Aquifer. This subdivision is vertically differentiated into
three units as follows: Unit 1 comprises undifferentiated Quaternary sediments, and Unit 2
and Unit 3 pertain to the Zagyva Formation and partly to the Ujfalu Formation.

Other studies in the region have also been conducted, primarily for geothermal
purposes (Buday and Piispoki, 2011; Buday et al., 2015). In these investigations, the Algyd
and Ujfalu Formations took center stage, with the Quaternary Sequences being grouped into

a single layer at the uppermost part of the study sites. Additionally, a 2D geophysical study
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was conducted in the area with a focus on geothermal goals (Buday-Bdédi et al., 2019). It was
observed that the seismic section proved unsuitable for describing the Quaternary
Sequences.

The first attempt to create high-resolution log correlation at the location of Debrecen
city was performed by Piispoki (2016a,b), leading to the hypothesis of the existence of an
incised valley in the region. Afterward, an intensive database development campaign was
launched at the S.A.R.A. to investigate whether the presumed incised valley could be
identified within a palacogeographically relevant context (Plispdki, 2018; Flores, 2019). This
extended database facilitated the establishment of a high-resolution 3D model using a
sophisticated modelling software package equipped with authentic geostatistical tools. This
endeavor developed through collaboration between SARA and the Mikoviny Samuel
Doctoral School since 2019, aimed to evaluate the stratigraphic characteristics and facies

distributions of the study area.

1.2 Research motivation and aims

The doctoral research is motivated by the potential offered by the applied
methodology for achieving a comprehensive 3D characterization of the porous Quaternary
aquifer system within the Nyirség-Hajdusdg Groundwater Body, situated in the
intracontinental Pannonian Basin.

The study site possesses unique characteristics, including the depth of
unconsolidated Quaternary sediments, a wealth of well-log data, and access to
hydrogeological datasets. The imperative for a spatial geological definition of the
Quaternary aquifer system stems from the escalating demand for water production in the
region and the importance of safeguarding its quality, effective management, and sustainable
planning to ensure the future availability of this vital resource.

With this motivation, the research objectives are as follows:

(1) To establish the 3D geological framework for the Quaternary aquifer system utilizing
1D geophysical data.

(2) To apply sequence stratigraphy for stratigraphic bounding surfaces identification.

3) To utilize sequential indicator simulation and object-based simulation for 3D facies
distribution modelling.

4) To employ a integrated approach for the validation of the geological geometry,
incorporating hydrogeological-hydrogeochemical information.

(5) To evaluate the hydraulic performance of the geological model on a regional scale.




(6) To extract insights from the case study that can contribute to understanding the
effectiveness of the proposed integrated methodology in addressing similar

conditions or challenges.
1.3 Description of the study area

1.3.1 Geographic location

The study area encompasses 1282 km? in the northeast region of the Great Hungarian
Plain (Figure 4a), with 65.9% of the area belonging to the Southern Nyirség-Hajdusag
Shallow Groundwater Body and 34.1% to the Northern Hortobagy-Nagykunsag-Bihar
Shallow Groundwater Body (Figure 4b). For simplicity, this research will refer to the study
site as the Southern Nyirség-Hajdusag Groundwater Body (Southern-NHGWB). The maps
and observation points are referenced in the ‘EOV’ coordinate system, spanning from
EOVY= 824500 m to 887500 m (63 km range) and from EOVX= 216000 m to 273500 m
(57.5 km range).
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Figure 4. (a) Location of the Southern-NHGWB at NE of Hungary. (b) Shallow groundwater
bodies of the National General Directorate of Water Management (ESRI Magyarorszag Kft. 2015).
(c) Topography, morphology, and towns of the study site (Flores et al., 2023).

The Southern-NHGWB is characterized by an undulating plain with a complex

parallel drainage network. The topography varies from 80 m a.s.l. in the lowlands




(Hajdaszovat and Pocsaj) to 170 m a.s.l. in the highlands (Nyirlugos). This region is
bordered by the Berettyd and Hortobagy-Berettyd River Basins to the south and west, the
Hungary-Romania border to the east, and the East Main Canal of Hungary to the west (ESRI
Magyarorszag Kft., 2015) (Figure 4¢). The area experiences a temperate continental climate
characterized by mild winters and hot summers (VKKI, 2010). The average annual
temperature hovers around 10-11°C, with seasonal fluctuations ranging from 23-24.5°C.
Prevailing winds blow from the northwest to the southeast, while annual rainfall averages
between 500 mm/y and 575 mm/y, and potential evapotranspiration falls within the range of

467 mm/y to 497 mm/y (NATER, 2023).

1.3.2 Geological and structural conditions

Bouguer anomaly and seismic data (Haas et al., 2014) have revealed a complex
structure within the Nyirség region. It is characterized by a local sub-basin in the northern
part, extending southward and intersecting the Derecske Trough. An inner elevated range
oriented in the NE-SW direction is discernible. These structural elements have been active
since the beginning of the Quaternary period, as indicated by Quaternary isopach data
(Figure 5) (Worum et al., 2020). They play a significant role in shaping the spatial
distribution of facies and unconformity surfaces within the Quaternary sediments and even

influence the region's current earthquake susceptibility (Gribovszki and Szeidovitz, 2006).
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Figure 5. Tectonic lines and thickness of Quaternary sediments on the Great Hungarian Plain

(Worum et al., 2020).
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Geologically, the depth of investigation reaches 280 meters, encompassing the entire

Quaternary and a portion of the Pliocene sediments within the stratigraphic succession of the




northeastern part of the Great Hungarian Plain (GHP) (Figure 6). The described segment of
the Pliocene sequence begins with the Ujfalu Sandstone Unit, composed of alternating delta
front and delta plain deposits consisting of sandstone, siltstone, and clay marl. Overlying it
is the Zagyva Unit, characterized by fluvial and lacustrine sediments composed of medium
to fine sand, silt, clay, and clay marl. This unit also contains coalified plant remnants and
frequent lignite strips. Within the Zagyva Unit, one can observe the Nagyalfold Variegated
Clay layer, representing a typical sequence of variegated clay interbedded with lignite and

pebbly sand beds (Sztan6 and Magyar, 2023).

a w
3 Eastern Great Hungarian Plain
g |sw NE| .
§ Békibs Kasnmiadarss.- Derecshe Myirség & g ;‘
Basin Szeghalom, 3
E Komad-Sarkad knoll | rouEh
[
L3]%
3|8
Zagyval &l |8
518
iE
3
6.
........... y E
2|5
LB. E o
=
Lgd &
2
o
>
10
11
*  The botder bolween nla'n.ulllunuunu.n F“.n;:-l.hd-fr;nsdumm i Abbreviallons: Eac Fecsl
fermason groupa is hi bomom of e Utahs oemaiion H  Bked Kyir Hyirsdg
£ #H  Homplexur Bf Sobk
Pl furdlnl phocana-guatarmary lomations ey ot Bichin
Mg Mapois Fart Tengedc

Figure 6. Pannonian lithostratigraphy of the Eastern Great Hungarian Plain (Sztané and Magyar,
2023).

At the uppermost portion of the geological profile lie the fluvial fan deposits of the
Quaternary period (Figure 7) (Borsy, 1982, 1990), which have been reshaped by the aecolian
processes of the Late Pleistocene and Holocene epochs (Loki, Hertelendi and Borsy, 1994).
These deposits, forming fluvial fans, are surrounded by alluvial plains to the east, northeast,
and northwest, marked by clear demarcations resulting from lateral erosion. Towards the
west, they connect with a relatively elevated loess plateau, while the southern extent is
characterized by recent alluvial plains. Several studies suggest that the considerable
thickness of the Quaternary fluvial sequence in the area (approximately 250-300 meters)
primarily accumulated due to drainage patterns shaped by the roughly northeast—southwest

flow of the Tisza—Szamos system, somewhat mirroring the pre-Quaternary advancement




(Gabris and Nador, 2007). Concerning the geological age attribution of the identified
stratigraphic units in the area, the absence of cores and direct laboratory data presents a
challenge, leading to the unavailability of direct evidence. Consequently, the ages are

inferred from regional log correlations (Piispoki et al., 2013).
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Figure 7. Quaternary sedimentary sequence of Hungary (Csillag et al., 2023)

1.3.3 Hydrogeological background
The hydrogeological characteristics of the extensive aquifer units in the Great
Hungarian Plain were investigated within the framework of the Pannonian Basin

Hydrogeological Research Program (PBHRP). This exploration led to the identification of
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six hydrostratigraphic units based on lithological facies types and chronostratigraphy, which
include the Pre-Neogene Aquiclude, Pre-Pannonian Aquifer, Endréd Aquitard, Szolnok
Aquifer, Algy6 Aquitard, and the Nagyalfold Aquifer (Toth and Almasi, 2001). It is
noteworthy that the depth of investigation within the study site primarily focuses on a section
of the Nagyalfold Aquifer, acknowledged as one of Hungary's most significant non-karstic
aquifers (Buday and Piispoki, 2011). The Nagyalfold Aquifer exhibits remarkable
permeability, exceeding 1000 mD (T6th and Almaési, 2001).

In terms of hydrogeological perspective, the research study area is characterized as a
gravity-driven unconfined zone (To6th and Almasi, 2001). Regional groundwater flow in the
area typically follows a northeast to southwest direction, with the vicinity around Debrecen
City serving as a transitional zone between the recharge area of Nyirség and the discharge
area of Hortobagy (Erdélyi, 1976) (Figure 4c). The rate of recharge is predominantly
determined by the effective infiltration of precipitation, ranging from 0 to 45 mm/year
according to the average effective infiltration map provided by the National Adaptation
Geoinformation System Project (NATéR, 2023). The water table is expected to attain an
elevation of 155 m a.s.l. at Nyirlugos and Nyirbéltek, corresponding to the higher central
surface of the Nyirség Region. In contrast, values as low as 80 m a.s.l. can be observed in

topographic lowlands near Hajduszovét and Hajduszoboszlé (NATER, 2023).
2 MATERIAL AND METHODS

2.1 Database

The investigation utilized a comprehensive database compiled by various institutions
from 1969 to 1975, comprising a total of 512 production wells. Among these, 138 wells were
obtained from the National Geological and Geophysical Database of Wells, known as the
New Urbancsek Database. These wells provided crucial data on medium resistivity (R)
(AM=40), self-potential (SP), natural gamma (NG), and geological log data necessary for
mapping the subsurface geology of the aquifer system. Only 22 of these wells supplied
information on deep resistivity (AM=120) and mud resistivity (p;).

The dataset encompasses a total of 367 wells, all of which provide essential data for
computing hydraulic parameters, such as pumping rates (Q), drawdown (s), and the locations
of screen sections. Furthermore, data from 118 wells sourced from the National
Hydrogeochemical Database (NHD) were utilized to assess chemical characteristics and
water types at the horizon depth of the major aquifer system. For a comprehensive

understanding of the database structure and information sources, please refer to Table 1.
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Table 1. Structure of the available database for the research work (Flores et al., 2023).

Data Type Samples Source Institution
Geological and Geologic log 130 New Urbancsek Data SARA !
geophysical Geophysical logs 138 Base
Hydraulic head 366 Cadaster of
. Well diameter 466 Hungarian Drilled SARA !
Hydrodynamic Screen sections and Wells. ME ?
; 369 New Urbancsek Data
production rate Base
National
Geochemical Water samples 118 Geochemical SARA'!
Database

Note(s): ! Supervisory Authority for Regulatory Affairs. 2 University of Miskolc, Environmental Management
Institute Library.

2.2 General workflow of the hydrogeological modelling process

The modelling process involves a structured algorithm that integrates both
deterministic principles and subjective expertise. The workflow comprises two fundamental
steps: (1) conceptualization and (2) numerical simulation, as illustrated in Figure 8
(Anderson et al., 2015; Enemark et al., 2019). This underscores the necessity of
incorporating a variety of techniques into the process to explore the local and regional
expressions of variability in the studied system properties, aligning with the objectives of
the research (Flores et al., 2023).

The comprehensive conceptualization of the groundwater system in the Southern-
NHGWRB utilizes all available data (Table 1) to delineate the geometry and to define the
hydraulic properties of the hydrogeological framework, as well as to describe the flow
pattern and geochemical evolution within the hydraulic system (Figure 8, Conceptual
Model). Subsequently, the numerical simulation is employed to iteratively solve the
groundwater governing flow equation (Kresic, 2006; Fetter, 2014) enabling the assessment
of hydraulic head distribution for the discretized geometry under the specified initial and
boundary conditions (Figure 8, Numerical Model). Finally, the calibration process is carried
out to minimize the disparity between the calculated and observed hydraulic head

distributions (Figure 8, Calibration).
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2.3 Geological framework development

The initial phase of conceptualizing the aquifer involves establishing the geological
framework. At this stage, high-resolution log correlation for stratigraphic discretization
requires assumptions about the uniformity of the facies associations to explore the system's
heterogeneity. Then, geostatistical methods such as object-based simulation or sequential
indicator simulation will be utilized for mapping the 3D distribution of facies. TNavigator
(refer to Appendix A) serves as the chosen tool due to its advanced visualization and analysis
capabilities, which are essential for interpreting, constructing, and simulating the geological
model as outlined in the proposed workflow. TNavigator facilitates the integration of diverse
data types, such as well logs and geological interpretations, enabling the generation of

detailed 3D models depicting subsurface structures and properties.

2.3.1 High-resolution log correlation

High-resolution log correlation employs sequence stratigraphy concepts (Cateneanu,
2022) in conjunction with systematic log correlation techniques to establish correlations
between different wells. In cross-sections, logs are evenly spaced and display normalized
spontaneous potential (SP) and/or natural gamma-ray (NG) on the left track, along with
normalized medium electric resistivity (AM=40) on the right track. The space between the
logs is filled with lithological log data obtained from cuttings during drilling (refer to
Appendix B).

This process enables the identification of stratigraphic bounding surfaces and the
definition of facies within the stratigraphic units based on lithostratigraphy and
allostratigraphy concepts. Criteria such as log values, including spontaneous potential (SP),
natural gamma-ray (NG), and resistivity (R), provide valuable insights into lithological
variations and depositional environments. Additionally, log shape and stacking patterns offer
information about sedimentary sequences and depositional processes. Vertical dimensions
play a crucial role in determining the thickness and continuity of stratigraphic units.
Furthermore, lithological descriptions, based on visual examination of cuttings or core
samples, refine the interpretation of the facies. For further examples, refer to Figure 9.

Subsequently, stratigraphic surfaces were generated by interpolating the acquired
well-tops using the geometric convergence algorithm (Maekawa et. al, 2007). This process
is followed by the creation of a new discrete log for each well, introducing 11 categorical
variables representing the identified facies within the stratigraphic units. The applied

sequential stratigraphical approach may vary between lithostratigraphy and allostratigraphy

14



based on the density of the available well-log information for each unit. The facies log will
be utilized in the geostatistical modelling of the 3D spatial distribution of facies, alongside

the stratigraphic surfaces.
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Figure 9. Resistivity log facies analysis observed in well data. The shape, scale, and stacking

patterns log analysis was based on the work of Emery and Myers (1996) and Cateneanu (2022).

2.3.2  Geostatistical modelling

In the preceding section, the geological conceptual model was established, thus
laying the groundwork for the initiation of the workflow for the geostatistical model of facies
distribution (Pyrcz and Deutsch, 2014). The workflow is illustrated in Figure 10. The
geostatistical modelling workflow begins with the structuring of the grid to discretize the
model domain. These surfaces define the domain of interest for modelling, facilitating the
aggregation and application of statistics, as they delineate the outer boundaries of the volume
of interest (specific stratigraphic units). They play a crucial role in the gridding framework
and the assessment of uniformity (Figure 10), serving as transitional zones between volume

domains.
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Figure 10. Workflow used to apply the facies modelling using geostatistical simulation methods.
Adapted from Pyrcz and Deutsch (2014).

The layering of the volume domain involves identifying distinct regions, usually
representing different facies, with consistent properties distributed under intrinsic hypothesis
assumption. This hypothesis posits that the means remain constant and the semi-variogram
values will depend only on the distance between the well locations. The thickness of the
layers is chosen consequently with the thickness of the features considered important to be
represented, with the aim of preserving essential information during the upscaling process
from logs to the grid.

The construction of the trend model (Figure 10) is centered around modelling the
locally varying direction of continuity and the locally variable mean or categorical
proportion of the statistical inputs across all locations within the volume of interest (refer to
Appendix C). This approach acknowledges the complexity and variability of the aquifer,
thereby ensuring a practical modelling approach. It is reasonable to aggregate complex sets
with widely different depositional and diagenetic controls together and assume that
predictive models will emerge. Trend models can be developed using techniques including
hand mapping, moving windows, inverse distance, and kriging.

Large-scale modelling involves modelling at a scale beyond geostatistical
simulation, and its results can serve as a constraint for it. After defining the framework,
regions, trends, and variable integration, geostatistical algorithms (Figure 10) can be
employed to estimate and simulate the spatial distribution within the framework. This study

employs two available algorithms: sequential indicator simulation, a cell-based method
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rooted in variogram theory (refer to Appendix D), and object-based simulation, which

idealizes the geometries of geological bodies (refer to Appendix E).
Sequential Indicator Simulation (SIS)

The sequential indicator method, developed by Journel and Alabert (1987), is a
variogram-based designed to evaluate the likelihood of transitioning from the current
category to any other category, without considering order relationships. It is rooted in the
concept of Gaussian Simulation and extended to the Indicator-based model of uncertainty
(Pyrcz and Deutsch, 2014). In this method (Figure 11), a set of mutually exclusive facies
categories (sr, f = 1, ..., F) are considered. At a specific location (u;), the indicator
transformation for a given facies (sf) represents the probability of that facies prevailing at

that location (1 if present, O otherwise).

Randam path Local uncertainty model Simulated faclec

[ |
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0 »
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Figure 11. Representation of the three main stages of the SIS workflow (Mizuno and Deutsch,
2022). The analyzed categorical variables are indexed by f=1, 2, 3.

The algorithm systematically traverses nodes within the grid along a random path,
searches for existing data, applies indicator kriging, and generates simulated values. This
process is iterated across multiple realizations using distinct random number seeds. The SIS
method (Alabert, 1987; Deutsch and Journel, 1998) finds utility in geological scenarios
characterized by undefined geometries and high variability, particularly when factors such

as anisotropy and variograms significantly influence the outcome.
Object-based stochastic simulation

The object-based modelling method (Deutsch and Wang, 1996) is specifically
tailored to represent the idealized geometry of facies and finds widespread application in
fluvial reservoir modeling. Within this method, parameterized architectural geometries are
systematically inserted into the model domain until both global proportions and data

conditioning criteria are satisfactorily fulfilled (Deutsch and Tran, 2002; Pyrcz and Deutsch,
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2014). This approach relies on two fundamental considerations: firstly, the geometric
parameterization, which serves to characterize geological heterogeneity across the model
domain, and secondly, the strategic placement of background facies during the initialization
phase of the model. The visually appealing results obtained from this method are often
attributed to its adeptness in replicating idealized architectural element geometries (refer to

Figure 12).

Figure 12. Initial geometric placement of a channel complex. (Rock Flow Dynamics, 2020).
These geometries are constructed through high-resolution log correlation and trend
models. In geostatistical modelling, a 'facie' refers to a category that can be applied at various
scales to delineate the model domain into regions with distinct property statistics (Pyrcz and
Deutsch, 2014). These scales might include elements, stories with elements, or beds with
stories. The facies within the model (or objects in object-based modelling) must represent
components with significant volume contributions or a substantial impact on the aquifer's

flow response.

2.4  Hydraulic parameters of aquifer units

In 1964, Logan proposed a method for estimating preliminary values of
transmissivity using routine pumping tests when the pumping rate (Q), drawdown (s), and
aquifer thickness (m) are available. This research has employed this method to approximate
the hydraulic conductivity (k) of the sand bodies in unconfined and confined aquifers using

Equation 1 and Equation 2, respectively:
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ky = 2.43 —2 (1)

s (2m-s)
kn = 1.22 (2)

The reason for employing the Logan method (Logan, 1964) over other existing
approaches, such as laboratory methods (Kozeny, 1927; Jelmer et al. 2017), or geophysical
indirect measurements (Csokas, 1995; Bloch, 1991), is the availability of a dense dataset of
pumping rate data in the area. This method allows for a clear initial assessment of the
hydraulic properties of the different aquifer layers at the study site.

The Csokas (1995) method is an inversion-based model that allows the continuous
measurement of the hydraulic conductivity along the aquifer system using geophysical logs.
The estimation is done by applying the Equation 3:

o? (10558

= Lk (1—(P)4 (ﬁ(p)l.29

w

(3)

where ¢ is the porosity, R, is the resistivity of the rock, and R,, is the resistivity of
the formation water. Cj, is the proportional constant, calculated as follows:
C, = 855.7C,C4°, (4)
where C; is a constant that varies according to the formation temperature (T) as 1 +
3.37 * 107%T + 2.21 = 10~*T?2, and C, is the site constant proposed to be 5.22 = 10~* for
medium well-sorted sediments with a formation factor (F) less than 10. The formation

factor is derived from Equation 5:
Ro
Rw

F= (5)

The application of the method requires geophysical well-log datasets, where are
available self-potential (SP), natural gamma (NG), medium (AM=40), and long (AM=120)
resistivity, and resistivity of the drilling mud (p;).

The specific capacity (SC) of wells can be calculated by determining head losses as

a function of pumping rates and time, as described by Risser, 2010 using Equation 6:
=9
SC =+ (6)

Here, SC represents the specific capacity in m*/d/m, Q is the pumping rate in m*/d,
and s is the drawdown in the pumped well in meters. This calculation assumes a connection
between subsurface flow and the well system, ensuring that the water leaving the
groundwater system equals the water entering the well. As a result, any factor impacting the

drawdown will also affect the specific capacity value for a given pumping rate.

19



2.5 Hydrodynamic parameters

Three hydrodynamic parameters characterize groundwater flow in a basinal
environment (T6th, 2009; Madl-Szényi and Simon, 2016): Hydraulic head (h); regional
patterns of pore pressure (p); and vertical pressure gradient (y). Darcy's principle asserts that
groundwater always flows from areas of high potential energy to areas of low potential
energy (Darcy, 1856), in the direction of declining hydraulic head (h). Then, Hubbert (1940)
validated Darcy’s hypothesis by demonstrating the physical nature of the hydraulic head and
its relation with the fluid’s mechanical energy. The fluid potential (€) is defined as the work
(W) performed by a unit mass of fluid (im), then the energy content of fluid potential of a

unit mass that moves from P; to P, is:

0="=gz+Z 4+ [P 2 (7)

Under the assumption that groundwater flow velocities are negligibly low (v = 0),
and the fluid is slightly compressible (p = constant), the expression of the fluid potential
can be simplified to:

0=gz+% (8)

The pressure (p) in a point (P), at the base of the manometers is:
P =pgP + po (9)
where ¢ is the height of the water column above P, and p, is the atmospheric pressure
on the fluid’s surface in the manometer. Considering:
p=h—-z (10)
where h is the hydraulic head and z is the elevation head at the given observation
point P in meters. Substituting Equation 9 and 10 into Equation 8, the fluid potential

became:

0=gz+ [pg(h—zl))+po]—po’ (11)

or

6 = gh (12)

Assuming the atmospheric pressure as a datum (p, = 0), the relation can also be
written as follows:

9=gh=gz+%, (13)

or
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h=z+:4g, (14)

where, p is the water density in kg/m?, g is the gravity in m/s*> and ¢ is the pressure
head in meters calculated with Equation 9 (Fetter, 2014).

To analyze the pore pressure and its gradients (Toth, 2009), the regional pore
pressure increments can be represented in a pressure-depth (p(d)) cartesian coordinate
system, wherein the vertical axis represents depth below the land surface, and its origin is at
d = 0. The horizontal axis represents pore pressures (p). The elevation of the water table
below the land surface is denoted with dy ( Figure 13a). The utilization of a pressure-
depth profile (p(d)) instead of a pressure-elevation profile (p(z)) allows for the application
of'a unified hydrostratigraphic reference line for all measurement points, irrespective of their
differences in elevation (z) location ( Figure 13b).

The vertical pressure gradient (y) is an expression of the direction and intensity of
the vertical flow (To6th, 2009). It is illustrated by the variation of the pressure in two surface
points at different depths. For static fluids, the pore pressure increases with depth at a rate
equal to the specific weight of the fluid (nominal pore pressure). However, for fluids in

motion, the vertical component of flow causes it to increase according to:

_dr
T dd

(15)
The dynamic pressure increment (Ap) is defined as the difference between the
nominal and dynamic pressure. It is an indicator of the vertical flow direction from the water
table. A positive increment (+Ap) suggests an upward flow direction, whereas a negative
increment (—Ap) suggests a downward flow direction (Fogg and Keitler, 1981; Téth, 2009).
For the calculation of the dynamic pressure increment, the following equation is used:
Ap = ¥seAh = Payn — Dsts (16)
where Y, is the gradient of the static fluid, Ah is the difference between the heads
representing the static and flowing conditions. The static pressure term (pg;) can be
calculated regardless the actual condition is static or dynamic. It is a calculated value of
hypothetical static pressure also known as nominal hydrostratigraphic pressure, calculated
by:
Pst = PGPst = Vse(d — do), (17)

while the dynamic pressure term (pg,,) is determined by the measured pressure in

the point P or water level in an open well. It is a physical quantity evaluated by Equation 9.
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Therefore, distribution maps for each aquifer layer of each one of the hydrodynamic
parameters (h, y, Ap) are generated by Kriging Interpolation (Oliver and Webster, 2014)
performed in Surfer 25.1.229.

2.6 Geochemical model

The analytical accuracy of the measurements of cations and anions in the water
samples is obtained from the ionic balance error (IBE) within a limit of +5% (Sasamoto et
al., 2004). It was computed in milliequivalents per liter (mEq/l) as follows in Equation 18
(Bayer et al., 2011):

IBE = [(TC-TA)/(TC+ TA)] x 100, (18)
where, TC is the sum of the total cations and TA is the sum of the total anions.
Hydrochemical facies are defined with a Piper plot (Piper, 1944). The Total

Dissolved Solids (TDS) values were calculated to present the general chemical
characteristics of the groundwater. The ratio of major ions was investigated to approximate
the water-rock interaction processes, including mineral weathering and ion exchange. The
Ca?"+Mg*"/HCO* +S04>" ratio was calculated in mEq/L. Values smaller than 1 refer to
silicate weathering or ion exchange (Equation 19); meanwhile, values greater than 1
indicate carbonate weathering or reverse ion exchange (Equation 20) (Rajmohan and

Elango, 2004).

Ca?* + 2NaX - 2Na* + CaX, (19)

2Na‘t + 2CaX, — Ca®* + 2NaX (20)

The mineral saturation in the groundwater of the aquifer system is determined by

calculating the Saturation Index (SI) (Appelo and Postma, 2005) for calcite, dolomite,

aragonite, gypsum, and halite using PHREEQC (Parkhurst and Appelo, 2013) according to
Equation 21:

IAP

SI = log=— (21)
sp

where AP refers to the ion activity product, and Kj, is the solubility product at a
given temperature. If the value of the saturation index equals zero, the water is in a chemical
equilibrium state with the mineral. A positive value of SI indicates that the groundwater is
oversaturated, while a negative value refers to it being undersaturated concerning the mineral
species.

The spatial distribution maps of the analyzed geochemical variables are plotted by

interpolation of the data using the Kriging Method performed in Surfer 25.1.229. The two-
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dimensional relationships between the physicochemical parameters were analyzed by
Spearman’s correlation matrix (‘Spearman Rank Correlation Coefficient’, 2008).

_ 4 _ 6%d}
p= n(n2-1)’

(22)

where p is the Spearman rank correlation coefficient, d; is the difference between

the two ranks of each observation, and n is the number of observations.

2.7  Numerical model application

Numerical modelling attempts to represent the groundwater flow in a mathematical
representation (Reilly, 2001). The process of solving the groundwater flow equation for the
dependent variable (head) can be summarized in the following steps (refer to Figure 8): (1)
code selection and discretization (independent variables x,y,z and time), (2) insertion of
boundary conditions (hydrologic parameter), and (3) setup of initial conditions (material
properties) (Anderson et al., 2015). Nowadays, there is a wide range of code options
available in the field of hydrogeological modelling, such as Modflow 2005, Modflow USG,
Modflow 6, Sutra, and others. These codes are often supported by graphical user interfaces
like GMS, Visual Modflow, and Model Muse.

For this research, the Modflow-USG code is applied (Panday et al., 2013). It is
implemented within the Groundwater Modelling System (Aquaveo LLC, n.d.) graphical
interface, to address the phenomenon under study. After completing the numerical modelling
stage, the calibration process becomes essential to assess the base model's performance.
During this step, we evaluate how well the model suits our problem. Adjustments may be
made to address parameter sensitivity, data gaps, or inconsistencies in the conceptual model

to improve the model's fit without compromising its reliability.

2.7.1 Code selection and discretization

To address the complexities inherent in modeling geometrically intricate aquifers, a
strategic choice is made to utilize software capable of accommodating Unstructured Grids
(USG) with the primary goal of achieving a more accurate representation of the aquifer's
geometry. MODFLOW-USG is one such version that employs Control-Volume Finite-
Difference (CVFD) Approximation (Panday et al., 2013). In a CVFD model, spatial
discretization can encompass various cell shapes, including rectangles, squares, hexagons,
triangles, and irregular shapes (Figure 14). The capability of CVFD models extends beyond
horizontal spatial discretization; it also encompasses the ability to adapt spatial discretization

across vertical layers. This feature is particularly valuable in capturing the heterogeneity and
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anisotropy that frequently characterize subsurface formations, ensuring a comprehensive

representation of hydrogeological processes across the aquifer's depth

EXPLANATION
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Figure 14. Plan view of finite-difference cells (n and m) in an unstructured grid as used in the
CVFD. (a) Connection lengths are measured from the center of the cell. The flow area is shown in
gray. (b) Geometry correction of the cell connection to bisect the shared face at the correct angle
(Panday et al., 2013).

The Control-Volume Finite-Difference (CVFD) method is a powerful numerical
approach commonly used in hydrogeology and fluid dynamics for simulating and modelling
flow and transport phenomena in porous media. It's a variant of the finite volume method
designed to handle complex geometries and heterogeneous subsurface conditions. One of its
distinguishing features lies in its capacity to accommodate larger nodal spacings in regions
lying beyond the primary focus of the study. This attribute is particularly advantageous as it
optimizes computational efficiency by prioritizing resources where they are most needed,
thus enabling a more effective allocation of computational resources and enhancing the

overall efficiency of the modeling process.
Model layers discretization dimensions

The design of horizontal nodal spacing must align with the modeling objectives,
striking a balance between reasonable runtimes and the ease of data management and
visualization of results. The primary consideration in this decision-making process stems
from the size of the problem domain. Additionally, various factors must be taken into

account, including solution accuracy, the location of calibration targets, configuration of
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perimeter boundaries, parameter heterogeneity, presence of faults, conduits, barriers, and
sources and sinks (Anderson et al., 2015).

The required number of layers in the model domain aims to represent vertical
variability in hydrostratigraphy and/or simulate vertical changes in hydraulic heads.
Typically, one layer corresponds to a hydrostratigraphic unit, although assigning more than
one layer to a single unit may be necessary to capture changes in hydraulic properties or the
hydraulic system within the unit (Anderson et al., 2015).

Contrary to horizontal discretization, abrupt changes in vertical dimensions typically
pose fewer challenges because a high percentage of model domains are dominated by
horizontal flow (Haitjema, 2006). General guidelines for vertical discretization are lacking,
and significantly larger vertical nodal spacing relative to horizontal nodal spacing does not
necessarily lead to errors. This is because most models incorporate some degree of vertical
anisotropy, which diminishes the vertical component of flow and directs it horizontally
(Kw/Ky). For example, if Ki/Ky = 100, the vertical node spacing can be 10 times larger than

the horizontal without losing numerical accuracy (Anderson et al., 2015).

2.7.2 Initial conditions

Initial conditions encompass the setup of the starting head of the flow domain and
the initial estimation of material properties, as depicted in Figure 8. The hydraulic
characteristics of the layers are delineated by three material properties: hydraulic
conductivity, storativity, and effective porosity. These attributes are assigned to each cell,
element, or node within the layer's network, with adjustments often made during the
calibration process.

Hydraulic conductivity (k) serves as a fundamental governing parameter in
groundwater flow dynamics. In the initial model approximation, k is typically assumed to
be constant within a given layer. However, geological materials rarely exhibit isotropic and
homogeneous characteristics. While the assumption of isotropic horizontal conductivity
(kx = ky) is often appropriate in many scenarios, the presence of fractures, sedimentary
structures, or other geological features within the aquifer may introduce significant vertical
anisotropy that must be carefully considered (k. /k,), leading to preferential directions of
the flow paths (Maliva, 2016).

Although the values of k, calculated by Logan’s Method provides a useful initial
estimation of the hydraulic conductivity within the layers, the continuous vertical calculation

of the parameter based on geophysical logs can be upscaled to the nodes through an apparent
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hydraulic conductivity estimation. From the log, the apparent horizontal hydraulic
conductivity of fine-grained layers and coarse-grained layers can be assessed (refer to
Section 2.4). Also, an acceptable approach is a zonation for the assignment of constant values
of the parameter in specified areas of the flow domain.

Vertical anisotropy, represented by the ratio between horizontal and vertical
hydraulic conductivity (k,/k,), prevails in many groundwater scenarios, attributed to
stratigraphic features, fractures, and heterogeneity within a model layer, resulting in a
preferential horizontal flow direction. Although vertical anisotropy can be measured through
specialized tests (Kenoyer, 1988; Sterret et al., 2007) these tests are rarely performed in
practice. Consequently, vertical anisotropy is typically estimated during the calibration
process.

Regarding the effective porosity, even though it does not feature in the governing
equation of groundwater flow, its significance becomes apparent in particle tracking

applications, where it plays a crucial role in velocity calculations.

2.7.3 Boundary conditions

Boundary conditions are related to hydraulic conditions along the perimeter of the
problem domain. They not only define the mathematical constraints in the solution of the
flow equation but also serve as sources and sinks of water within the system (Kresic, 2006;
Anderson et al., 2015). There are three primary mathematical approaches (Table 2) to

representing them in the model:

Table 2. Principal mathematical method for depicting boundary conditions (Anderson et al., 2015).

Boundary type Formal Name Mathematical designation
Specified Head Dirichlet h(x,y,z,t) = constant
Specified flow Neuman w = constant
n
dh
Head-dependent flow Cauchy o + ch = constant
n

Note: 'h' represents head (measured in L), and 'n' denotes the directional coordinate normal to the boundary
(measured in L), and c is a constant.

Specified head conditions, known as Dirichlet conditions, involve the imposition of
a predetermined hydraulic head value at boundary locations within a hydrogeological model.
Modflow, a widely-used groundwater flow modeling software, provides various packages,
such as IBOUND and Time-Variant Specified Head, to facilitate the implementation of
specified head conditions. Conversely, specified flux conditions, also termed Neumann

conditions, entail the specification of the derivative of the hydraulic head at the boundary.
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Modflow offers a suite of packages, including Flow and Head Boundary, Recharge, and
Well, to incorporate specified flux conditions into the model setup (Wiston, 2018).

Additionally, head-dependent flux boundaries, known as Cauchy or mixed
conditions, necessitate the application of Darcy’s law to calculate flow across boundaries.
This involves computing a gradient derived from the difference between a specified head
outside the boundary and the head computed by the model at nodes situated on or near the
boundary. Modflow provides a comprehensive array of options, including General-Head
Boundary, Drain, Drain-Return, River, Evapotranspiration, Stream, Lake, Multi-Node
Drawdown Limited Well, and Multi-Node Well packages, to accommodate head-dependent
flux boundary conditions (Wiston, 2018).

Vertical Leakance, Resistance, and Conductance

The evaluation of vertical conductance assumes significance in regions where the
interchange of water between surface water bodies and groundwater is influenced by

sediments at the sediment-water interface, as denoted by Equation 23.

hijrk—hs

Az = —k; ==, (23)
where g, denotes the vertical flux of water to or from a surface water body, h; j

represents the computed head beneath the surface water body, hg signifies the surface water
head specified by the modeler, k; stands for the vertical hydraulic conductivity at the
interface between the groundwater system and the surface water body, and b’ is the thickness
of the interface.

In this context, vertical leakance is defined as the ratio of the vertical hydraulic
conductivity of the sediments to their thickness (k;/b"). Vertical resistance, the reciprocal
of leakance (b'/k}), and vertical conductance (C), is calculated by multiplying leakance by
the horizontal area of the sediments within the cell, as expressed in Equation 24.

C=k;=, (24)

where kj, is the representative hydraulic conductivity, A denotes the representative

area, and L represents the distance between the choosing location of the specific boundary
head and the simulate cell. In practical implementation, the estimation of vertical leakance
commonly occurs during the calibration of the model. Furthermore, achieving an accurate
depiction of surface water features may necessitate fine spatial discretization, as emphasized
by Anderson, et al. (2015). Calibration of these features involves alignment with field

measurements of flux.

28



2.7.4 Calibration

The calibration process of the numerical model extends beyond merely comparing
simulated values to observed data. It involves a systematic approach to iteratively refine
model parameters and improve the model's predictive accuracy. Firstly, calibration
objectives are established based on observed data, which typically include hydraulic heads
measured at monitoring wells and fluxes observed at specified locations within the aquifer
system. To initiate the calibration process, model parameters such as hydraulic conductivity,
storativity, and boundary conditions are set within reasonable initial bounds. These bounds
are often determined from prior knowledge, literature values, or preliminary model runs.

The calibration process then proceeds through a series of sequential forward runs of
the model, during which parameters are adjusted incrementally within their specified
bounds. The objective is to minimize the discrepancy between observed and simulated
values, typically quantified using an objective function such as the sum of squared
differences or the root mean square error. Statistical measures such as maximum, minimum,
and mean values, along with confidence intervals, variances, or standard deviations, are
often used to establish the bounds within which parameters are adjusted.

These measures provide a quantitative basis for assessing the variability and
uncertainty associated with each parameter. Once a satisfactory level of agreement is reached
between observed and simulated data, the calibrated model is validated using independent
datasets to assess its robustness and reliability for predicting groundwater flow behavior

under various conditions.
3 RESULTS AND DISCUSSION
3.1 Conceptual model of Southern Nyirség — Hajdusag Groundwater Body

3.1.1 Hydrostratigraphic units and hydrofacies

The Southern-NHGWB stratigraphic model includes a three-dimensional geological
description of an approximately 280-meter-deep section of Quaternary Sequences and partly
of the Pannonian sedimentary deposits at the study site. A total of 24 cross-sections
(Appendix B-1) were created for stratigraphic correlation, ensuring the interconnection
between the 138 well-log data points. To illustrate, three cross-sections are depicted in

Figure 15.
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Figure 15. Location map displays stratigraphic data points and cross-section sets: Section 1

(Balmazajvaros to Pocsaj), Section 2 (Jozsa, Debrecen and Almosd), and Section 3 (Hajduszovat,

Debrecen, Hajdisamson and Nyiradony) with logs plotted equidistantly (Flores et al., 2023).
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In this investigation were identified three stratigraphic bounding surfaces, four
stratigraphic units, and 11 different facies based on the classification of sedimentary cycles,

as shown in Figure 16.

4 L J
@ 2200007,
STRATIGRAPHIC UNITS
— Arega border = Coarsening upward cycles [ | Incised Valley Unit
[ Alluvial Unit B Pannenian Unit

Figure 16. (a) Three-dimensional distribution of the lithological investigation points. (b) Three-
dimensional visualization of the four interpreted stratigraphic units of the Southern-NHGWB
(Flores et al., 2023).

The stratigraphic description was developed using available wire-line log records,
employing high-resolution log correlation and geometrical convergence interpolation

method, which was based on the following criteria: (1) changes in grain size, (2) erosional
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basal contact, and (3) sedimentary structures and bedding thickness values (Cateneanu,
2022). The facies 3D model was generated through geostatistical modelling utilizing two
stochastic methods (Appendixes D and E) according to the data availability for each
stratigraphic unit. The key surfaces delineate the stratigraphic sequences in the well logs.
These stratigraphic units are equivalent to system tracts in terms of their homogeneity in
internal facies distribution, corresponding to a specific depositional trend (aggradation or
degradation). Within these units, the facies exhibit lithological differences, representing
individual depositional elements of the sequence.

The IVU-PU surface is a subaerial unconformity that separates the upstream-
controlled sequences of the Pannonian (PU) from the Incised Valley (IVU) and Alluvial Unit
(ALU), as illustrated in the example in Figure 17. Beneath it, one can observe sand or clay
depositional elements that laterally connect with the aggradational elements of the Incised
Valley Unit. The ALU-IVU surface is analogous to a flooding surface. It separates the high-
amalgamation system tract of the Incised Valley Unit from the low-amalgamation system
tract of the Alluvial Unit, as illustrated in Figure 17.

Below this surface, sand is present, while above it, clay is found. The CUU-ALU
surface is analogous to the main flooding surface. It separates the low-amalgamation system
tract of the Alluvial Unit from the hybrid upstream and downstream controlled sequences of
the Coarsening Upward Unit (CUU). This surface can be identified throughout the study

area, with silty material overlying it.

VU ALU
High CH / FF ratio: Low CH / FF ratio:
amalgamated channels isolated channels

Aggradation ‘f I ! _.=

Graded profile ::.ljl /
l Erosion Pedogenesis
Degradation (channel belt) (interfluve area)
[ incised valley 1 channel fill (CH)

subaerial unconformity R floodplain (FF)

Figure 17. Depositional trends in fluvial settings. The stacking pattern depends on (1) the rate of
aggradation; (2) the rate of lateral channel shifting, which is a function of the fluvial style; and (3)

the frequency of avulsion (Cateneanu, 2022).
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The Pannonian Unit (PU) constitutes the lowermost hydrostratigraphic unit and
serves as the basal boundary of the study flow domain. Its modeled thickness varies from 10
m to 140 m, as depicted in Figure 15 and Figure 18b. The top surface of the PU is situated
on top of the Zagyva Unit; however, the total depth of the PU is not represented in the
interpreted data. The coarse deposits transition from medium sand to silty sand, with a
thickness ranging from 10.5 to 36.6 m. The fine deposits exhibit an aggradation character,
consisting of mixed silty and clay materials with an average thickness exceeding 40 m.
According to the well-logs, the hydrostratigraphic unit comprised 42% coarse-grained
materials (sand and silty sand) and 58% fine-grained materials(silty), as shown in Figure 18

and summarised in Table 3.
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Figure 18. (a) Estimate facies proportions, and (b) thickness distribution of the Pannonian Unit.

Table 3. Maximum and minimum thickness of each facies in the Pannonian Stratigraphic Unit.

Facies Min (m) Mean(m) Max(m) Std. (m) Proportion (%)
Pannonian Sand 10.5 36.6 114.9 22.94 42.33
Pannonian Silt 2 40. 134.9 28.34 57.67

The Incised Valley Unit (IVU) is the major aquifer in the region, exhibiting a
thickness ranging from 10 m to 110 m, as illustrated in Figure 15 and Figure 19b. According
to the regional correlations (Plispoki ef al., 2013, 2016¢), t has been dated to the Lower
Pleistocene period (~2.5—1.9 million years ago). Isopach data analysis reveals a coarse sand
body, approximately 10 to 13 kilometers wide, with an elongated shape oriented in an NNE—
SSW direction.

This unit was deposited in a stratigraphic discontinuity overlying the Pannonian
sediments. Stratigraphic interpretation results elucidate that the coarse sediments within this

unit fill an incised valley that eroded the Pannonian Unit (PU). The IVU is characterized by
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channel deposits of vertically stacked shapes, which are typical of channel complexes
associated with anastomosing watercourses or translational meander development (Bridge,
2003; Miall, 2014). Well-logs indicate that the IVU is predominantly composed of coarse-
grained sediments, with coarse sand and gravel making up 98% of its composition. Fine-
grained sediments, such as clay, are nearly absent, as demonstrated in Figure 19 and

summarised in Table 4.
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Figure 19. (a) Estimate facies proportions, and (b) thickness of the Incised Valley Unit.

Table 4. Maximum and minimum thickness of each facies in the Incised Valley Stratigraphic Unit.

Facies Min (m) Mean (m) Max (m) Std. (m) Proportion (%)
Channel belt 8.3 40.2 94.4 15.67 98.4
Floodplain 7 7 7 0 1.6

The Alluvial Unit (AU) is a regional non-continuous extended semi-permeable
aquifer with a thickness of 15 m to 140 m as shown in Figure 15 and Figure 20. According
to the regional correlations (Piispdki et al., 2013, 2016c¢), its age is Lower Pleistocene (~1.9—
1.2 Ma). The boundary surface between the AU and the IVU was consistently picked in the
logs at the first occurrence of several-meters-thick overbank deposits above the relatively
flat top of the multiple-channel complex series as seen in Figure 15.

The AU is characterized by a general occurrence of overbank deposits that make up
47% of the unit volume. The single channel complexes, wherein the sand bodies exhibit
fining upward porosity characteristic feature of meandering systems, account for up to 53%

of the sediments as demonstrated in Figure 20b and Table 5.
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Figure 20. (a) Estimate facies proportions, and (b) thickness distribution of the Alluvial Unit.

Table 5. Maximum and minimum thickness of each facies in the Aluvial Unit.

Facies Min(m) Mean(m) Max(m) Std.(m) Proportion (%)
Channel belt 0 19.3 46.3 13.95 16.67
Floodplain 0.2 12.6 98 13.7 47.04
Avulsion cycle 5 11.3 31.7 6.43 13.92
Secondary channel 0 9.9 34.4 4.99 21.80

The Coarsening Upward Unit (CUU) is an extensive hydrostratigraphic unit of
thickness from 10 m up to 70 m and contains relatively highly permeable sand lenses as
shown in Figure 15. According to the regional correlations (Piispoki et al., 2013, 2016¢), its
base corresponds to the Mid Pleistocene Transition (~1.2 Ma) and extends until today;
however, perhaps with a few high-frequency unconformities. The findings of this research
showed that 42.6% of the sediments are reported as coarse-grained (sand and fine sand) and
57.4% are described as fine-grained sediments (silt and clay) as demonstrated in Figure 21
and Table 6. The CUU is the unconfined semi-permeable top aquifer layer of the system.

The above findings indicated that the Southern-NHGWB is a regional cross-
formational porous aquifer system, extending from the Pannonian to the quaternary land
surface sediments (Appendix F). The lithologic and stratigraphic considerations suggested
that the PU, AU, and CUU differ from the IVU due to the general occurrence of fine-grained
sediments. The vertically stacked character of the logs along the multiple channel complexes
in the IVU implies low anisotropy and a high rate of facies continuity (Miall, 2006).
Conversely, the overlying and underlying hydrostratigraphic units (Figure 16) are
characterized by higher anisotropy and limited continuity of thinner coarse-sediment bodies,
the fining upward stacked occurrence, which is caused by inclined heterolytic complexes

consisting of couplets of clay intercalations and fine sand layers.
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Figure 21. (a) Estimate facies proportions, and (b) their thickness distribution of the Coarsening

Upward Sequences.

Table 6. Maximum and minimum thickness of each facies in the Coarsening Upward Sequences.

Facie Min (m) Mean (m) Max (m) Std. (m) Proportion (%)
Sand 12.3 28.3 75 14.18 42.6

Silt 4.9 14.4 45 5.83 6.25

Clay 0.4 23.5 101.4 16.6 51.15

These results reveal a significant geological heterogeneity of particular interest when
models are expanded from regional to local scales. It is worth noting that the stratigraphic
discontinuity between the IVU and PU can be mistaken for other types of linear
mathematical unconformities, such as faults (Szanyi, 2004). In line with Szany local model,
the vertical compartmentalization of the Quaternary aquifer system was confirmed,
occurring not only at the local scale but also at the regional scale, diverging from the
representation of the Quaternary aquifer as a single hydrostratigraphic unit in the region, as
was proposed by Marton (1982). Naturally, this study has limitations, including the
horizontal uncertainty associated with the well-log correlation technique. However, it is
important to emphasize that the evidence presented here relies on the correlation of the

observed geometry with the patterns of hydrogeological variables analyzed below.

3.1.2 Horizontal hydraulic conductivity of sand bodies

The estimation of hydraulic conductivity and specific capacity was performed using
data from 300 wells, classified based on the location of their screens in the sand bodies of
the hydrostratigraphic units. Specifically, there were 70 wells screened in the CUU, 45 in
the AU, 105 in the IVU, and 80 in the PU. The range of the estimated horizontal hydraulic

conductivity (kj) values for the coarse-grained lithologies in the study domain ranged from
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0.1 to 43 m/d, as shown in Figure 22. Wells that screened the IVU had an average value of
11 m/d and exhibited a nearly normal distribution of the data. On the other hand, the PU,
AU, and CUU exhibited average values of 4.6 m/d, 4.1 m/d, and 3.2 m/d, respectively. The

data for all three semi-permeable aquifers had an unimodal right-skewed distribution.

15 800 -
@
L
= - 700 -
E- ®
T E
5 . = 500 .
T 20 3 z : :
@ o ]
e o« 1 4 g 400 :
£ 15 . s e .
0 i - o 300 o : .
10 = : G o . ; s
3 5 g 200 ’ “ .
c T - : » 8 o :
e E 100 2
- . d::l#—’ -
x CL AL wu PL | cuu Al IVl PU
(a) (b)

Figure 22. Range and distribution of (a) horizontal hydraulic conductivity (k) (b) and specific
capacity (SC) for the screened sand bodies of the stratigraphic unit. The box plot presents the
minimum, maximum, median, mean and quartile ranges for each hydrostratigraphic unit sand body
(Flores et al., 2023).

The Logan’s estimation of the horizontal hydraulic conductivity (kj,) reveals that the
sand bodies of the IVU are higher flux conductive than the surrounding hydrostratigraphic
units, and the normal distribution of the dataset aligned with the previous observation related
to sediment homogeneity, porosity, and grain size in the IVU. Examining the spatial
distribution pattern of the apparent hydraulic conductivity at the main aquifer depth
corresponds with the geometry of the main aquifer (Figure 23).

Additionally, the proposed geometry aligns with the research conducted by Marton
and Szany (2000) (Figure 2,1993) in Eastern Hungary regarding aquifer transmissivity at
this depth. These findings provide strong evidence that the defined IVU functions as the
main aquifer in the system, characterized by higher hydraulic parameters compared to the

remaining semipermeable aquifers.
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Figure 23. Range and distribution of (a) horizontal hydraulic conductivity (k) (b) and specific
capacity (SC) for the screened sand bodies of the stratigraphic unit. The box plot presents the
minimum, maximum, median, mean and quartile ranges for each hydrostratigraphic unit sand body

(Flores et al., 2023).

3.1.3 Hydrodynamic conditions

The dynamic pressure (pqyn) Was calculated using hydraulic head data from 366
wells. The samples were categorized based on the location of their screens, with 115 wells
screened in the CUU, 50 in the AU, 111 in the IVU, and 90 in the PU. The distribution and
skewness of the data are presented in Figure 24a, while the pressure—depth profile is
illustrated in Figure 24b. The hydrostatic pressure (ps;), represented by an average pressure
gradient of y¢; = 9.81 kPa/m, it served as the reference, reflecting the water table and the
upper hydraulic limit of the system.

The average dynamic pressure gradient (y4,,) was calculated from the linear trend
of the dynamic pressure distribution (pgyy,) in each hydrostratigraphic unit (Figure 24b).
The average dynamic pressure gradient (y 4y, ) exhibited values of 9.74 kPa/m for the CUU,
8.37 kPa/m for the AU, 6.06 kPa/m for the IVU, and 7.43 kPa/m for the PU. When
comparing the results with the hydrostatic pressure gradient (ys; = 9.81 kPa/m), it became
evident that the aquifer system generally experienced under-hydrostatic pressure conditions
(¥st < Yayn)- These findings followed the reported results of Marton (1982), and Téth and

Almasi (2001) referring to the general hydraulic conditions of the Nyirség Region.
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However, it was possible to identify that each hydrostratigraphic unit exhibited
upward flow as well as horizontal flow directions in specific locations. Therefore, dynamic
pressure increments (Ap) maps (Figure 25b and 25d) provide a comprehensive analysis of
pressure variations between layers. These figures accurately illustrate the spatial locations
of the downward flow regime (—Ap), representing recharge areas, and the upward flow
regime (+Ap), representing discharge areas within the hydrostratigraphic units. The 0 kPa/m

demarcates the boundary between the two flow regimes.
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Figure 25. (a) Piezometric map of the AU. (b) Dynamic pressure increments map of the AU. (¢)

Piezometric map of the IVU-PU. (d) Dynamic pressure increments map of the IVU- PU. The
arrows show the flow direction, and the points are the distribution of the total head measurement.
The black undulated line represents the contact between IVU and PU (Flores et al., 2023).
The high production rates of the IVU, reported on the specific capacity data, have

noticeable effects on the pressure condition of the system. It is evident by its lower average
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dynamic pressure gradient (y 4y, = 6.06 kPa/m ). Additionally, the dynamic pressure maps

indicated that these effects extend vertically up to the upper hydrostratigraphic unit (Figure
25b) and laterally into the PU (Figure 25d). There was found evidence of a hydraulic
window in the central part of the study site, at the water extraction activities of the Debrecen
Waterworks Site II.

The finding of hydraulic interactions between layers could have a significant effect
on the chemical characteristics of the groundwater of the aquifer system with some
differences and similarities. Three potential maps were generated to analyze the horizontal
water flow pattern within the hydrostratigraphic units. The potential map of the CUU
(Figure 26). illustrates the upper hydraulic boundary of the groundwater body in the study
area. Higher hydraulic heads were observed between Nyirlugos and Nyirgelse in the north-
eastern part of the region, while lower hydraulic heads were observed in the southwest

around Hajduszoboszlo.
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Figure 26. Hydraulic head map of the Coarsening Upward Unit.

The results reveal a regional flow direction from northeast to southwest. Overall,
these findings followed the findings reported by the research of Marton (1982), and To6th
and Almasi (2001). In the potential map of the AU shown in Figure 25a, higher hydraulic
heads were observed between Bocskaikert and Penészlek, passing through Nyiradony in the
northeastern part of the region. Conversely, lower hydraulic heads were observed at two
specific locations. The first location is in the west-central region, where the Debrecen
Waterwork Sites operate, and the second location is in a depression between Hajduszoboszld

and Hajdusovat.
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Based on the stratigraphic interpretation presented in Appendix B, the PU and IVU
exhibit similar depths at the Py,,,, measurement points. Additionally, the pressure—depth plot
in Figure 24, along with the dynamic pressure increment map (Figure 25d), provides
evidence of the lateral hydraulic connection between the PU and IVU. Consequently, a
unified piezometric map was generated for both hydrostratigraphic units. Higher hydraulic
head values were observed in the northwest, near Jozsa, while lower values were sampled in
the west-central part, where the city of Debrecen and its waterworks sites are situated
(Figure 25b). It is noteworthy that water production in Debrecen impacts the distribution of
hydraulic heads. The observed pattern suggests a greater influence along the NE-SW axis
compared to the NW-SE axis, indicating higher Darcy velocities within the IVU.

The hydraulic head maps plotted for the hydrostratigraphic units in the Southern
NHGWRB exhibit characteristics of a gravity-driven flow regime in a regionally unconfined
system (Marton, 1982; T6th and Almasi, 2001). The flow regime shows a downward flow
direction in the hilly area of the northeast and an upward flow direction in the lowlands near
the East Main Canal. However, the high production rates from the IVU create a local
hydraulic disturbance in the regional head distribution. This disturbance influences the
hydraulic head distribution of the AU, resulting in a radial depression cone geometry (Figure
25a).

On the other hand, the head distribution of the Incised Valley Unit and Pannonian
Unit is disrupted by a pronounced ellipsoidal depression cone geometry (Figure 25b). The
regional horizontal flow direction presented in this research aligns with the one depicted by
Marton; however, the vertical interpretation of the flow is presented as conforming to the

newly proposed hydrostratigraphic framework of the conceptual model.

3.1.4 Geochemical model

Water samples were collected from 118 wells screening the Pannonian and Incised
Valley Units. The location of the screens ranges from 67 m a.s.l. to 250 m b.s.1. (Figure 27).
The sampling points are spatially distributed to cover the entire study area. The measured
physical and chemical parameters include hydrogen potential (pH), temperature (T), electric
conductivity (EC), total dissolved solids (TDS), and Na*, Ca**, Mg?*, K*, CI", SO4*", HCO5"
COs, and NOs ions. The concentration is expressed in mg/l. The minimum, maximum,
average, and standard deviation values are reported in Table 7. It was noted from the average
value that the cations were arranged in this order Ca®" > Na* > Mg?" > K" and the anions

followed this order HCO3™ > SO4> > CI” > NOs.
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Figure 27. Box plot of the location of the screens of the sampled wells. The wells are separated
into three groups: screening the Pannonian Unit (PU), screening the Incised Valley Unit (IVU), and
screening both units at the time (MIX).

The physicochemical parameters were used to detect the geochemical evolution,
water type, and geochemical modelling of the groundwater along the flow path, to determine
the difference in the chemistry of water inside and outside the IVU. The reported results only
refer to the change in water chemistry and water type through the flow path due to water-
rock interaction, with limitation on the definition of water origin as was previously done by

Marton (1982), illustrated in Figure 1.

Table 7. Summary statistics of the geochemical database.

pH T (°C) (uSE/fm) Na* K' Mg* Ca** CI' SO+4  HCOs  COs NOs  TDS

Max 88 246 767.0 193.0 6.5 298 1063 314 550 570.0 0.0 904 1304.0

Min 72 10.7 430.0 160 05 0.1 29 20 00 3200 0.0 0.0 290.0

Mean 7.7 182 576.9 455 22 201 750 7.7 107 4398 0.0 12 6145

Media 7.6 18.0 566.5 334 22 214 811 7.0 86 4400 0.0 0.0 604.0

St.Dev. 03 23 56.5 33.8 1.0 6.1 244 40 9.0 419 0.0 85 992

The collected water samples were classified into three hydrogeochemical facies, as
shown in Figure 28a. Na-HCO3 facies (Type 1) represent the samples outside of the Incised
Valley, while the Ca-Mg-HCO:s facies (Type 2) include the water samples of the IVU. This
apparent spatial differentiation of facies Type 1 and 2 indicated the effects of valley-fill
hydraulic performance, identified based on the hydrogeochemical facies of the enclosed pore
water. The Na-HCO; facies were associated with advanced silicate weathering or ion
exchange in the pore system of the Pannonian formations, while the Ca-Mg-HCO3 character
can be attributed to carbonate weathering or reverse ion exchange. A mixed Na-Ca-HCO3

facies (Type 3) was observed in three samples; however, only one of them is located close
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to the bounding surface of the incised valley, approximately 2.5 km northwest of
Hajdubagos. These facies indicated the mixing of two facies and suggested variable vertical

flow intensity.
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Figure 28. (a) Piper diagram and water type of the groundwater changing with flow direction. (b)
Spatial distribution of the geochemical sampling points colored according to the water type to
which it belongs (Flores ef al., 2023).

Exceptions included four samples showing Ca-Mg-HCOs facies in the center of the
study area near the lateral bounding surface of the incised valley, but out of it (the rectangle
in Figure 28b). This could be explained as a result of the over-exploitation of water by
Debrecen Waterworks activities that shift the water mixing zone into the main aquifer since
the hydraulic conductivity of the IVU is higher than the surrounding units, and demonstrated
before by the hydraulic conditions of the system (Figure 25). Another exception was located
in the southern part of the study area between Hajdubagos and Létavértes. It was represented
by six samples, the groundwater shows Ca-Mg-HCO3 facies due to the local effect of the
higher carbonate content of sediments in this region, as reported in the lithological logs.

The geochemical model was performed using PHREEQC. The saturation index (SI)
of calcite, aragonite, dolomite, halite, gypsum and anhydrite minerals in the groundwater is
calculated, and the analysis aims to detect the change in the saturation index inside and
outside the incised valley along the flow paths. The minimum and maximum value of the SI
for the minerals, shown in Figure 29, indicated that all the water samples were
undersaturated concerning halite, gypsum, and anhydrite, showing the ability of water to
dissolve more from these minerals all over the model domain, which is conversely for

aragonite, calcite and dolomite.
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Figure 29. Range and distribution of mineral Saturation Index in the water samples from the
Pannonian Unit, Incised Valley Unit, and Pannonian-Incised Valley Unit. The box plot presents the
minimum, maximum, median and quartile ranges for each considered mineral.

The spatial distribution of saturation index (SI) values of calcite and dolomite
(Figure 30) also revealed a reliable differentiation inside and outside the main aquifer. The
water samples within the [VU were oversaturated regarding calcite and dolomite, with values
that range from 0.5 to 1.2 and from 0.7 to 2.1, respectively. This suggested the ability of
water to precipitate these minerals within the available pore space, decreasing the HCO3 ion
due to the precipitation of carbonate minerals, and increasing the Ca®" + Mg?". Outside the
valley, in the Pannonian Unit, the SI values concerning calcite and dolomite are lower,
ranging from —0.2 to 0.5 and from —0.7 to 0.7, respectively. The negative value of the SI in
the majority of the water samples from the PU indicated the ability of water to dissolve more
calcite and dolomite approaching the valley; it begins to reach saturation with these minerals.
The undersaturation in the PU may be the result of the non-carbonate origin of the waters or
the advanced cation exchange. The outlying saturation index (SI) values outside the IVU
between Hajdibagos and Létavértes, showing high oversaturation, can be attributed to the

higher carbonate content of the matrix.
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Figure 30. (a) Spatial correlation of Calcite Saturation Index. (b) Spatial correlation of Dolomite
Saturation Index (Flores et al., 2023).

However, since the carbonate content of the valley-fill sediments does not differ from
or is even lower than that of the pre-Quaternary formations, the most probable sources of
dissolved carbonate in the groundwater are the bio-carbonate minerals (such as gastropod
shells, rhizoids and rhizoliths) present in the Quaternary layers between central Nyirség
(Piispoki et al., 2013), which is the recharge area of the system. The direct recharge of the
semi-confined aquifer has the potential to increase the saturation index (SI) from under-
saturation to neutrality or even oversaturation when considering the joint interpretation of
the flow pattern shown in Figure 25.

Spearman’s correlation index was used to analyze the geochemical associations of
the ions in the water samples. The results corroborated the previously presented findings
concerning the geochemical reactions occurring within the hydrostratigraphic units due to
water-rock interactions. Table 8 presents the correlation index calculated from all the
analyzed samples as a single group. The results revealed a strong-to-intermediate positive
correlation of 0.74 between Ca’* and Mg?*, 0.6 between Ca>" and HCOs, 0.6 between
HCO;™ and EC, and 0.5 between CI” and EC. These strong-to-intermediate correlations
indicate the significant contribution of these elements to mineralization processes and
groundwater salinity (Figure 31a).

The samples are analyzed in three separate groups, classified based on the screen
location of the well from where the sample was collected. For water samples taken from

wells screening the Pannonian Unit (PU), the Spearman’s correlation index reveals a strong-
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to-intermediate positive correlation of 0.82 between Ca*" and Mg**, 0.72 between Ca?" and
K", 0.72 between Mg?" and K*, and 0.66 between K" and HCO;". The strong correlation
index is 0.6 between HCOs~ and EC (Figure 31b). The strong correlation between Ca*" and
Mg?*, and lower correlation with EC, suggest that the source of these ions are clay minerals
such as montmorillonite ((Na,Ca)o.3(AlLMg)>S14010(OH)2-nH>O), which hold the three ions
in its chemical composition. The strong correlation of K with Ca?", Mg®" and HCOs~

supports this observation.

Table 8. Correlation matrix of the ions of the water samples used for geochemical analysis.

Parameters Ec(uS/em) Na* K' Mg?* Ca* Cr SO4* HCO5

Ec (uS/cm) 1 -0.01 0.05 0.21 0.36 0.5 0.27 0.6
Na* 1 -0.38 -0.82 -0.88 -0.04 -0.17 -0.3
K* 1 0.31 0.37 -0.01 0.02 0.13
Mg 1 0.74 0.07 0.22 0.44
Ca* 1 03 0.27 0.6
Cr 1 0.25 0.34
SO4* 1 0.16
HCOs 1

Table 9. Correlation matrix of the major ions of the Pannonian Unit water samples.

Parameters Ec (uS/em) Na* K* Mg* Ca** Cr S04+ HCO3

Ec (uS/cm) 1 -0.11 0.27 0.27 0.42 0.33 0.01 0.60
Na* 1 -0.76 -0.86 -0.87 0.19 -0.49 -0.37
K* 1 0.72 0.72 -0.14 0.40 0.66
Mg?* 1 0.82 -0.13 0.37 0.49
Ca* 1 -0.02 0.47 0.47
Cr 1 0.34 0.09
SO+ 1 0.13
HCO3 1

Table 10. Correlation matrix of the major ions of the Incised Valley Unit water samples.

Parameters Ec (uS/cm) Na* K* Mg* Ca* CI SO4* HCO5

Ec (uS/cm) 1 -0.22 -0.03 0.35 0.74 0.37 0.22 0.72
Na* 1 0.36 0.11 -0.62 -0.17 -0.02 -0.35
K* 1 -0.07 -0.23 0.11 0.09 -0.15
Mg?* 1 0.25 0.23 0.09 0.39
Ca? 1 0.33 0.15 0.80
Cr 1 0.14 0.53
SO4* 1 0.17
HCOs 1

Table 11. Correlation matrix of the major ions of the Pannonian Unit- Incised Valley Unit (Mixed)

water samples.

Parameters Ec(uS/em) Na* K' Mg?* Ca* Cr SO4* HCO5

Ec (uS/cm) 1 -0.05 0.08 0.34 0.65 0.65 0.14 0.64
Na* 1 0.05 -0.27 -0.43 -0.14 -0.36 -0.35
K* 1 0.28 0.13 0.27 0.04 0.16
Mg?* 1 0.19 0.28 0.13 0.46
Ca? 1 0.72 0.20 0.81
Cr 1 0.06 0.72
SO4* 1 0.20
HCO3 1

Note(s): Concentration of the ions is measured in mg/I.
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Figure 31. Geochemical association of the ions with a correlation index higher than 0.5, calculated

considering (a) all samples, (b) samples from the Pannonian Unit, and (¢) samples from the Incised
Valley Unit. It is constructed in EzCorrGraph App (Campos and Licht, 2021).

For water samples taken from wells screening the Incised Valley Unit (IVU), the
Spearman’s correlation index (Table 10) reveals a strong-to-intermediate positive
correlation of 0.74 between Ca’" and EC, 0.80 between Ca’" and HCOs3™, 0.72 between
HCO; and EC, and 0.53 between Cl"and HCO3™ (Figure 31c¢). The strong correlation index
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between Ca®*, EC, and HCO;s™ suggests the dominance of carbonate dissolution in the
Incised Valley Unit, while the lower correlation index between Mg?* and EC, revealed that
within this unit, the calcite has a greater effect on the salinity increase than dolomite.
Finally, for the water samples of mixed origin, where the well shares a screening
section between Pannonian and Incised Valley Units, the Spearman’s correlation (Table 11)
reveals a strong-to-intermediate positive correlation of 0.81 between HCO3~ and Ca?", 0.72
between HCO3™ and CI', 0.65 between Ca’" and EC, and 0.64 between HCO3™ and EC. In
the samples of mixed origin, the strong correlation between HCOs~, Ca*", EC, and CI

indicates the signature of each unit in the water sample (Figure 32).
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Figure 32. Geochemical association of the ions in the mixed water samples with correlation index

higher than 0.5. The graph is constructed in EzCorrGraph App (Campos and Licht, 2021).

3.2  Regional numerical modelling

The numerical model for the Southern Nyirség-Hajdusdg Groundwater Body was
constructed using the control volume finite-difference approach of MODFLOW-USG code
(Panday et al., 2013) in conjunction with the Groundwater Modelling System Interface
(GMS GUI). This process followed the workflow steps numbered in Figure 8 (Numerical
Model, and Calibration), utilizing the information collected and analyzed during the

conceptualization step (refer to Section 3.1). The results of the simulation are provided in an

electronic version in Appendix G.
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3.2.1 Spatial discretization

The spatial discretization of the model domain was achieved using a Quadtree
Unstructured Grid (Quadtree), while temporal discretization occurred within a single stress
period, operating under steady-state conditions. The active modeled area (Figure 4) is
derived from the surface water basin definition combined with the reported borders of the
groundwater bodies of the National General Directorate of Management, and also
considering the regional groundwater flow net established by Marton (1982) (Figure 1). The
numerical model was constructed using meters as length units and days as time units.

The grid of the model domain consists of 59,965 3D active cells, covering an area of
1,282 km? with an approximate thickness of 285 meters (Appendix G). The selection of the
optimal cell size was based on considerations such as model-processing time, representation
of property variability, and ensuring that there were more than three cells along the narrow
aquifer side. The major axis of the grid is oriented at 52 degrees, aligning with the major
dimension axis of the study area. The width-to-depth ratio is approximately 1:221 for the
NE-SW axis and 1:202 for the NW-SE axis.

The chosen base dimension for the grid is 2000 meters, which was adjusted to a
minimum of 250 meters at the domain's boundaries. Cell dimensions were further refined in
the vicinity of well locations (WEL), ranging from a minimum of 50 meters to a maximum
of 250 meters. Additionally, cells were adjusted in the location of the streams (DRN) to a
size of 350 meters. Only convertible layers were utilized in the numerical model, considering
the semi-confined nature of the aquifer, as previously stated in the hydraulic conditions of
the system during the conceptual model development (see Section 3.1.3). The top view of
the used Quadtree grid is illustrated in Figure 33.

Taking into account statements about vertical discretization from various authors (e.1.
Haitjema et al. (2001); and Anderson et al. (2015)) emphasizing horizontal differentiation of
heterogeneity was considered more effective in the studied case. Thus, the grid of the model
domain is separated into four layers implemented in the model following the geological

geometry revealed in the conceptual model (Figure 15 and Figure 16).
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Figure 33. 2D view of the used Quadtree Unstructured grid of the model domain. The base size of
the cell is 2000 m, with redefinition at lateral boundaries, sinks, and sources.

The first layer represents the Coarsening Upward Unit and its three lithologic facies:
sand, silt, and clay. The second layer represents the Alluvial Unit and includes its four facies:
major channel belt, floodplain, secondary channels, and avulsion cycle. The third layer
represents the Incised Valley Unit and encompasses its two facies: channel belt and
floodplain. Finally, the fourth layer represents the Pannonian Unit, comprising its two facies:
sand and silty clay (see Section 3.1.1). The geometry of the top surfaces for each one of the

layers is illustrated in Figure 34.

51



ERREREEEE]

5

F30000  B40O0  WAGOOD 060000 WTO00D EDdXO

EEEREERET

L

7&
o
E
E Rl
B
o
>
.
w

Figure 34. Contour lines of (a) the topographic surface or top of the model domain, (b) the top
surface of the Alluvial Unit, (¢) the top surface of the Incised Valley Unit, (d) the top surface of the

Pannonian Unit, and (e) bottom surface of the model domain. Refers to Appendix F.

3.2.2 Initial conditions

Given the simulation's steady-state nature, only horizontal and vertical hydraulic
conductivity were essential parameters to establish during material properties configuration.
The apparent horizontal hydraulic conductivity of each stratigraphic unit was then calculated

using findings from Mohammed et al. (2024) regarding horizontal hydraulic conductivity,
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alongside the percentage contribution of each facies for every hydrostratigraphic unit derived
from the 3D facies model (refer to Section 3.1.1 and Appendix G-1). Initial values utilized
for horizontal hydraulic conductivity in the numerical model are outlined in Table 12.

Table 12. Maximum and minimum values of initial parameters of the facies in the study site.

Vertical
Stratigraphic . Kn Facies Apparent .
unit Facies (m/d)  contribution  Ku a“(‘li‘:/t;")py
C . Sand 2.2 0.426
U"*V‘;ngmg Clay 0.01 0.5115 0.96 1
P Silt 0.23 0.0625
Channel belt 22 0.1667
. Avulsion cycle 1.11 0.1392
Alluvial Secondary Channel 1.09 0.218 0.50 >
Floodplain 0.05 0.4704
. Channel belt 3.5 0.984
Incised valley Floodplain 0.08 0.016 345 10
Pannonian S;illltd 02622 8‘5%2? 0.94 5

While the computed hydraulic conductivity values of the sand bodies in the PU,
ALU, and CUU (Figure 22) aligned with those reported by Mohammed et al. (2024),
discrepancies were observed for the IVU. In this case, values derived from the multi-well
clustering approach were favored due to their vertical definition and the availability of a
more comprehensive dataset. For the vertical anisotropy ratio (ky/k,) initial values were
selected as follows: 1 for the CUU, 8 for the ALU, 10 for the IVU, and 8 for the PU. These
values will be subject to adjustment during the calibration process, alongside horizontal
conductivity. For configuring the initial head in the model domain, the computed water table
surface from the boreholes screening the unconfined aquifer layer (Figure 26), also called

the Coarsening Upward Unit, was utilized in Figure 35.
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Figure 35. Initial head distribution in the model domain.
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Figure 36. Location of the Constant Head Boundary condition set up for (a) the Pannonian Unit

and (b) the Incised Valley Unit. Also, it is possible to visualize the location of the screens within

each layer.

54



3.2.3 Boundaries conditions

The inflow and outflow components with the model domain were introduced aiming
for the accomplishment of the boundary conditions configuration (Figure 8, Numerical
model). It encompasses the lateral boundaries, sinks, and sources. Firstly, the lateral flow
boundaries were established under Dirichlet conditions (Table 2), utilizing the Time-Variant
Specified Head Package (CHB) of MODFLOW-USG. These conditions varied in terms of
location, as depicted in Figure 36. The selection of location, as well as the values on the
nodes on the arcs that represent the boundary condition (Appendix G), were specified
according to the piezometric surface shown in Figure 25c, and considering the flow
direction illustrated on it.

The recharge of the aquifer was introduced in the model using the Recharge package
(RCH) of MODFLOW-USG, configured to be inserted into the highest active cell of the
domain. It is spatially defined by the 30-year average of the effective infiltration values
calculated based on the CARPATCLIM-HU measured climate parameters for the 1975-2004
climate period (NAT¢ER, 2023). These values represent the annual recharge rate introduced
by precipitation in the system after accounting for evapotranspiration occurrence, ranging

from 0.00011 m/d to 0.00002 m/d, as depicted in Figure 37.
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Figure 37. Implemented recharge package (RCH) and its spatial distribution on the model domain.

Subsequently, the production rates (Q) reported in the well books for the period
1969-1971 were incorporated to be simulated as withdrawals using the Well package (WEL).
They were positioned within the model domain by activating “use screen location” in the
conditions of the coverage layer. Following this, the streams existing within the model
domain were simulated using the Drain package (DRN). The geometry of the streams is

derived from the shape used and displayed in Figure 4¢. The conductance is assumed to be
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0.4 (m2/d)/m, and the bottom elevation at the nodes of the coverage was copied from the

land surface elevation model.

3.2.4 Calibration

The Head Observation (OBS) package was used to compare simulated water-table
altitudes to observed water-table altitudes collected from the field observations, recorded in
the drilling wellbooks and previously employed to depict the piezometric surfaces for the
layers (Figure 25a, 25¢, and 26). Specifically, 40 observation targets were assigned to the
Coarsening Upward Unit layer, 23 to the Alluvial Unit layer, 27 to the Incised Valley Unit,
and finally 33 to the Pannonian Unit, as depicted in Figure 38.
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Figure 38. Hydraulic head calibration targets in the model domain.

The first simulation was done under the above-given setup conditions of the model
domain for the Modflow-USG code performance, the stability of the model looks strong
enough to maintain the budget percentage discrepancies in the solution under 1.0 % for the
steady-state stress period. The reported water budget for the first simulation of the model
domain was calculated as follows: a total of 127931 m®d originated from effective
infiltration of precipitation, 34050.6 m® entered from the specified head boundary sides,
20596.6 m*¥d exited the system through the specified head boundaries, while 104178.1 m¥d

were discharged through production wells, and 37212.3 m*d are outflow from the rivers and
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streams (Appendix G). The correlation between the calculated hydraulic head in the
simulation and observed values in the area is strongly positive (r = 0.86), as illustrated in
Figure 39a.

The residual heads vary between 31.3 and -26.1 m, as shown in Figure 39b. The
total residual in the head for the first simulation is 897.17 m. The spatial distribution of the
targets is illustrated in Figure 40, where targets with a variation between 0 and +10 m are
represented with green color boxplots, targets with a variation between 10 and £20 m are
represented in yellow color boxplots, and targets with a variation higher than £20 m are

represented in red color boxplots.
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Figure 39. (a) Correlation between the values of the observed head and the measured head in the
first simulation. (b) Report of the residual of the calculated head and the observed head values in

meters.
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Figure 40. Boxplot of the calibration targets. They show the deviation of the calculated head from
the observed head value.

Following this, the calibration process was methodically and manually executed.
This involved the implementation of zonation for hydraulic conductivity in the Alluvial
System Unit, utilizing the trend lines established for the Object-Based simulation (see
Appendix F). The adjustment of the conductance value of the streams (DRN) was
incorporated into the simulation. The values vary from 0.3 (m%*d)/m to 0.5 (m%d)/m as
shown in figure Figure 41. Furthermore, a progressive refinement of the input values for
horizontal hydraulic conductivity and vertical anisotropy was undertaken to optimize the
alignment between model-simulated piezometric surfaces and observed heads. The ultimate
configuration of the hydraulic properties for the layers and zones is comprehensively
detailed in Table 13.

The reported water budget for the calibrated model was calculated as follows: a total
of 128058.2 m*d originated from effective infiltration of precipitation, 36582.98 m> entered
from the specified head boundary sides, 24769.3 m*d exited the system through the specified
head boundaries, while 103402.2 m*d were discharged through production wells, and
36480.67 m¥d are outflow from the rivers and streams (Appendix G).
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Figure 41. The drainage system is introduced in the model domain as a DRN package. The

assigned conductance for the arcs varies between 0.3 to 0.5 (m*/d)/m.

Table 13. Configuration of the hydraulic properties of the layers after calibration.

Hydrostratigraphic Vertical anisotropy

Unit Zones kn (m/d) (k/ky)
. Sand
Coarsening Cla 0.95 1
Upward Sil‘? ’
Channel belt 2.2 15
. Avulsion cycle
Alluvial Secondary Channel 11 15
Floodplain 0.0002 1
Incised valley CFhliI::;;ll:iit 3.5 15
Pannonian S;illl? 1.8 3

The correlation between the calculated hydraulic head in the simulation and observed
values in the area is strongly positive (r = 0.896), as illustrated in Figure 42a. The residuals
vary between 20 m and -15 m, as shown in Figure 42b. The total residual in the head for the
first simulation is 676.12 m. The spatial distribution of the targets is illustrated in Figure 41,
where targets with a variation between 0 and +10 m are represented with green color
boxplots, targets with a variation between +10 and +20 m are represented in yellow color
boxplots, and targets with a variation higher than £20 m are represented in red color boxplots

(Figure 43).
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Figure 42. (a) Correlation between the values of the observed head and the measured head in the
calibrated simulation. (b) Report of the residual of the calculated head and the observed head
values in meters.

The hydrogeological model calibration process was conducted meticulously to
ensure accuracy and reliability. The implementation of zonation for hydraulic conductivity
in the Alluvial System Unit, informed by Object-Based simulation trend lines, allowed for a
detailed representation of aquifer heterogeneity. Adjustments to stream conductance values
further refined the model's depiction of surface water-groundwater interactions.

Through progressive refinement of input parameters such as horizontal hydraulic
conductivity and vertical anisotropy, the model was optimized to closely match observed
piezometric surfaces and hydraulic heads. The comprehensive detailing of hydraulic
properties for different layers and zones in Table 13 provides valuable insights for future
modeling efforts. Then, the strong positive correlation (r = 0.896) between calculated and

observed hydraulic heads indicates the model's effectiveness in capturing the system's
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behavior, also supported by the residual head analysis further validated the model's
performance, with minor deviations observed between simulated and observed heads
considering the regional dimension of the model domain. The spatial distribution of target
variations provided additional context, highlighting areas of agreement and potential areas

for further investigation or refinement.
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Figure 43. Boxplot of the calibration targets. They show the deviation of the calculated head from

the observed head value.
4 NEW SCIENTIFIC RESULTS

4.1 Thesis of the research

Following the established workflow for the application of the above-exposed
methods on the constructed database of the Southern Nyirség-Hajdusag Groundwater Body,
I was able to achieve the next new scientific results:

Thesis 1. 3D stratigraphic units definition

I have constructed the 3D geological interpretation of the Southern Nyirség-
Hajdisag Groundwater Body applying high-resolution log correlation, identifying 3
bounding surfaces within 285 meters depth of the sedimentary record. The developed 3D
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geological model defines the spatial continuity of the stratigraphic units within the study
area. Also, I was enabled to identify an incised valley deposited in stratigraphic discordance
on Pannonian sediments, subsequently buried by an alluvial sequence and a fluvial-
lacustrine sequence, verifying the hypothesis of Plispoki (2016a, b).

Thesis 2. Correlation between geological framework and hydrodynamic
patterns

In the absence of 2D geophysical data in the region, I supplemented log correlation
at the studied depth with hydrogeological and hydrogeochemical data as independent sources
to validate stratigraphic contacts and delineate the hydrostratigraphic units of the aquifer
system. Horizontal uncertainty between logs was assessed by examining patterns observed
on piezometric surfaces, pressure conditions, and geochemical characteristics, which serve
as expressions of the geometric distribution of the geological framework. Through the
estimation of horizontal hydraulic conductivity of the sand bodies using the Logan Method,
I was able to identify coarser grain sizes for the Incised Valley Unit compared to the
surrounding units. The spatial distribution of the estimated hydraulic conductivity aligns
with the proposed geometry of the paleo-valley, with a noticeable change in values occurring
at the boundary of the defined stratigraphic unit.

From the analysis of the hydrodynamic conditions, I was able to discern the hydraulic
connectivity of the layers through hydraulic windows occurring in areas with high water
extraction rates. This resulted in the development of a semi-confined hydraulic behavior
within the aquifer system. Additionally, I was able to corroborate the gravity-driven flow
regime mentioned previously by other researchers. I also observed two main disturbances in
the regional flow direction: (1) A perturbation was observed in the form of an elongated
disturbance along the same strike direction as the paleo valley, attributed to the higher
hydraulic conductivity pathway within the Incised Valley Unit. (2) Another perturbation
resulted from the presence of hydraulic windows, with the IVU-AU vertically and [VU-
LMU horizontally, leading to a depression in the dynamic pressure increment and hydraulic
head at the center of the study area, specifically at the Debrecen Waterworks Sites.

Furthermore, I recognized the dominance of a downward flow direction and under-

hydrostatic pressure conditions (ys; < Ygyn) in the system. The Incised Valley Units
exhibited the highest depression, with a hydrostatic gradient (y 4y,,) of 6.06 kPa/m, compared
to the surrounding units where the pressure gradient (yg4,,) exhibited values of 9.74 kPa/m

for the CUU, 8.37 kPa/m for the AU, and 7.43 kPa/m for the LMU.
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Finally, from the geochemical analysis, I established that the primary aquifer is
distinguished by a Ca-Mg-HCO3 water type, whereas the lateral surrounding aquifer exhibits
Na-HCOs3 water type. Furthermore, the saturation index values indicated a transition from
under-saturated to supersaturated states for calcite and dolomite minerals along the spatial
extent of the Incised Valley Unit (IVU). These findings align with the observation that the
heterogeneity introduced by the primary aquifer significantly influences the flow pattern,
resulting in higher flow velocities within the IVU.

Thesis 3. 3D facies modelling

I developed a facies model for the stratigraphic units to characterize the complexity
and geological heterogeneity within them. Utilizing the density of available well-log
information, I applied object-based simulation to stochastically model the 3D spatial
distribution of depositional elements for the Alluvial Unit and Incised Valley Unit facies.
Simultaneously, I employed sequential indicator simulation to describe the spatial
distribution of lithofacies within the Coarsening Upward Unit and Pannonian Unit.

Using the 3D facies model, I assessed the volume of each facies and subsequently
calculated the apparent hydraulic conductivity for the four aquifer layers. Hydraulic
conductivity values were determined as a continuous log using the Csdkas method for 19
selected boreholes, as reported in the research conducted by Mohammed et al. (2024)

Thesis 4. 3D regional numerical modelling

I have performed a numerical simulation of the created conceptual model of Southern
Nyirség-Hajdusag Groundwater Body to prove the hydraulic behavior of the geological
framework. I have addressed an acceptable calibration of the model implementing layer
zoning for the distribution of horizontal hydraulic conductivity. The zonation is done
according to the facies model insights. This decision was driven by the constraint that the
model could not achieve a higher level of vertical discretization for the layers, primarily due
to limitations within the modelling code, particularly concerning cell saturation and the
wide-to-depth ratio of the model.

I could report a water budget for the calibrated model domain at a regional water
scale was calculated as follows: a total of 128058.2 m®/d originated from effective
infiltration of precipitation, 36582.98 m> entered from the specified head boundary sides,
24769.3 m?/d exited the system through the specified head boundaries, while 103402.2 m*/d
were discharged through production wells, and 36480.67 m?®/d are outflow from the rivers
and streams. The comparison between the calculated hydraulic head in the simulation and

observed values of it. The residual heads vary between 20 m and -17 m.
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4.2 Practical applicability

In this study, the newly acquired scientific results offer profound insights into the
regional-scale hydrogeological interpretation of the Southern Nyirség-Hajdusag
Groundwater Body. By delivering a comprehensive three-dimensional geological
description of one of Hungary's most critical aquifer systems, this research effectively
addresses a notable gap in our understanding.

The significance of this aquifer system has been underscored by continuous research
efforts aimed at various water utilization purposes, thereby amplifying the relevance and
substance of the findings presented here. The meticulously tested and calibrated aquifer
system geometry, based on data spanning from 1969 to 1971, holds immense potential for
updating hydraulic conditions and formulating new scale exploration models ranging from
local to regional scales. These findings are poised to drive progress in sustainable
groundwater management practices within the region, particularly amidst escalating water
demands from local communities, agricultural activities, and industrial sectors. The reported
results constitute invaluable contributions to informed decision-making and the formulation
of efficient strategies aimed at ensuring the long-term accessibility and optimal utilization
of groundwater resources in the area.

Furthermore, the methodology employed in this research has introduced a practical
approach that capitalizes on the strong correlation between geological geometry and
hydrogeological patterns. This methodology facilitates the construction of a reliable
conceptualization of porous media aquifer systems, especially in scenarios where 2D
geological information collection is hindered by geological conditions such as depth,
compaction, heterogeneity, and horizontal extension. Moreover, this approach has
demonstrated its efficacy in conducting hydrogeological modeling, thereby ensuring a
comprehensive understanding of the three-dimensional nature of aquifer characteristics.

Overall, the findings and methodology presented in this research offer tangible
practical applicability, guiding future endeavors in groundwater management and resource

utilization while advancing our understanding of complex hydrogeological systems.

5 SUMMARY

The 3D geological characteristics of the groundwater system in the Southern
Nyirség—Hajdisag Groundwater Body, located in East Hungary, have been examined
through an integrated analysis of geological, hydrogeological, and geochemical data. This

study developed a comprehensive conceptualization that effectively describes the
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hydrogeological framework and hydrological system of the porous media aquifer system
under investigation. This conceptualization served as a crucial prerequisite before initiating
the application of numerical modelling.

The gathered results revealed a previously unexplored stratigraphic unconformity
within the complex Quaternary sedimentary sequences of the Great Hungarian Plain.
Through the successful application of high-resolution log correlation, the study identified
four hydrostratigraphic units within the studied depth interval. Among these units, the
primary aquifer was found within an incised paleo valley, measuring approximately 10 to 13
kilometers in width and oriented along an NE-SW axis. This aquifer primarily comprises
coarse-grain sediments. It was deposited unconformably on the eroded surface of the
Pannonian Units, subsequently becoming buried beneath an alluvial stratigraphic sequence
and a series of sediments exhibiting a coarsening-upward trend, with an undefined
sedimentary environment.

Despite the limited availability of 2D geophysical data, the geometry of the
stratigraphic units was effectively demonstrated through their positive correlation with the
spatial distribution of hydraulic conductivity, as well as the horizontal and vertical flow
patterns and the geochemical evolution of the water. The estimated horizontal hydraulic
conductivity of the sand bodies consistently aligned with the grain size information reported
in the wellbooks for each identified hydrostratigraphic unit. This alignment indicated a
coarser grain size for the Incised Valley Unit compared to the surrounding units. The spatial
distribution of hydraulic conductivity conformed to the geometry of the paleo valley, with a
noticeable change in hydraulic conductivity values occurring at the boundary of the Incised
Valley Unit's presented geometry.

The hydrological characteristics of the aquifer were revealed through the analysis of
fluid potential patterns. These patterns demonstrated the hydraulic connectivity of the layers
via hydraulic windows, particularly in areas with high water extraction rates, resulting in the
development of a semi-confined hydraulic behavior within the aquifer system. Additionally,
they corroborated the gravity-driven flow regime mentioned previously by other researchers,
as evidenced by the similarities between the water table and topography. In this context,
recharge predominantly occurs in the highland areas, while discharge primarily takes place
in the lowland regions. Lastly, the flow potential patterns indicated that the flow within the
region is primarily governed by under-pressure conditions, leading to a downward flow
direction. This condition is substantiated by the observation that the average pressure

gradient within the hydrostratigraphic units is lower than the hydrostatic pressure gradient.
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An intriguing observation worth noting is that the regional flow direction, originally
described as flowing from the northwest to the southeast, exhibited two significant
perturbations. The first perturbation was observed in the form of an elongated disturbance
along the same strike direction as the paleovalley, caused by the higher hydraulic
conductivity pathway within the Incised Valley Unit. The second perturbation resulted from
the presence of hydraulic windows, with the IVU-AU vertically and IVU-PU horizontally,
leading to a depression in the dynamic pressure increment and hydraulic head at the center
of the study area, specifically at the Debrecen Waterworks Sites.

The geochemical analysis conducted led to the conclusion that the primary aquifer is
distinguished by a Ca-Mg-HCO3 water type, whereas the lateral surrounding aquifer exhibits
a Na-HCOs water type. Furthermore, the saturation index values indicated a transition from
under-saturated to supersaturated states for calcite and dolomite minerals along the spatial
extent of the Incised Valley Unit (IVU). These findings align with the observation that the
heterogeneity introduced by the primary aquifer significantly influences the flow pattern,
resulting in higher flow velocities within the IVU.

After confirming the stratigraphic units, a geostatistical facies model was employed
to assess the internal grain size variability within these units. The Pannonian unit was
categorized into sand (42.33%) and silt (57.67%) lithological facies. The Incised Valley Unit
primarily consisted of channel belt facies (98.4%) with smaller floodplain facies (1.6%). In
contrast, the Alluvial Unit exhibited four distinct facies: a primary channel belt (16.67%),
three secondary channels (21.80%), an avulsion cycle (13.92%), and floodplain deposits
(47.04%). Finally, the Coarsening-Upward Sequences were represented by three lithologic
facies, comprising sand (42.6%), silt (6.25%), and clay (51.15%).

The conceptual model of the four hydrostratigraphic units within the semi-confined
Southern Nyirség—Hajdisdg Groundwater Body was employed for discretization. This was
carried out using an unstructured grid comprising 71,948 3D active cells distributed across
four layers. This choice of four layers was made based on the consideration that, in regional
modelling, the addition of multiple layers to the numerical model does not yield significant
improvements. This is due to the relatively small thickness of the aquifer system in
comparison to its lateral extent, which primarily results in a horizontal flow direction.

The apparent horizontal hydraulic conductivity was calculated based on the facies
proportions within each unit, using the hydraulic conductivity results obtained by
Mohammed et al. (2024 )calculations applied to selected geophysical logs in the study area.

Throughout the calibration process of the numerical model, the spatial distribution of these
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facies played a significant role in fine-tuning the hydraulic conductivity, primarily in
response to variations in the concentration of sand or clay within the area.

The initial hydraulic head conditions in the model were set based on the hydraulic
head values reported in the wellbooks of wells that screened the first layer. Boundary
conditions were defined using production wells (Well Package), effective infiltration
(Recharge Package), and specific head (Time-Variant Head). The simulation was conducted
using the MODFLOW-USG code within the GMS GUI.

This research finalized with the presentation of a comprehensive 3D regional
hydrogeological model of the porous media aquifer system within the Southern Nyirség—
Hajdusag Groundwater Body. This model was constructed based on the newly developed
3D stratigraphic and facies model, which accurately characterizes the complex Quaternary
Sedimentary Sequences within the established model domain. This meticulously tested and
calibrated aquifer system geometry, based on data spanning from 1969 to 1971, holds
immense potential for updating hydraulic conditions and formulating new scale exploration
models ranging from local to regional scales, driving progress in sustainable groundwater
management practices within the region, particularly amidst escalating water demands from

local communities, agricultural activities, and industrial sectors.
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Appendix A

APPENDIX A. TNavigator License Certificate

Mr. César Calvachi
General Manager of
PetroAptos Oil Engineering Company

CERTIFIES

That, PETROAPTOS PETROLEUM ENGINEERING COMPANY has granted
YETAZABEL GERARDA FLORES CARPIO the uwse of an academic license for
tNavigator, software developed by Rock Flow Dynamics.

tNavigator may be used in the development of scientific research entitled "HIGH-
RESOLUTION FACIES INTERPRETATION OF QUATERNARY SEDIMENTARY
SERIES FOR HYDROGEOLOGICAL MODELING OF THE NYIRSEG-HAIDUSAG
GROUNDWATER BODY, NE HUNGARY".

It is worth mentioning that this license is granted exclusively for scientific activities related to
the development, fulfillment and publication of the results of the specified 1opic.

In exchange, the beneficiary will include the following text in the credits of the publication of
their results: "Special thanks 10 ROCK FLOW DYNAMICS, which, through the company
PETROAPTOS OIL ENGINEERING COMPANY of Ecuador, has granted the use of a license
to the tNavigator software, "very useful ool to meet the objectives of the study”

21 de febrero del 2024, Quito, Ecuador

Eng. César Calvachi, MBA.

Cieneral Manager
PetroAptos Oil Engineering Company C. Ltda,

Appendix A-1. Letter of permission for tNavigator license use.
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APPENDIX B. High-resolution log correlation.
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Appendix B-1. Location Map of the presented cross-sections in the study area. Sections running in
the NW-SE direction are marked with 'X,' while those running in the SW-NE direction are marked
with 'Y."' Additionally, three extra sections are denoted with the notation 'XY".

STRATIGRAPHIC UNITS
P Coarsening upward cycles
- Alluvial sequence
_ Valley incision unit
Pannonian Unit
LITHOLOGY
P Gravel, gravel with carbonates

 Sand, sand with carbonates,
| fossiliferous sand, gravely sand
gravely sand with carbonates

| Silty sand, clayed sand
| Slit; silt with carbonates

Clay, sandy clay, silty clay,
- clay with carbonates,
fossiliferous clay

Appendix B-2. Simbology for the cross-secctions. The stratigraphic units are displayed in
the background of the sections, meanwhile, the lithology fills the space between the logs.
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APPENDIX C. Trend model of the defined facies generated for the upscaled logs
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Appendix C-1. Probability of occurrence of (a) sand facies, (b) silt facies, and (¢) clay facies in the

Coarsening Upward Unit.
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Appendix C-2. Probability of occurrence of (a) main channel facies, (b) secondary channel facies,

(¢) avulsion facies, and (d) floodplain facies in the Alluvial Unit.
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Appendix C-3. Probability of occurrence of (a) channel facies, and (b) floodplain facies in the

Incised Valley Unit.
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Appendix C-4. Probability of occurrence of (a) sand facies, and (b) clay facies Pannonian Unit.
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APPENDIX D. Variograms for application of the Indicator Kriging Simulation of
Pannonian Stratigraphic Unit and Coarsening Upward Sequences
Pannonian Stratigraphic Unit

Variogram model

Type Exponential

Sill 0.7705
Major range 5253.538
Minor range 5389.353
Vertical range 52.537
Nugget 0.0001
Sill 0.7706

Experimental variogram

Azimuth = Dip Number Lag Search = Bandwidth = Tolerance | Lag Thickness
lags distance  radius angle tolerance
Vertical = NA 90 7 17.7 123.9 17.7 45 50 | NA
Major 353 0 24 1721 = 41304 1721 45 50 0.001
Minor 305.3 0 24 1721 = 41304 1721 45 50 0.001

Coarsening Upward Stratigraphic Unit

Variogram model - Clay

Type Spherical

Sill 0.8804
Major range 4666.667
Minor range 6147.353
Vertical range 33.609
Nugget 0.0001
Sill 0.8805

Experimental variogram - Clay

Azimuth = Dip Number @ Lag Search =~ Bandwidth = Tolerance @ Lag Thickness
lags distance | radius angle tolerance
Vertical = Vertical NA 90 7 8.6 60.2 8.6 45 1 50
Major Major = 300.6 0 23 1039.9 23917.7 1721 45 50
Minor Minor = 210.6 0 23 2120 48760 1721 45 50

Variogram model - Silt

Type Spherical

Sill 0.9352
Major range 3702.749
Minor range 4903.78
Vertical range 26.568
Nugget 0.0001

Sill 0.9353
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Experimental variogram - Silt
Azimuth = Dip Number

lags
Vertical  NA 90 5
Major 3494 0 24
Minor 259.4 0 24
Variogram model - Sand

Structure 1
Type Spherical
Sill 0.9116
Major range 6626.607
Minor range 327544
Vertical range 37.224
Nugget 0.0001
Sill 0.9117
Experimental variogram - Sand
Azimuth = Dip Number

lags
Vertical NA 90 5
Major 305.8 0 24
Minor 215.8 0 24

Lag
distance

13.1
1177.5
1691

Lag
distance

17.4
1362
915.7

Search
radius

65.5
28260
40584

Search
radius

87
32688
21976.8

Bandwidth

13.1
1691
1691

Bandwidth

13.1
1691
1691

Tolerance

angle

45
45
45

Tolerance

angle

45
45
45

D-2
Lag Thickness
tolerance
50  NA
50 0.001
50 0.001
Lag Thickness
tolerance
50 NA
50 0.001
50 0.001
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APPENDIX E. Geometric parameters used in the Object-Based Simulation for the
Incised Valley Unit (IVU) and Alluvial Unit (ALU)

VU

ALU

VU

ALU

Facies

Channel
Main
channel
Avulsion
channel
Secondary
river 1
Secondary
river 2
Secondary
river 3
Secondary
river 4

Facies

Channel
Main
channel
Avulsion
channel
Secondary
river 1
Secondary
river 2
Secondary
river 3
Secondary
river 4

Orientation Amplitude
Min Med Max = Min Med
24 30 35 | 1000 @ 1500
1100 1700
Derived from 1100 1700
flow lines
600 800
600 800
600 800
600 800
Orientation Width
Min  Med Min Med = Max
24 30 3000 3300 3600
1100 1460 2000
Derived from 1030 1150 1260
flow lines
600 900 1000
600 900 1000
600 900 1000
600 900 1000

Max
1800
2000

2000

1000

1000

1000

1000

Min
20

Wavelength

Min

1000

13000

13000

25000

25000

25000

25000

Med
40
16

12

10

10

10

10

Med
1500
20000

20000

30000

30000

30000

30000

Thickness

Max
50
30

16

15

15

15

15

Max
1800
24000

24000

43000

43000

43000

43000
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APPENDIX G. Hydrogeological numerical model of Southern-NHGWB.

Appendix G is the electronic attachment that contains the numerical model of the
Southern Nyirség-Hajdusag Groundwater Body. The simulation is performed using
Modflow USG in the graphic interface of the Groundwater Modelling System (GMS).

Two versions will be found in the attachment, including the first simulation and the

calibrated model.



