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ABSTRACT

Over the last decades, high nitrate concentrations in Varazdin alluvial aquifer raised public
concern regarding groundwater quality. The aquifer is the main source of drinking water for
the local population in the Varazdin County in NW Croatia. For better understanding of nitrate
distribution in groundwater and formulating appropriate management strategies for
groundwater quality protection, it is necessary to investigate the origin, fate, and transport of
nitrate within the Varazdin aquifer. The conducted research combined different methods
(hydraulic, geochemical, isotope, microbiological, statistical, modelling), which resulted in
numerous findings about the alluvial aquifer, its interaction with surface water and
precipitation, and nitrate behaviour within the aquifer. The stable water isotopes (520 and 5°H)
indicated that groundwater and surface water are recharged by precipitation. The average
estimated recharge from precipitation using Wetspass-M model was 34% of total precipitation.
Analysis of head contour maps showed that aquifer is recharged from the Drava River and
accumulation lake Varazdin, which was supported by stable water isotopes, and quantified by
water budget analysis: surface waters participate in groundwater recharge with 68%, and
precipitation infiltration with 32%. Dual isotopes of nitrate (3*°N and &0 in NO3) indicated
that manure, wastewater, soil organic N, and ammonia fertilizers are the possible sources of
nitrate in groundwater. Chemical, isotope, bacterial, and hierarchical cluster analysis displayed
grouping of wells in agricultural, urban, and natural area. Nitrification was identified as the
main nitrogen transformation process, while denitrification can occur locally, but does not have
significant impact on regional scale. The results of isotope mixing model showed that manure
is the dominant nitrate source in agricultural, wastewater in urban, and soil organic N in natural
group. The calibrated groundwater flow and nitrate transport model was used to simulate nitrate
concentrations in groundwater in the next two decades. Model simulations predict continued
downward trend of nitrate concentrations in the central part, and steady low nitrate
concentrations in the northern part of the model. The modelling results demonstrated that
management of agricultural practices is the most important aspect to gradually reduce nitrate
contamination in the Varazdin aquifer, but it takes decades for nitrate concentrations in

groundwater to respond to changes in nitrogen input from the surface.

Keywords: nitrate, water and nitrate stable isotopes, bacteria, statistical analyses, mixing

model, numerical model, Varazdin alluvial aquifer



PROSIRENI SAZETAK

Tijekom posljednjih desetlje¢a visoke koncentracije nitrata u varazdinskom aluvijalnom
vodonosniku izazvale su zabrinutost javnosti u pogledu kakvoce podzemnih voda. Vodonosnik
je glavni izvor pitke vode za lokalno stanovnistvo u Varazdinskoj Zupaniji u sjeverozapadnoj
Hrvatskoj. Radi boljeg razumijevanja raspodjele nitrata u podzemnoj vodi i formuliranja
odgovarajucih strategija upravljanja za zastitu kakvoc¢e podzemne vode, neophodno je istraziti
podrijetlo, ponasanje i transport nitrata unutar varazdinskog vodonosnika. U provedenim
istrazivanjima koriStena je kombinacija razli¢itih metoda (hidraulicke, geokemijske, izotopne,
mikrobioloske, statistiCke, modeliranje), $to je rezultiralo brojnim saznanjima o aluvijalnom
vodonosniku, njegovoj interakciji s povrSinskim vodama i oborinama te ponasanju nitrata
unutar vodonosnika. Tijekom cetverogodiSnjeg razdoblja, u sklopu terenskih istrazivanja
prikupljani su na mjese¢noj bazi uzorci podzemne i povrSinske vode za mjerenje osnovnih
kationa i aniona, ukupnog i otopljenog organskog i anorganskog ugljika te analizu stabilnih
izotopa kisika i vodika iz vode (8'80 i §°H). Takoder, prikupljane su i mjeseéne oborine na
kisomjeru u Hras¢ici za analizu §'80 i 5?H. Na terenu su povremeno uzimani uzorci za analizu
stabilnih izotopa kisika 580 i dusika 5!°N u otopljenom nitratu u vodi, za analizu izotopa
ugljika *3C u vodi te za analizu bakterija u podzemnoj vodi. Uzorkovanje se provodilo tijekom
razli¢itih hidroloskih i vegetacijskih ciklusa kako bi se pratile moguce sezonske promjene. Uz
uzorke vode, uzeti su uzorci kultura koje se uzgajaju na varazdinskom podrucju, tlo, sediment
vodonosnika te gnojiva za analizu izotopa §*3C i §!°N u krutim tvarima. Rezultati stabilnih
izotopa vode upucuju da oborine obnavljaju podzemne i povrSinske vode. Analiza karata
ekvipotencijala pokazala je da se vodonosnik napaja iz rijeke Drave i akumulacijskog jezera
Varazdin, S$to je potvrdeno stabilnim izotopima vode. Efektivna infiltracija oborine
procijenjena je pomoc¢u Wetspass-M modela te u prosjeku iznosi 34% od ukupne oborine.
Analiza bilance vode pokazala je da povrSinske vode sudjeluju u napajanju podzemne vode sa
68%, dok infiltracija oborina ima sekundarni u¢inak s 32%. Dvostruki izotopi nitrata upucuju
da su moguci izvori nitrata u podzemnoj vodi organska gnojiva, otpadne vode, organski dusik
iz tla te gnojiva na bazi amonijaka. Kemijska, izotopna, bakterijska i hijerarhijska klaster
analiza pokazale su grupiranje busotina ovisno o nacinu koristena zemljista u poljoprivrednim,
urbanim i prirodnim podruc¢jima. Nitrifikacija je identificirana kao glavni proces transformacije
dusika, dok se denitrifikacija moze dogoditi lokalno, ali nema znacajan utjecaj u regionalnom
mjerilu. Koristenjem izotopa 8®N-NOs, §*0-NO3 i §**C u modelu mijesanja odredeni su

dominantni izvori nitrata u pojedinim grupama: organsko gnojivo u poljoprivrednim, otpadne



vode u urbanim te organski dusik iz tla u prirodnim podruc¢jima. Kalibrirani model tecenja
podzemne voda i transporta nitrata koristen je za simulaciju koncentracija nitrata u podzemnoj
vodi u sljede¢ih 20 godina. Simulacije modela predvidaju nastavak silaznog trenda
koncentracija nitrata u srediSnjem dijelu i stabilno niske koncentracije nitrata u sjevernom
dijelu istrazivanog podru¢ja. Rezultati modeliranja pokazali su da je upravljanje
poljoprivrednim aktivnostima najucinkovitiji pristup postupnom smanjenju onecis¢enja
nitratima u varazdinskom vodonosniku. Medutim, potrebna su desetljeca da koncentracije
nitrata u podzemnim vodama reagiraju na promjene u unosu dusika s povrsine pa pozitivne

ucinke bilo kakvih potencijalnih mjera treba oc¢ekivati nakon duzeg razdoblja.

Klju¢ne rije€i: nitrati, stabilni izotopi vode i nitrata, bakterije, statisticke analize, model

mijesanja, numericki model, varazdinski aluvijalni vodonosnik
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1. INTRODUCTION
1.1. General background on groundwater nitrate contamination

Nitrate is identified as one of the most significant contaminant of groundwater
worldwide (Lee et al, 2006; Almasri, 2007; Pefia-Haro et al., 2009; Gilmore et al., 2016; Xu et
al., 2016; Zhang et al., 2019). Moreover, nitrates represent one of the two groundwater quality
standards according to the Groundwater Directive (2006/118/EC). Excessive nitrate
concentration in groundwater presents a serious issue for drinking water supplies and can
contribute to the process of eutrophication (Fennesy and Cronk, 1997; Crouzet et al., 1999;
Sutton et al., 2011). The consequences of high nitrate in drinking water include adverse health
effects such as gastric cancer, non-Hodgkin’s lymphoma, and methemoglobinemia (Walton,
1951; Winneberger, 1982; WHO, 1985; Wolfe and Patz, 2002; Ward et al., 2005). The common
sources of nitrate in groundwater are related to anthropogenic activity, including application of
nitrogen-based fertilizers and manure in agriculture, effluents from septic systems and other
waste waters (Kendall, 1998; MacQuarrie et al., 2001; Wakida and Lerner, 2005; Almasri,
2007; Rivett et al., 2008; Arauzo and Martinez- Bastida, 2015). In response to problems with
nitrate contamination, the European Union (98/83/EC) and World Health Organization (WHO,
2004) have both set the maximum contaminant level (MCL) of 50 mg/L NOs in drinking water.
The same limit has been established in Croatia (OG 125/2017, 39/2020). Due to major
problems with groundwater and surface water pollution caused or induced by nitrates from
agricultural sources, the European Union adopted the Nitrate Directive (91/676/EEC) which
promotes the use of good agricultural practices and recommends measures to reduce nitrate

contamination.

1.2. Study area

The Varazdin alluvial aquifer is a vital source of drinking water for approximately
170,000 residents of the Varazdin County in NW Croatia. Moreover, according to its
hydrogeological characteristics, it represents one of the strategic groundwater resources in
Croatia. High nitrate concentrations in groundwater have caused groundwater quality
deterioration and shutting down of the Varazdin wellfield from the water supply system, which
raised concerns and increased public interest in the groundwater protection. The study area
represents the part of the Varazdin aquifer upstream of the town of Varazdin, with an area of
approximately 200 km? (Figure 1). In the north, the border of the study area extends from the

town of Ormoz - accumulation lake of hydroelectric power plant (HPP) Varazdin - Drava River



to the entrance into the accumulation lake of HPP Cakovec. Haloze and Varazdinsko-Topli¢ko
gorje hills are located on the western and southern aquifer border. The only remaining active
wellfield in the study area is Vinokovs¢ak, while the main active wellfield Bartolovec is located

downstream of the Varazdin outside the study area.
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Figure 1. Study area

The alluvial aquifer is composed of gravel and sand with variable proportions of silt and clay.
Lesser thicknesses or the absence of covering layer deposits are characteristic of the central
area, which represents a considerable aquifer vulnerability to contamination from the surface.
The favorable climate, topography, and available groundwater have ensured intensive
agricultural practices in the study area (Figure 2).
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Figure 2. Land use practices in the study area according to Corine Land Cover 2018
(https://land.copernicus.eu/pan-european/corine-land-cover/clc2018)

According to the CORINE Land Cover database (CLC, 2018), agricultural land covers around
68% of the study area. Major agricultural activities in the Varazdin region include plantation
of cabbage, maize, wheat, and potato, but also poultry and dairy farming. Due to large share of
total land use and the application of fertilizers in agricultural production, agriculture is
considered the main reason for nitrate contamination in the Varazdin area. In addition, the
coverage of the sewage network in the rural areas is 56%, with only 47% households connected
(Varkom, 2015), suggesting that wastewater could be another important source of nitrate in

groundwater.

1.3. Previous nitrate investigations in the Varazdin aquifer

The previous nitrate research that has been conducted in the study area linked nitrate
contamination in groundwater with agricultural activity. Grdan et al. (1991) associated the rise
in nitrate concentrations in the early 1980s with the construction of the hydroelectric power
plant on the Drava River and filling of the accumulation lake, which resulted in rise of
groundwater levels in the hinterland, followed by leaching of nitrate accumulated in the

unsaturated aquifer zone. Using a numerical model of flow and transport, Gjetvaj (1993)


https://land.copernicus.eu/pan-european/corine-land-cover/clc2018

identified the nitrate origin in groundwater and singled out application of synthetic fertilizers
on agricultural land as the main source. Zuggié¢ (2001) showed the importance of the application
of mathematical modelling in the process of determining the zones of sanitary protection of
drinking water sources, on the example of the groundwater flow and nitrate transport model in
the catchment area of the Varazdin wellfield. Markovi¢ (2007) used the method of stable
isotopes of nitrogen (5°N) and oxygen (8'80) in nitrates on few groundwater samples. The
results indicated groundwater contamination by nitrate from inorganic mineral fertilizers and
organic manure. In his dissertation on the aquifer vulnerability in the catchment area of
Varazdin wellfields, Larva (2008) developed a numerical model of groundwater flow and
nitrate transport, which predicted future nitrate concentrations in groundwater depending on
the activity of wellfields. In these hydrogeological studies, the focus has been on hydrodynamic
properties of the aquifer, chemical evolution of groundwater, and their combined influence on
nitrate distribution within the aquifer. However, detailed investigation of nitrate sources,
geochemical processes and factors controlling groundwater nitrate contamination has never

been conducted in the Varazdin aquifer before.

1.4. Interdisciplinary approach

Methodological approach to investigate the origin, fate, and spatio-temporal dynamics
of nitrate in this study combined hydraulic, geochemical, isotope, microbiological, statistical,
and modelling techniques. Identifying the sources of nitrate and understanding the processes
affecting its concentrations in the environment is the key step to reducing groundwater
contamination with nitrate (Aggarwal et al., 2005; Bronders et al., 2012; Minet et al., 2017,
Zhang et al., 2018). The stable isotopes of nitrogen (5°N) and oxygen (5'80) in dissolved
nitrate from groundwater are frequently used to estimate the source of contamination, as nitrate
originating from different sources has specific isotopic signature (Kaown et al., 2009; Zhang
et al.,, 2014; Gooddy et al., 2014; Pastén-Zapata et al., 2014). However, variable isotopic
signatures of localized sources, overlap between isotopic ranges of different sources, mixing
between nitrate of different origins, and/or isotopic fractionation due to biogeochemical
processes may prevent the source of contamination to be unambiguously determined based on
isotopic signatures alone (Xue et al., 2009; Minet et al., 2012; Wang et al., 2017; Carrey et al.,
2021). In terms of efficient management of water resources, along with determining the nitrate
origin, it is important to identify the geochemical processes that may lead to improvements in
groundwater quality. Denitrification is considered as the main natural process by which it is

possible to reduce the nitrate concentrations in groundwater (Otero et al., 2009; Jahangir et al.,

4



2013). The process most often takes place in saturated zone under anaerobic conditions (Otero
et al., 2009; Zhang et al., 2015), with the mediation of microorganisms and the presence of an
electron donor (Rivett et al., 2008). The lack of organic carbon used by microorganisms as an
electron donor is identified as the major factor limiting the denitrification process (Devito et
al., 2000; Pabich et al., 2001). The presence of dissolved organic carbon (DOC) in water is
used as an indicator of the available carbon source for denitrifying microorganisms (Mariotti
et al., 1988). An analysis of the stable isotopes 6°N and §'®0 in nitrates may indicate
denitrification, as the decrease in nitrate concentration is accompanied by an increase of *°N
and &80 values (Chen and MacQuarrie, 2005). To reduce the uncertainties regarding
identification of sources and fate of nitrate, numerous studies have successfully combined
nitrate isotope ratios with hydrochemical parameters (e.g. Li et al., 2010; Zhang et al., 2015;
Biddau et al., 2019; Ogrinc et al., 2019), multivariate statistical analyses (e.g. Matiatos, 2016;
Wang et al., 2017; Kovac, 2017), microbiological data (e.g. Kim et al., 2015; Hernandez-del
Amo et al., 2018; Carrey et al., 2021), and mixing models (e.g. Kim et al., 2014; Dauvis et al.,
2015; Zhang et al., 2018). All applied methods within this work are explained in detail in the
following chapters containing original scientific papers.

In order to obtain input data for implementation of described methodology, a monitoring of
groundwater and surface water was organised (Figure 3). Samples were collected on a monthly
basis during four-year period (from June 2017 to June 2021) for hydrochemical (major cations
and anions, total and dissolved organic and inorganic carbon, total nitrogen) and stable water
isotope analyses (8'%0 and §2H). Also, monthly precipitation was collected using a rain gauge
in Hras¢ica for the 580 and &%H analyses. Comparison of the stable isotopes ratios of oxygen
(6'80) and hydrogen (5%H) in precipitation and groundwater is used as one of the main tools
for defining the recharge area and the groundwater origin (Blasch and Bryson, 2007; Yeh et
al., 2014). Groundwater samples were taken from ten observation wells: PDS-5, PDS-6, PDS-
7, P-1556, P-1529, P-1530, P-2500, P-4039, SPV-11, and private well in Hras¢ica (Table 1).
Surface water samples were collected from the Drava River, Plitvica stream, and accumulation
lake of HPP Varazdin (Table 2). During sampling, the following in-Situ physicochemical
parameters were measured using a WTW multi-parameter probe: electrical conductivity (EC),
pH, temperature (T) and dissolved oxygen content (O2). HCO3™ content was measured in the
field by a HACH digital titrator with sulphuric acid, using phenolphthalein and bromocresol

green-methyl red as acid-base indicators.
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Figure 3. Monitoring network with groundwater and surface water sampling points

Table 1. Groundwater sampling points location and depth

Observation Well | E (HTRS96) | N (HTRS96) Elevation | Well depth | Screen interval
(mas.l) (m) (m)
Private well Hras¢ica | 484069.04 5131736.27 176.00 15.0 5-15
PDS-5 480871.69 5128111.43 178.36 31.0 13.7-19.7
PDS-6 479469,53 5131731.66 184.07 25.0 11.7-17.7
PDS-7 483938.46 5129340.07 175.71 42.5 29.3-32.3
P-1529 476919.21 5135567.10 187.32 8.0 n.a.t
P-1530 476472.65 5133098.50 183.72 7.5 n.a.!
P-1556 472518.78 5140253.97 193.03 5.6 n.a.!
P-2500 488814.36 5125778.07 167.81 5.2 n.a.!
P-4039 488447.52 5124994.99 167.76 8.0 n.a.!
SPV-11 484307.02 5134686.92 177.69 40.0 24.5-35.8

Linformation about screen interval not available




Table 2. Surface water sampling point location

Sampling point E (HTRS96) N (HTRS96)
Drava River 471955.42 5140026.65
Accumulation lake Varazdin 475852.30 5137737.51
Plitvica stream 486053.08 5126403.40

Field samples were occasionally taken for the analyses of stable isotopes in the dissolved nitrate
in water (880 and 3'°N), carbon isotopes in water (5'3C), and bacteria in groundwater. Samples
were taken during different hydrological and vegetation cycles to monitor possible seasonal
changes. In addition to water samples, samples of representative crops grown in the Varazdin
area, soil, aquifer sediment, and fertilizers were occasionally taken for the analyses of §**C and
5N isotopes in solids. Hydrochemical analyses were performed on all collected groundwater
and surface water samples at the Hydrochemical Laboratory of the Department of
Hydrogeology and Engineering Geology of the Croatian Geological Survey. Concentrations of
major cations and anions (Na*, K*, Ca?*, Mg?*, CI', NOs, SO+%*) were measured by the Dionex
ICS-6000 lon Chromatograph, and concentrations of NO2, NH4" and PO4* were measured by
the colorimetric method on HACH DR 3900 Spectrophotometer. Total and dissolved organic
carbon (TOC, DOC) and inorganic carbon (TIC, DIC) were measured using a HACH carbon
analyser in aqueous samples QbD1200. Total nitrogen (TN) in groundwater samples was
analysed using HACH DR 1900 Portable spectrophotometer. A stable isotope analyser Piccarro
L2130-i was used to determine stable water isotopes. The preparation of samples for the
analyses of 5180 and 3'°N in dissolved nitrate in water and measurement was carried out at the
Stable Isotope Facility of the British Geological Survey in Nottingham (England). The AgNO3
method (Chang et al., 1999; Silva et al., 2000) was used to prepare the samples, while the
Finnigan DELTA plus XL mass spectrometer was used for the measurement. The preparation
of groundwater samples for bacterial analyses was performed at the Ruder Boskovi¢ Institute,
followed by analyses at the LGC Genomics GmbH laboratory in Germany. The analyses of
81N and §1°C isotopes in solids, and $*3C in water were carried out at the JoZef Stefan Institute
in Slovenia.

To understand the spatio-temporal distribution of nitrate in groundwater, numerical
groundwater flow and solute transport models have been developed and widely used in many
catchment scale studies (e.g. Almasri and Kaluarachchi, 2007; Jiang and Somers, 2008; Xu et
al., 2013; Czekaj et al., 2016; Zhang and Hiscock, 2016; Hansen et al., 2017; Sidiropoulos et
al., 2019; Surdyk et al., 2021). After establishing the purpose of the model, development of



conceptual model of the studied system is the next important step before selecting the
governing equations and a computer code to solve the mathematical problem numerically
(Spitz and Moreno, 1996; Anderson and Woessner, 2002; Bacani and Posavec, 2011). The
conceptual model is based on integrating any relevant information on geological setting and
hydrogeological properties of the study site, in order to define geometry, spatial distribution of
aquifer parameters, and boundary conditions of the model.

A variety of existing data from previous research and measured parameters within this research
were used to conceptualize the studied aquifer system. Hydrogeological research has been
conducted in the study area on many occasions, mainly for the purpose of construction of
hydropower plants on the Drava River and the development of wellfields in the Varazdin area.
The data collected from these studies provided a detailed insight into the geological and
hydrogeological settings of the study area. Definition of aquifer geometry was achieved
through creation of 3D model of hydrogeological system, based on existing maps, borehole
logs, and cross sections. Hydrogeological parameters of aquifer for the model were taken from
available pumping test reports and other relevant literature. The general behaviour of the
aquifer system, its boundary conditions and potential areas of aquifer recharge were described
by constructing head contour maps for different hydrological conditions—low, mean, and high
groundwater levels. Data on groundwater and surface water levels have been provided by the
Croatian Meteorological and Hydrological Service (DHMZ) and Croatian National Power
Company (HEP). Analyses of stable water isotopes were used for better understanding of
aquifer recharge and interaction between groundwater, surface water and precipitation. Isotopic
composition in groundwater and surface water was compared to three local meteoric water
lines: new LMWL Hras¢ica to observe the influence of recent precipitation in the study area,
LMWL Varazdin (Hunjak et al., 2013) to investigate possible changes in climate during the
last 10 years, and LMWL Klagenfurt (Hager and Foelsche, 2015) that represents climatological
conditions upstream of the study area. Stable isotope 580 in water was also successfully
applied to calculate the mixing proportions of surface waters and precipitation in groundwater
on the NW edge of the study area, using PHREEQC software (Parkhurst and Appelo, 2013).
Groundwater recharge from precipitation, i.e. effective infiltration was estimated by Wetspass-
M model (Abdollahi et al., 2017), using a number of spatially distributed input parameters such
as topography, slope, land use, soil type, groundwater level, and meteorological data. Statistical
methods of correlation, regression, cross-correlation and auto-correlation were used together
with analyses of flow duration curves to investigate the hydraulic connection between the
Plitvica stream and groundwater. Hydrochemical type of groundwater, redox conditions, and
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geochemical processes that influence the chemical composition of groundwater were
determined on the basis of measured hydrochemical data.

Isotopic composition of §*°N and §'®0 in nitrate in groundwater, isotope 3*°N in solid matter,
identified bacteria communities, hydrochemical parameters (NOs, NO2, NH4*, DO, DOC,
relationships between CI and NOs /CI molar ratios, and 1/NOs and §*°N-NOs ) and statistical
methods (principal coordinate analysis, PCoA, and hierarchical cluster analysis, HCA) were
combined to determine the sources of nitrate and to characterize the main nitrogen
transformation processes controlling nitrate concentrations in the aquifer. The relative
contributions of nitrate from different sources were calculated by MixSIAR mixing model
(Stock et al., 2018) in PHREEQC software, using three isotopic signatures (3*°N-NQgs, 5'%0-
NOs, and §'3C).

Numerical model was developed in Groundwater Modeling System (GMS) software
(Aquaveo, 2018), using MODFLOW code for simulation of steady-state groundwater flow and
MT3DMS code for simulation of nitrate transport. The calibration of the groundwater flow and
nitrate transport models were based on the measured groundwater levels and measured nitrate
concentrations in monitoring wells, respectively. The water budget analysis from calibrated
groundwater flow model allowed gquantification of groundwater recharge and discharge
components. The calibrated nitrate transport model predicted the future development of nitrate
concentrations in response to four different scenarios based on the changes in on-ground nitrate

input.
1.5. Objectives and hypotheses of research

The presented interdisciplinary approach was applied to obtain a better understanding
of nitrate origin, fate and transport within the Varazdin alluvial aquifer. The main objectives of
this research are to (1) determine the hydrodynamic and chemical characteristics of an alluvial
aquifer using hydraulic, isotopic and geochemical indicators; (2) determine the nitrate origin
and geochemical processes of nitrogen that affect the stability of nitrates in the groundwater of
the Varazdin aquifer; (3) build a groundwater flow and nitrate transport model in the Varazdin
alluvial aquifer. Three hypotheses have been tested in order to achieve these objectives: (i) the
aquifer is predominantly recharged by the Drava River, the Plitvica stream and the
accumulation lake of HPP Varazdin, while the recharge from precipitation is much lower; (ii)
the nitrate origin in the groundwater of the Varazdin aquifer is mainly related to the use of

manure and synthetic fertilizers in agricultural production; (iii) denitrification does not play a



significant role in reducing the nitrate content in the Varazdin alluvial aquifer - consequently,
nitrates act as a conservative contaminant and there is no significant retardation due to
transport. The results of this research are expected to demonstrate the applicability of
integration of different methodologies in studying nitrate contamination in groundwater and to
provide scientifically justified approach which can be employed in similar aquifers that have a
problem with elevated nitrate content. This integration is of great importance to obtain realistic
and comprehensive results, which are the basis for decision-makers to formulate appropriate
management strategies with aim to ensure sustainable use of groundwater resources and

agricultural production.
1.6. Dissertation structure

The presented dissertation is organized as a cumulative dissertation consisting of six
scientific papers. After general introduction in Chapter 1, each paper is represented by one
chapter (Chapters 2-7). Research presented in Chapters 2-6 has enabled to conceptualize the
studied system and to understand processes affecting nitrates within the aquifer, serving as a
basis for numerical groundwater flow and nitrate transport model presented in Chapter 7.
Chapter 8 provides synthesis of individual papers, discusses the results with regard to the
hypotheses set and defines future research perspectives. Finally, Chapter 9 summarizes the

main findings of this research.
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Abstract: The variation in the major groundwater chemistry can be controlled by dissolution and
precipitation of minerals, oxidation-reduction reactions, sorption and exchange reactions, and trans-
formation of organic matter, but it can also occur as a result of anthropogenic influence. The alluvial
aquifer represents the main source of potable water for public water supply of the town Varazdin and
the surrounding settlements. Sampling campaigns were carried out from June 2017 until June 2019
to collect groundwater samples from nine observation wells. Major cations and anions, dissolved
organic carbon and nutrients were analyzed in the Hydrochemical Laboratory of Croatian Geological
survey. The sampled waters belong to the CaMg-HCO3 hydrochemical type, except the water from
observation well P-4039 that belongs to NaCa-HCOj3 hydrochemical type. It was identified that
groundwater chemistry is mainly controlled by hydrogeological environment (natural mechanism),
but anthropogenic influence is not negligible. The results of this research have significant implications
on sustainable coexistence between agricultural production and water supply.

Keywords: shallow alluvial aquifer; major cations and anions; nutrients; Croatia

1. Introduction

Natural waters acquire their chemical characteristics both by dissolution and by
chemical reactions with solids, liquids and gases, with which they come into contact
during the various phases of the hydrological cycle [1]. The chemical composition of
groundwater is often used to investigate groundwater residence time, origin, flow direction
and anthropogenic or natural contamination [2-10]. The variation in the major cations
and anions of groundwater can be controlled by dissolution and precipitation of minerals,
oxidation-reduction reactions, sorption and exchange reactions, and transformation of
organic matter. In addition, major cations and anions can be added to the aquifer systems
as a result of anthropogenic influence; for example calcium, magnesium, sodium, chloride
and potassium are present in sludge, waste water, manure [11-13].

In recent decades, high nitrate concentrations emerged as a globally growing prob-
lem for drinking and agricultural purposes [14-16]. The adverse health effects of high
nitrate levels in drinking water have been well documented, including gastric cancer,
non-Hodgkin’s lymphoma, and methemoglobinemia [17-19]. In some parts of Croatia,
uncontrolled and extensive agricultural production is causing the pollution of groundwater
with nitrate. An example of an area where high nitrate concentrations are present is the
alluvial aquifer in the northwestern part of Croatia, in the VaraZdin region. To determine
the impact of the hydrogeological environment and humans on groundwater chemical
features of the alluvial aquifer, geochemical investigations were performed. The aquifer
represents the main source of potable water for public water supply of the town of VaraZdin
and the surrounding settlements. The most important activity in the region is agricultural
production (plantation of wheat, maize, cabbage, poultry and dairy farming). The present
research describes the geochemical reactions that influence the chemical composition of
groundwater, and evaluates the key controlling processes within the alluvial aquifer. The
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main aim of the paper is to assess the natural and human influence on the groundwater
chemistry in the study area, in order to assure sustainable coexistence between agricultural
production and water supply, and prevent further groundwater quality deterioration.

2. Description of the Study Area

The study area is located in the northwestern part of Croatia, in the Varazdin region.
It belongs to the Black Sea catchment area. The aquifer, which is situated in the Drava river
lowland, is characterized by intergranular porosity. The topography is characterized by
wide flatlands surrounded by hills. The Drava River presents the aquifer boundary in the
northwest and north, and in the southeastern part of the study area, the Plitvica stream
flows (Figure 1).
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Figure 1. Geographical position of the study area with locations of the groundwater sampling points and photographs of
pumping the observation wells at characteristic locations (P-1556, PDS-5, SPV-11, P-4039). The general groundwater flow
direction is defined by the head contours for medium water levels measured on 14 October 2013.
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The study area has a characteristic precipitation regime with more precipitation during
the summer [20]. Consequently, the local climate is categorized in the Cfb group according
to the Koppen-Geiger classification system, which is known as “warm-temperate climate”
or “marine west coast climate.” The study area is the former [21]. The mean annual
temperature is 10.6 °C, with January as the coldest month (average temperatures of 0.0 °C),
and July and August as the warmest months (average temperatures of 20.9 and 20.1 °C,
respectively) [9]. According to the data from the last climate normal period (1981-2010),
the average annual precipitation was 832 mm, with a lower average precipitation amount
during the cold part of the year (minimum in January with 38.7 mm), and a higher average
precipitation amount during the warm part of the year (maximum in September with
98.3 mm) [9]. The favorable climate, topography and available groundwater have enabled
intensive agricultural practices, including the application of synthetic fertilizers and manure
that has subsequently led to high nitrate concentrations in the Varazdin aquifer.

The aquifer is composed of gravel and sand with variable portions of silt [22-24]. It
was formed during the Pleistocene and Holocene as a result of accumulation processes
of the Drava River [25]. At the utmost northwestern part of the study area, the aquifer
thickness is less than 5 m, and it gradually increases in downstream direction, reaching
its maximum of roughly 50 m in the eastern part of the study area (Figure 1). It is noticed
that particle size changes going from the northwestern part downstream, i.e., the size of
gravel and sand particles gets gradually smaller as result of the decrease in energy of the
Drava River. Deposits of gravel and sand show stratification in some places, which is
characterized by a sudden change in the size of pebbles, or an increased amount of sandy
component [26]. Gneiss and quartz pebbles prevail, but there are also pebbles of basic and
neutral eruptive rocks; limestone, dolomite, etc. [27]. The main constituents of the sand
are quartz, feldspars and carbonate minerals, and it contains significant amounts of heavy
minerals such as garnet, epidote, amphibole, rutile, kyanite, etc. [28,29]. Along with gravel
and sand in the study area, there are also oxbow deposits that were deposited in the old
Drava riverbed, where the still water environment of sedimentation remained for a long
time. Various fine sediments were deposited, such as silt, clay and organic matter, forming
distinctive facies of oxbow [28,29]. Remains of oxbows have been observed in the area of
Strmec, Petrijanec, Otok Virje, Svibovec and Sracinec.

In the southeastern part of the study area, near Varazdin town, a tiny aquitard com-
posed of clay and silt appears, dividing the aquifer into two hydrogeological units. The
aquitard has regional significance, especially downstream outside the study area, but not
so much in the study area, due to its small thickness. The covering layer of the aquifer
is not continuously developed throughout the entire study area. In the central part and
near the Drava River it rarely exceeds 50 cm, while often it completely disappears. Such
conditions are favorable if they are considered from the aspect of aquifer recharge, but at
the same time, tiny covering layers makes the aquifer quite vulnerable. The aquifer of the
study area is unconfined, and is recharged by precipitation infiltration through unsaturated
zones and by surface water percolation [9,30]. The general groundwater flow direction is
NW-SE and is parallel to the Drava River (Figure 1). It is noteworthy that the groundwater
flow net has been significantly changed since the building of a hydroelectric power plant
in 1970s. Namely, prior to this intervention, the groundwater had flown towards the Drava
River, which had represented the discharge zone, and now it is the recharge zone. After
the construction of the Varazdin accumulation lake, the pressure head layout changed,
leading to percolation of the lake water to the aquifer. At the same time, in the vicinity of
the derivation channel, the groundwater level is lowered because the channel is deeply cut
into the aquifer (Figure 1). Another discharge zone is the Plitvica stream, which drains the
aquifer most of the time and recharges it only in high water level conditions.

3. Materials and Methods

Groundwater sampling campaigns were carried out from June 2017 until June 2019.
Samples were collected from alluvial aquifer by pumping 9 observation wells (8 piezometric
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wells and 1 private well). The depths of observation wells and their screens (if known) are
given in Table 1.

Table 1. Observation wells information.

Observation Well Elevation Depth of the Well Depth Interval of
(m a.s.l.) (m) the Screen (m)

Private well Hra$¢ica 176.00 15.0 5-15
PDS-5 178.36 31.0 13.7-19.7
PDS-6 184.07 25.0 11.7-17.7
PDS-7 175.71 425 29.3-32.3
P-1529 187.32 8.0 na.l
P-1556 193.03 15.6 n.a.l
P-2500 167.81 5.20 na.l
P-4039 167.76 8.0 na.l
SPV-11 177.69 40.0 24.5-35.8

1 information about screen interval not available.

In situ parameters such as temperature, pH, dissolved oxygen (DO) and electrical
conductivity (EC) were measured in the field using a WTW multi-probe. Alkalinity was
also measured in the field by titration with 1.6 N H,SO4, using phenolphthalein and
bromocresol green-methyl red as indicators, and then converted to the equivalent HCOj3
concentrations. Samples for analysis of cations and anions were filtered through 0.45 um
cellulose membrane filters into the HPDE 500 mL bottles prior measuring on Ion Chro-
matographer Dionex ICS 6000, while low concentrations of NH;*, NO, ™ and PO43~-P
were analyzed using spectrophotometer HACH DR 9000. Samples for measurement of
dissolved organic carbon (DOC) were, in the field, collected into 100 mL dark glass bottles
and analyzed using HACH QBD1200 analyzer. Samples were kept in the portable refriger-
ator during transport to the laboratory and analyzed in the evening of the same day. The
ion balance errors for the analyses were checked by the relative deviation from charge
balance (Ameq = 100 X (Zmeq+ — Zmeq—)/ (Emeq+ + Zmeq—) < £5%) [31,32]. Concentrations
of dissolved metals in water were measured using inductively coupled plasma-mass spec-
trometry on Agilent 8900 ICP-MS Triple Quad with solution of 30 ug L ! Ge, Y, In and Tb
as internal standards according to HRN EN ISO 17294-2:2016 norm [33]. All measurements
were performed in quintuplets. Quality control of the ICP-MS method was performed by
the analysis of the elements of interest in certified reference material Anas-38 (Inorganic
Venture) at the beginning and after analyzing each series of samples. Calibration lines for
each element and internal standards were made using Agilent multi-element calibration
standard solutions and internal standard mix solution. Before the analysis, the samples
were filtered through a 0.45 um filter on the field, and acidified with ultra-pure 6 N HNO;
acid. The PHREEQC software was used to determine saturation indices and CO; pres-
sure [34]. The determination of the redox state within the aquifer was performed using
McMahon and Chapelle’s methodology [35]. The correlation diagrams and calculation of
correlation coefficients were determined using MS Excel tool.

4. Results

The average, minimum and maximum values of the analyzed physicochemical pa-
rameters and metal concentrations in the groundwater samples are presented in Table 2a,b
The calculated redox conditions of groundwater are given in Table 3.
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Table 2. (a) The average, minimum and maximum values of the analyzed physicochemical parameters in the groundwater samples. (b) The average, minimum and maximum values of
metal concentrations in the groundwater samples.

(a)
EC T H 02 HCO37 P0437-P NH4+ N027 Cl- 50427 N037 TN Br— Caz+ Mg2+ Na* K* DOC 5102
(uS/em) c) P (mg/L) (mg/L) (mg/L) (mg/l) (mg/l) (mg/L) (mg/L) (mg/l) (mg/L) (mg/l) (mg/L) (mg/ll) (mg/l) (mg/L) (mgL) (mg/L)

fvre‘ﬁate min 673 108 691 3.1 342 <0.01 <0.01 <0.01 9.3 21.0 41.8 10.6 <0.10 101 189 7.2 3.9 0.30 11.4
max 747 13.8 740 8.5 414 0.22 0.05 0.02 431 34.0 91.9 20.9 4.0 133 2338 19.7 5.3 0.83 14.4

average 713 131 722 6.7 382 0.04 0.02 0.01 19.0 26.6 58.4 14.4 2.5 111 20.7 9.2 45 0.45 12.5

P-1529 min 755 103  6.86 15 388 <0.01 <0.01 <0.01 14.1 21.0 40.1 11.2 <0.10 108 19.9 13.5 5.1 0.19 10.1
max 814 145 736 9.2 512 0.54 0.13 0.24 37.3 31.8 77.1 17.5 4.0 153 283 17.5 12.5 46 18.4

average 787 126 715 6.1 437 0.10 0.05 0.04 23.1 25.8 55.7 14.0 29 119 24.6 15.1 6.1 1.3 12.7

P-1556 min 658 940 693 0.6 381 <0.01 <0.01 <0.01 5.7 9.4 5.3 22 <0.10 105 17.2 5.2 42 0.43 9.2
max 877 160  7.45 7.8 512 0.76 0.07 0.04 329 34.8 35.6 6.7 <0.10 154 225 213 10.1 5.4 15.1

average 743 131 715 49 442 0.10 0.03 0.02 14.7 23.8 17.4 44 <0.10 123 19.6 99 5.8 1.2 11.8

SPV-11 min 490 120 7.03 14 249 <0.01 <0.01 <0.01 5.3 244 8.0 22 <0.10 739 15.5 24 0.94 0.13 10.3
max 496 144 756 7.7 278 0.14 0.07 0.02 242 332 18.9 5.00 <0.10 82.6 20.6 13.1 3.8 0.60 16.1

average 494 123 743 22 267 0.05 0.03 0.01 9.1 27.3 11.2 2.7 <0.10 75.8 16.8 39 1.6 0.59 12.7

P-2500 min 696 108  7.01 0.9 325 <0.01 <0.01 <0.01 18.7 15.0 275 11.3 <0.10 99.4 19.0 11.5 1.0 0.52 10.5
max 802 179 755 9.2 405 0.64 0.16 0.04 65.6 46.8 137 313 5.8 138 227 48.1 29 1.2 15.6

average 737 137  7.29 6.5 361 0.07 0.04 0.01 34.6 31.3 66.4 15.9 3.6 112 20.6 223 1.7 0.71 124

P-4039 min 766 11.0  7.01 0.2 238 <0.01 <0.01 <0.01 75.8 6.6 <0.10 <1.0 <0.10 82.6 10.7 47.1 15 0.69 26
max 1091 147 771 42 410 0.35 0.14 0.06 279 40.2 21.9 24 42 147 26.5 157 3.7 24 22.0

average 975 132 740 15 324 0.08 0.04 0.02 170 28.2 5.1 1.4 2.8 107 21.9 815 2.8 1.3 13.1

PDS-5 min 661 118 691 3.6 322 <0.01 <0.01 <0.01 8.8 13.0 425 12.1 <0.10 100 18.7 5.3 11.4 0.25 10.7
max 694 139 745 9.9 456 0.82 0.07 0.02 224 67.5 210 47.7 3.0 147 29.9 15.9 88.8 0.52 19.7

average 683 126 728 83 387 0.12 0.03 0.01 14.7 27.3 83.0 20.0 15 113 22.7 6.2 31.3 0.35 134

PDS-6 min 708 114 692 7.3 260 <0.01 <0.01 <0.01 9.0 11.0 385 11.8 <0.10 86.3 17.9 7.0 15 0.30 10.8
max 744 13.0 745 9.1 456 0.22 0.04 0.02 24.0 30.0 123 27.9 4.0 150 217 9.7 3.0 25 29.9

average 730 124 717 8.7 381 0.05 0.03 0.01 14.7 222 65.4 15.4 25 120 19.6 8.0 22 0.61 14.4

PDS-7 min 730 112 6.99 6.6 280 <0.01 <0.01 <0.01 11.4 19.0 52.5 12.6 <0.10 112 19.5 43 0.40 0.25 10.9
max 777 130 776 10.9 435 1.1 0.04 0.04 68.0 359 180 41.0 4.0 151 25.4 15.0 8.9 2.6 235

average 758 123 7.32 8.9 374 0.14 0.02 0.02 20.4 27.7 9.7 23. 3.0 123 214 6.7 1.9 0.64 15.1
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(b)
As Cd Cr(ug/l)  Cu(ug/l)  Fe (ug/L) Li Mn (ug/l) Mo (ug/L)  Ni(ug/L)  Pb (ug/L) St Zn (ug/l)
(ug/L) (ug/L) W W H8 (ug/L) H " H i (ng/L) i
Private well min 0.11 <0.01 0.28 0.49 1.1 0.68 0.08 0.51 <0.02 0.06 135 13.2
max 0.44 0.06 0.57 7.3 19.8 3.9 1.7 0.99 1.1 0.46 211 88.4
average 0.18 0.02 0.43 1.40 6.6 2.1 0.54 0.77 0.51 0.20 181 40.2
P-1529 min 0.07 <0.01 0.25 0.55 2.1 1.2 0.06 0.36 0.22 0.11 171 28.0
max 0.36 0.10 0.89 6.1 214 4.5 9.8 0.64 1.1 1.7 267 78.0
average 016 0.05 0.45 23 73 27 27 051 0.52 0.53 235 159
P-1556 min 034 <0.01 <0.02 0.30 208 12 0.29 033 0.05 0.10 242 104
max 1.1 0.05 0.26 3.5 483 3.6 237 0.71 3.2 0.60 371 2134
average 0.81 0.03 0.08 0.96 349 2.7 158 0.52 1.1 0.27 303 557
SPV-11 min 0.10 <0.01 0.06 0.07 1.7 <0.01 <0.05 0.53 0.12 0.05 243 3.5
max 039 0.06 0.46 13 418 11 0.98 0.95 53 041 327 135
average 0.19 0.02 0.18 057 93 0.69 0.42 078 0.69 0.17 296 62
P-2500 min 0.09 <0.01 0.03 0.15 1.8 0.14 0.27 0.12 0.11 0.05 126 7.6
max 0.30 0.08 0.42 2.5 184 2.1 8.8 0.34 4.6 0.76 212 76.3
average 0.15 0.02 0.13 1.0 194 1.3 1.6 0.21 0.61 0.19 172 18.6
P-4039 min 0.12 0.01 <0.02 0.13 135 0.95 11.1 0.28 0.06 0.11 146 427
max 0.85 0.09 0.44 41 2265 29 30.5 0.94 46.7 4.6 251 5600
average 0.27 0.03 0.11 1.1 744 1.8 19.8 0.52 2.6 1.2 205 2873
PDS-5 min 0.11 <0.01 0.37 0.11 1.5 0.10 0.29 0.19 <0.02 0.06 143 205
max 0.39 0.05 0.63 6.7 34.0 2.9 16 034 17 0.60 223 543
average 017 0.02 051 0.69 8.2 16 0.68 026 032 0.19 188 330
PDS-6 min 0.08 <0.01 0.27 0.15 2.0 0.89 0.25 0.16 <0.02 0.41 192 265
max 0.35 0.11 0.66 3.2 9.6 4.2 4.5 0.71 0.84 1.7 309 627
average 0.14 0.03 0.47 0.88 4.9 2.6 1.1 0.25 0.34 0.76 260 466
PDS-7 min 0.05 <0.01 0.15 0.02 10.2 0.31 2.2 0.29 0.04 0.01 116 169
max 033 0.09 0.82 16 59.3 27 165 058 13 15 268 5665
average 0.11 0.04 0.49 0.72 34.1 1.6 7.8 0.44 0.44 0.48 227 2169




Water 2021, 13, 1508

7 of 16

Table 3. The calculated redox conditions of groundwater.

Observation Well General Redox Category Redox Process
Private well Hras¢ica Oxic O,
P-1529 Oxic O,
P-1556 Mixed (oxic-anoxic) O,-Fe(II)/SO4 or Op-Mn(IV)
SPV-11 Oxic O,
P-2500 Oxic O,
P-4039 Anoxic or Mixed (oxic-anoxic) N%z_;z((IIIIII))//SS%t or
PDS-5 Oxic O,
PDS-6 Oxic O,
PDS-7 Oxic O,

In situ parameters are presented in Table 2a. The EC values ranged from 490 to
1091 uS/cm, with the highest values measured in water samples from P-4039 and the
lowest values in SPV-11. The highest EC values in water from P-4039 are a consequence of
a high concentration of dissolved solids, especially sodium and chloride ions (Table 2a).
On the other hand, the water from SPV-11 has the lowest values because of the influence of
the Drava River on the alluvial aquifer (dilution effect). The groundwater temperatures
ranged from 9.4 to 16 °C. The pH values of groundwater ranged from 6.86 to 7.76, meaning
that the waters are mildly acid to alkaline. The DO ranged from 0.2 to 7.1 mg/L. Calculated
redox category follows the DO values. Low DO values in the aquifer are accompanied by
mixed (oxic-anoxic) conditions and if there is a deficiency in DO, anoxic conditions prevail
(Table 3).

The order of dominance ions among cations in waters of observation wells PDS-5,
PDS-6, PDS-7, P-1529, P-1556, P-2500, SPV-11 and the private well is CaZ*t > Mgz’r >Na* >
K*, while in water of observation well P-4039 is Na* > Ca?* > Mngr > K" (Table 2a). In a
case of anions, the order is HCO;~ > NO3~ > S042~ > Cl~ in waters of wells PDS-5, PDS-6,
PDS-7, P-1529, P-2500 and the private well, but for wells P-1556, SPV-11 and P-4039, it
differs. Nitrate concentration in wells PDS-5, PDS-6, PDS-7, P-1529, P-2500 and the private
well exceed the maximum contaminant level (MCL) of 50 mg/L NO3 ™~ [36] for most of the
observed time due to agricultural practices and waste water from surrounding settlements.
The order of dominance ions among anions for wells P-1556 and SPV-11 is HCO3;~ >
SO42~ > NO3;~ > ClI~, and for well P-4039 is HCO3~ > Cl~ > SO42~ > NO3 ™. SO42~
concentrations did not exceed MCL of 250 mg/L in the analyzed samples from all wells,
but C1~ concentrations in water from P-4039 occasionally exceed MCL value of 250 mg/L
because of the seasonal de-icing of roads, and sewage waters from semipermeable septic
tanks (Table 2a).

Concentrations of nitrite and ammonia in all samples did not exceed MCL values of
0.5 mg/L, ranging from below detection limit to 0.24 mg/L for NO,~, and from below
detection limit to 0.16 mg/L for NH4" (Table 2a). Orthophosphate concentrations occasion-
ally exceed MCL value of 0.3 mg/L in waters from wells P-1529, P-1556, P-2500, PDS-5 and
PDS-7 (Figure 2).

Table 2b and Figure 3 show that water samples from wells P-1556, P-4039 and PDS-7
contain high concentrations of some heavy metals, occasionally exceeding MCL values.
High heavy metal concentrations are attributed to weathering of oxbow sediment, which
contains heavy metals, combined with anthropogenic influence. In the rest of the wells,
concentrations of heavy metals are very low. Dissolved iron concentrations ranged from
1.1 to 2265 pg/L, manganese concentrations from 0.08 to 237 pg/L, and zinc concentrations
from 3.5 to 5665 pg/L (Table 2b and Figure 3). In addition, the waters of well P-4039 show
high concentrations of Pb and Ni (Table 2b).
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Figure 2. Distribution of ammonia, nitrite and orthophosphate in sampled waters by wells.
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Figure 3. Distribution of dissolved iron and zinc concentrations in sampled waters by well.

5. Discussion

According to the major ionic composition, sampled waters belong to the CaMg-HCO3
hydrochemical type, except the water from observation well P-4039, which belongs to
the NaCa-HCO; hydrochemical type (Figure 4). Such hydrochemical type of water is a
consequence of the dissolution and weathering of carbonate (limestone, dolomite) and
silicate minerals (micas, feldspar, etc.) that build aquifer sediments. Since weathering
rates of limestone and dolomite are up to 80 and 12 times faster than silicate weathering
rates [37], carbonate dissolution mainly dominates major ionic composition and presents
the first geochemical process. The influence of silicate weathering, which is the second
geochemical process, was analyzed by the bivariate mixing diagram of Na*-normalized
Mg?* versus Na*-normalized Ca®* (Figure 5). There is no pronounced silicate weathering
in the studied waters, but it was observed that the catchment areas of wells P-4039, P-2500
and occasionally P-1529 and P-1556 indicate the influence of silicate minerals weathering.
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Figure 4. Piper diagram of sampled groundwater.
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Figure 5. Bivariate mixing diagram of Na*-normalized Mg?* versus Na*-normalized Ca*.

In order to determine which carbonate mineral predominantly weathers, molar ratio
Mg?*/Ca®* was used. Overall, it is observed that calcite dissolution is dominant over
dolomite dissolution (Figure 6). However, in the catchment areas of wells SPV-11, P-4039,
P-1529 and PDS-5, the dolomite dissolution is more pronounced than the calcite dissolution
because the Mg?*/Ca?* ratios are over 0.33 value (Figure 6).
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Figure 6. Molar ratio Mg?* /Ca?* versus Ca?*.

The third geochemical process, cation exchange, was observed, taking into account the
bivariate diagram of (Ca% + Mg2+) — (HCO3™ +S04%7) versus Na* — Cl~ (Figure 7). Con-
centrations of bivalent cations (Ca?* and Mg?*) that may have been involved in exchange
reactions were corrected by subtracting equivalent concentrations of associated anions
(HCO;~ and SO,427) that would be derived from other processes (e.g., carbonate or silicate
weathering, where calcite and anorthite (Ca-feldspar) produce similar molar concentrations
of Ca?* and HCOj3~, but no SiO; [38,39]). Similarly, Na* that may be derived from the
aquifer matrix can be accounted for by assuming that Na* contributions of meteoric origin
would be balanced by equivalent concentrations of C1~ [40]. For active cation exchange
taking place in the aquifer, the slope of this bivariate plot should be —1 [41]. Since the
cation exchange process is well-pronounced in the catchment of well P-4039 and in the
catchments of other wells is masked, two subfigures are given: Figure 7a showing all wells,
and in Figure 7b, well P-4039 is left out. It is observed that the cation exchange process is
not pronounced in the catchment of the rest of the wells (Figure 7b).

Mineral equilibrium calculations for groundwater are useful in predicting the presence
of reactive minerals in the groundwater system and estimating mineral reactivity. By using
the saturation index approach, it is possible to predict the reactive mineralogy of the
subsurface from groundwater data, without collecting the samples of the solid phase and
analyzing the mineralogy [42]. This approach was used, and the saturation indices (SI)
of calcite and dolomite and partial pressure of CO, were calculated. If the groundwater
is saturated (SI > 0) with respect to the calcite and/or dolomite minerals, precipitation
of calcite and dolomite minerals is possible. On the other hand, if the groundwater is
undersaturated (SI < 0) with respect to minerals, dissolution would continue. Most of the
time, the sampled groundwater is saturated with respect to calcite and undersaturated
with respect to dolomite (Figure 8). Occasionally, especially during summer periods when
water levels are decreasing, groundwater is saturated with respect to dolomite. Currently,
partial pressure of CO; is very low and enables precipitation. On the other hand, when
water levels increase due to the rainy season, partial pressure of CO, increases due to
the flushing of the surface and unsaturated zone. The SI of both minerals decreases and
becomes negative for dolomite and lower or negative for calcite.
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groundwater.

Higher partial pressure of CO; is connected with an increase in DOC in groundwater
(Figure 9). In catchments of the observation wells P-1529, PDS-7, PDS-5, and PDS-6, it
is observed that higher DOC concentrations in water are accompanied by higher partial
pressure of CO;, as a consequence of the flushing of the organic matter from the soil and
unsaturated zone into the aquifer. However, in the catchments of the observation wells
SPV-11, P-1556, and P-2500, changes of DOC concentrations do not significantly affect
the partial pressure of CO,, which is mainly controlled by the dissolution of carbonate
minerals. In the aquifers with carbonate matrix, it is observed that increasing chemical
weathering of carbonate minerals is related to increasing CO, in groundwater [43].
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Figure 9. Relationship between concentrations of DOC and logpCO; in sampled waters.

The fourth process that influences the geochemical evolution of groundwater is an-
thropogenic influence, which is recognized through agricultural and urban activities. In
Figure 10, Na*/Cl™ ratios show that values are mostly scattered around halite line and the
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most of samples are shifted to Cl~ side, indicating the influence of the waste water and
manure. When cation exchange process is dominant, the values shift to the Na* side. The
source of the halite in the study area is also not natural, but anthropogenic. Halite is used
during the winter period for de-icing of the roads.
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Figure 10. Na* vs. Cl~ in the sampled groundwater.

Another indicator of anthropogenic influence is high nitrate concentration (Figure 11).
Usually, the sources of nitrate are fertilizers, organic and mineral [44—46]. Although
agricultural production is dominant in the research area, there has been a decrease in
agricultural surfaces and the application of fertilizers in the past 10-15 years, followed
by an increase in the urban area by 12% [47]. The construction of the sewerage network
did not follow the urbanization of the study area, and nitrate pollution may also occur
due to the discharge of waste water into the ground. In the catchments of observation
wells that are situated in or close to urban area, a positive correlation between nitrate and
chloride and a good connection between nitrate and phosphates was observed (Table 2a).
It is generally known that source of phosphates is waste water [48]. In addition, bromides
were observed in waters of those observation wells, especially during the wet period of
the year, and Br~ /Cl™ ratio confirms the influence of the waste water (Table 2a). The
highest concentrations of nitrate are observed in the middle of the study area, where the
intensive agricultural production and urban areas exist. The observation wells that are
close to the Drava river have low nitrate concentrations, because the river recharges the
alluvial aquifer [9,30] and causes a dilution effect. Moreover, sessional periodic variations
of nitrate and chloride were observed (Figure 11). During the winter season and early
spring, high chloride concentrations are measured in groundwater samples due to the
de-icing of roads. Conversely, high nitrate concentrations are measured during intensive
agricultural production and irrigation, which occurs in the late spring—summer season.

In addition to these two anthropogenic indicators, sulfate is also a relevant indicator
because it can be released into the groundwater as part of domestic waste water [49].
However, the highest concentrations in groundwater are usually from natural sources such
as gypsum, anhydrite, oxidation of sulfide minerals, etc. [49]. In the research area, the
origin of sulfate is natural, because concentrations in all catchments are similar.
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Figure 11. Distribution of sulfate, nitrate and chloride in sampled groundwater.

6. Conclusions

The alluvial aquifer in the VaraZzdin region is an important groundwater source for
human consumption and the dependent ecosystem. Therefore, it is vital to ensure the
sustainable use of this valuable water resource. The conducted research, based on the
chemical analyses of groundwater samples from nine observation wells, identified four
main processes that influence the groundwater chemistry:

(a) The dissolution and precipitation of carbonate minerals represents the main mech-
anism controlling the groundwater chemistry. Although the aquifer is composed
of carbonate and silicate minerals, carbonate dissolution is dominant against sili-
cate weathering, due to the great difference in their weathering rates. Most of the
time, sampled groundwater is saturated with respect to calcite, which enables the
precipitation of calcite, and undersaturated with respect to dolomite.

(b) The cation exchange process is well documented in the catchment area of well P-4039,
while other observation wells do not show the signs of this process.

(c) The transformation of organic matter is observed in the catchment area of the obser-
vation wells P-1529, PDS-7, PDS-5, and PDS-6. High DOC concentrations in water are
followed by high partial pressure of CO,, which is a consequence of flushing organic
matter from the soil and unsaturated zone into the aquifer.

(d) An anthropogenic influence is recognized through high nitrate concentrations in
groundwater. The application of synthetic fertilizers and manure in agricultural
production is considered the main source of nitrate contamination. However, changes
in land use and recent urbanization caused a more significant impact of waste water
on nitrate content in the Varazdin aquifer.
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Abstract: To understand groundwater flow and geochemical processes within an aquifer, it is
necessary to set up a conceptual model of the aquifer. To accomplish this, different methods are
used, and one of them is an isotopic technique. The study area is located in the Varazdin area (NW
Croatia). The aquifer represents the main source of potable water for the town of Varazdin and
the surrounding settlements. The conceptual model of the alluvial aquifer has to be set up prior
to creating a groundwater flow and transport model. Measurements of ratios §'0 and §?°H in
ground- and surface waters and precipitation samples were carried out. The relationship between
ratios 8180, §?H, and d-excess for local precipitation in the study area showed that precipitation
originates from the Atlantic air masses, although during the colder periods of the year, influence of
the Mediterranean air masses was not negligible. The monitored period was warmer and wetter than
average. Evaporation was observed at all monitored surface waters, but the largest rate was at the
location of a gravel pit in Sijanec. The isotopic composition of the precipitation and groundwater
showed a good correlation due to the isotopic homogenization of groundwater along the flow path.

Keywords: stable isotopes; deuterium and oxygen-18; hydrogeological conceptual model; alluvial
aquifer; Varazdin area

1. Introduction

To understand groundwater flow and geochemical processes within an aquifer, it is necessary to
set up a conceptual model of it. Different methods are used, and one of them is an isotopic technique,
which is often used successfully to help elucidate hydrological studies [1]. Knowledge about the
isotopic ratios of oxygen (5!80) and hydrogen (8?H) in atmospheric precipitation and groundwater
is important for hydrological, hydrogeological, climatological, and meteorological applications [1-8]
because it can provide information on the mean recharge elevation of the aquifer, the mean residence
time, water-rock interactions, etc.

The study area is located in the VaraZzdin area (NW Croatia). The aquifer represents the main
source of potable water for the town of Varazdin and the surrounding settlements. The favorable
climate, topography, and available groundwater have insured intensive agricultural practices involving
the application of large amounts of synthetic fertilizers and manure that have subsequently led to high
nitrate concentrations in the Varazdin aquifer. High concentrations of nitrate have caused the shutting
down of the Varazdin pumping site. To determine the behavior of nitrates, a groundwater flow and
transport model will be used. A conceptual model of the alluvial aquifer, therefore, has to be set up,
and to improve this model, measurements of $'80 and §?H in the ground- and surface waters and
precipitation samples were carried out.
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The research is still ongoing and, in this paper, only the results of two-year measurements are
elaborated in detail. The main goal of this paper is to provide an overview of the spatial and temporal
variability in §'80 and §°H values in precipitation and in the ground and surface waters, and this
information will be used to determine recharge areas.

2. Geological, Hydrogeological, and Climatic Setting of the Study Area

2.1. Geological and Hydrogeological Setting of the Study Area

The study area of the Varazdin aquifer system is located in NW Croatia, upstream of the town of
VaraZdin in the valley of the Drava River and it covers an area of approximately 200 km? (Figure 1).
The Varazdin alluvial aquifer is composed of sediments of the Quaternary age, deposited during the
Pleistocene and Holocene eras as a result of accumulation processes of the Drava River [9]. The alluvial
deposits consist primarily of gravel and sand with occasional lenses and interbeds of silt and clay
(Figure 2). The thickness of the aquifer varies from less than 5 m in the NW part to about 65 m in the SE
part of the study area (Figure 2, cross-section A—A’"). The VaraZdin aquifer is an unconfined aquifer, and
the groundwater is in direct contact with the surface water: the Drava River and the Plitvica stream,
the derivation channel, the accumulation lake Varazdin (Varazdin Lake), and the gravel pit Sijanec
(Figure 2). The direction of groundwater flow is generally NW-SE and is parallel to the direction
of the Drava River flow. The covering layer of the aquifer is not continuously developed (Figure 2),
which makes the aquifer vulnerable to contamination from the surface. Favorable hydrogeological
conditions enabled the development of two pumping sites—VaraZzdin and Vinokovséak (Figure 2).
High concentrations of nitrate have caused the shutting down of the pumping site Varazdin, but
Vinokovs¢ak is still in operation.
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Figure 1. Geographical position of the study area with locations of the sampling points; the transects
A-A’ and B-B’ correspond to the representative hydrogeological cross-sections shown in Figure 2. The
general groundwater flow direction is defined by the water heads and stable isotopes in the study area.
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Figure 2. Schematic hydrogeological cross-sections across the study area (modified according to
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2.2. Climatic Setting of the Study Area

The Varazdin meteorological station (46.3° N, 16.137° E, 167 m a.s.l.) and the surroundings have a
characteristic precipitation regime with more precipitation during the summer [11]. Because of these
features, the local climate is categorized in the Cfb group of the Képpen-Geiger classification system,
which is known as “warm-temperate climate” or “marine west coast climate.” The study area is the
former [12].

The coldest month is January, with average temperatures of 0.0 °C, while July and August are the
warmest months with average temperatures of 20.9 and 20.1 °C, respectively (Table 1). Mean annual
temperature is 10.6 °C. The inter-annual variability is the largest in February and January (standard
deviation (sd) in Table 1), meaning that average differences from the mean are largest at the end of
the winter.

Table 1. Monthly and annual average air temperature in Varazdin. Statistics in rows refer to maximum,
mean, and minimum average monthly and annual temperature in the 1981-2010 period, and the
standard deviation (sd).

Values 01 02 03 04 05 06 07 08 09 10 11 12 Annual
max (°C) 5.8 6.1 9.9 14.0 187 238 228 245 18.0 138 9.5 47 12.1
mean (°C) 0.0 1.6 6.1 10.9 16.0 191 209 201 156  10.6 53 1.1 10.6
sd (°C) 25 3.2 2.1 1.4 1.4 1.4 1.2 1.5 1.3 1.5 23 1.8 0.8
min (°C) -6 -4.5 0.4 8.0 12.2 16.7 185 18.0 12.5 8.1 0.8 =27 9.0

According to the data from the last climate normal period (1981-2010), the lowest average
precipitation amounts were during the cold part of the year, and in January the mean precipitation was
38.7 mm (Table 2). From June to September, the precipitation amounts were on average larger than 80
mm, with the highest amount in September (98.3 mm) and the second-highest in June (96.1 mm). The
average annual precipitation was 832 mm. Inter-annual variability was largest in January (coefficient
of variation (cv) = 0.81).



Water 2020, 12, 379 40f14

Table 2. The monthly and annual precipitation sum in VaraZdin. Statistics in rows refer to maximum,
mean, and minimum monthly and annual precipitation in the 1981-2010 period, the standard deviation

(sd), and the coefficient of variation (cv).

Values 01 02 03 04 05 06 07 08 09 10 11 12 Annual
max (mm) 1454 1246 1006 121.3 1442 1999 1837 211.7 1861 202 1815 169.9 1200.3
mean (mm) 387 408 549 610 679 961 819 872 983 780 680 59.1 832.0

sd (mm) 314 267 266 341 311 403 410 539 463 480 420 358 131.4
v 081 065 048 056 046 042 0.5 062 047 062 062 0.61 0.16

min (mm) 3.3 0.3 2.1 4.9 238 321 15.3 4.8 25.6 24 196 171 559.7

Based on the long-term data records for 1951-2018, the existence of seasonal trends was tested by
a Mann-Kendall test at the 0.05 significance level, and Sen’s slope was calculated to determine the
trend value [13]. There is significant warming in all seasons, with Sen’s slope ranging from 1.8 °C/100
years in autumn to 3.7 °C/100 years in summer (Table 3).

Table 3. Trend analysis of long-term temperature data for the period 1951-2019. A Mann-Kendall
p-value of <0.05 indicates a significant trend. Sen’s slope is a value of that trend. A Sen’s slope p-value

of <0.5 indicates a significant value of a trend.

Season Mann-Kendall p-Value Sen's Slope (°C/100y) Sen's Slope p-Value
Autumn 1.26 x 1072 1.83 x 1072 1.26 x 102
Spring 1.49 x 107 3.30 x 102 1.49 x 10
Summer 2.89 x 10 3.67 x 102 2.89 x 10
Winter 1.75x 1073 3.10x 102 1.75x 1073

There are no statistically significant changes in seasonal monthly precipitation in the 1951-2019
period (Table 4), even though there is a slight indication of drying in summer and in spring, while
autumn and winter show a slight tendency of becoming wetter.

Table 4. Trend analysis of long-term precipitation data for the period 1951-2019. Parameters are the

same as in Table 3.

Season Mann-Kendall p-Value Sen's Slope Sen's Slope p-Value
Autumn 1.64 x 1071 8.00 x 107! 1.64 x 1071
Spring 4.88x 10! -2.66 x 1071 4.88x 10!
Summer 8.46 x 102 -9.72x 10! 8.46 x 1072
Winter 9.46 x 107! 1.36 x 102 9.46 x 1071

3. Materials and Methods

3.1. Water Sampling

Monthly composite precipitation was sampled in the Miko family courtyard in the village Hras¢ica
(46.3° N, 16.292° E; 177 m a.s.l.) in the period from June 2017 until June 2019. In the field, sample was
poured into a 1 L plastic bottle with a tight-fitting cap.

In addition, ground- and surface water sampling was conducted on a monthly basis in the period
from June 2017 to June 2019 for chemical and isotopic analyses. Ten observation wells (nine of them
are located in the recharge area of the Varazdin pumping site and one in the recharge area of the
Vinokovséak pumping site) and four surface waters (Drava River, the Plitvica stream, Varazdin Lake,
which is an accumulation, and a gravel pit in Sijanec) were sampled. The water depth was measured
prior to pumping. The observation wells were sampled after stabilization of the parameters EC
(electrical conductivity), T (water temperature), pH, and O, (dissolved oxygen content). Depths of
the observation wells are given in Table 5. Samples were poured into a 50 mL plastic bottle with a
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tight-fitting cap. All samples were measured in the laboratory immediately upon returning from
the field.

Table 5. Depths of the observation wells.

Observation Well Elevation (m a.s.l.) Depth (m)
Private well Hras¢ica 176.00 15.0
PDS-5 178.36 31.0
PDS-6 184.07 25.0
PDS-7 175.71 425
P-1529 187.32 8.0
P-1530 183.72 7.5
P-1556 193.03 15.6
P-2500 167.81 5.20
P-4039 167.76 8.0
SPV-11 177.69 40.0

Meteorological parameters (precipitation and air temperature) used here are from the main
Varazdin meteorological station, located in the vicinity of the installed rain gauge.

3.2. Stable Isotope Analyses

The 6180 and §?H were determined using Picarro L2130i (Santa, Clara, USA) in the Hydrochemical
Laboratory of the Croatian Geological Survey. The instrument uses CRDS (Cavity Ring-Down
Spectroscopy) technology [14]. All measurements were checked with Picarro’s standards (Depleted
—29.6 +0.2 5'80; =235 + 1.8 62H; Mid —20.6 + 0.2 6180; =159 + 1.3 §°H; Zero 0.3 + 0.2 5'80; 1.8 + 0.9 5°H),
which were checked periodically against the International Atomic Energy Agency (IAEA) standards:
Vienna Standard Mean Ocean Water 2 (VSMOW?2) and Standard Light Antarctic Precipitation 2 (SLAP2).
Measurement precision was + 0.3 °/q, for 5180 and + 1 9/, for 52H.

It is generally known that all isotopic results are expressed as per the international measurement
standard, VSMOW?2 [15,16].

A global relationship between §*H and §'80 has been observed [16] and called the Global Meteoric
Water Line (5°H = 8-5'80 + 10).

The deuterium excess (d-excess [17]) was calculated for each sample as follows:

d-excess (°/o0) = 6°H — 8 5'80.

In 2003, researchers verified this value by using global maps derived by interpolation from more
than 340 stations [18] and, in 2005, this was reconfirmed using IAEA-GNIP datasets at 410 stations [19].
Higher values of d-excess are caused by intense evaporation of seawater in conditions of moisture
deficit [20].

The local meteoric water line (LMWL) has been calculated using three types of linear regression
analysis, two of which are recommended by the IAEA [21]: ordinary least squares regression (OLSR)
and reduced major axis (RMA) regression. The new one takes into account the amount of precipitation,
using precipitation weighted least squares regression (PWLSR) [22].

4. Results and Discussion

4.1. Precipitation and Temperature

The climatological conditions from June 2017 to June 2019, the period of the isotope sampling,
were compared to a climate normal 1981-2010 (Figure 3).
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Figure 3. Monthly anomaly of precipitation (a) and air temperature (b) in the period from June 2017 to
June 2019 based on 1981-2010 climate normal.

The summer of 2017 was drier and warmer from the average of 1981-2010. Autumn 2017 was
mostly wetter than normal, with September 2017 being the wettest month of the period, and it was
also colder than average in September. This period, with larger precipitation than average, continued
until May 2018, and it was also warmer, except in February and March 2018. From June 2018 to March
2019, precipitation was mostly around or smaller than average, and it was warmer. May 2019 was the
second wettest month during this period, and it was also colder than average. June 2019 was again
warmer than average.

4.2. Stable Isotopes in Precipitation

The mean stable isotope 5'80 and §?H values and the associated d-excess are shown in Table 6.

Table 6. Yearly averaged isotopic composition of precipitation at the rain gauge in Hras¢ica (177 m a.s.L.).

Year 8180 (°/60) 8%H (°/o0) d-excess (°/o0)
2017 (VI-XII) -7.78 529 8.7
2018 (I-VI) -9.96 -70.4 9.3
2018 (VII-XII) -8.09 -57.1 7.6
2019 (I-VI) -9.68 —-67.3 10.1

The stable isotope 5180 values varied from —14.91 to —4.5 °/,,, and §2H varied from —108.1 to
—25.1 °/o0 (Figure 4, Table S1). The lowest 5180 and 52H values were observed in winter and highest
were observed in summer. The d-excess varied from 4.1 to 12.9 °/,. The d-excess shows the influence
of the Atlantic air masses. Nevertheless, the influence of the Mediterranean air masses in the study
area was observed during the autumn and winter months (Figure 4). The Mediterranean air masses
(precipitation) are characterized by a higher d-excess than the Atlantic air masses [20]. This was
observed in References [23,24] in the continental part. Atypical climatological conditions during the
observed period had influenced variations of monthly isotopic composition. A sudden change in
the air temperature and/or precipitation amount during the season influenced the variation of the
monthly isotopic composition of the rain. For example, May 2019 was colder and wetter than average
(even than May 2018), and §'80 and §?H values were automatically more negative. In addition, the
lowest 5'80 and 5°H values were measured in the coldest month, which was February 2018 (Figures 3
and 4). It was observed that the isotopic composition of the precipitation in the study area reflects
climatological conditions well.
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The measured stable isotope §'80 and §?H values were weighted by the amount of precipitation at
the Varazdin meteorological station for the observed period. However, there were no large differences
between the measured stable isotope 5'80 and §?H values and weighted by the amount of precipitation.
Because of this, they are not discussed here.

The calculated LMWL for the period from June 2017 to June 2019 is:

OLSR 8°H = (7.54 + 0.12) 5'80 + (5.00 + 1.00), n = 23

RMA 5°H = (7.56 + 0.11) §'80 + (5.17 + 1.04), n = 23
PWLSR §°H = (7.55 + 0.13) 680 + (4.85 + 1.13), n = 23.

It was observed that all three methods yielded a very similar slope value and axis intercept (b
value) of the LMWL, which was supported by very similar measured and weighted values.

In addition, calculated data were compared with data published in Reference [25]. There is a
difference between these two slopes values for 0.09 /4., and it can be concluded that the OLSR values
calculated from the measured data and the published meteoric water line of the study area are not
different in terms of slope. However, there is a large difference between these two lines in the axis
intercept values for 2.6 °/40, and the published LMWL is slightly below the measured one (Figure 5).
There are several reasons for that: shorter monitored period in our research; very untypical and extreme
climatological conditions during our monitored period; and different measurement techniques (our
samples were measured using CRDS technology and published were measured using Isotope Ratio
Mass Spectrometry (IRMS) technology).

-20
Groundwater

-30 4 —LMWL OLSR
—— LMWL Hunjak et al 2013
-40 ++++ Groundwater LMWL

50 y =7.46x+1.56

-60 ~
y=7.14+0.07x+1.8620.5

52H (/)

-70
80 -

90 -+

-100 A

-110 T T T T T

8180 (°/,,)

Figure 5. Distribution of groundwater 3180 (°/50) and 82H (°/o0) values around the local meteoric
water line (LMWL).

4.3. Stable Isotopes in Ground and Surface Waters

The minimum, maximum, and average isotopic composition of the surface- and groundwaters
are given in Tables 7 and 8 together with their average d-excess.
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Table 7. Minimum, maximum, and averaged isotopic composition of the groundwater by sampled well.

d-excess
18 (] 2 (]
Observation Well 870 (/oo) 8°H C/oo) (°/o0)
min max average sd min max average sd average
Private well Hrasica —1147  -9.06  —10.00 0.65 -81.7 —65.4 —70.4 47 9.6
P-1529 -1120  -8.87 -9.76 0.64 -776 -61.2 —68.2 44 9.9
P-1556 -1085 862  -9.62 0.64 -760 588  —66.3 4.8 10.2
SPV-11 -1179  -913  -10.32 0.63 -812 623 -71.9 41 10.7
P-2500 -1051  -8.42 -9.31 0.56 -713 -58.6 —64.1 35 10.4
P-4039 -1033  -826 —9.46 0.54 -719 -585 —65.4 3.9 10.2
PDS-5 -1097  -876 —9.74 0.61 -772 -61.0 —67.4 43 105
PDS-6 -1093  -895 -9.79 0.55 -77.7 -61.1 —68.2 46 10.1
PDS-7 -1097  -891 -9.79 0.58 -775 -60.9 —68.1 45 10.2
Table 8. Minimum, maximum, and averaged isotopic composition of surface water.
d-excess
518 o 82H (]
Observation Point 0 ¢/o0) ©foo) (°/o0)
min max average sd min max average sd average
Plitvica stream -10.15 -7.86 -9.11 0.52 —69.2 -56.9 —-63.3 2.8 9.6
Drava River -11.64 -8.99 -10.21 0.73 —-80.1 —61.1 -70.7 4.8 11.0
Varazdin Lake -12.12 -8.10 -10.33 0.87 —-81.7 -59.1 -72.4 5.2 10.2
Gravel pit in éijanec -9.47 -3.36 —6.67 1.31 —65.7 -38.8 -51.1 6.5 2.3

The measured 580 values in the groundwater varied from —11.47 to —8.26 °/4,, and the 52H
values varied from —81.7 to —58.5 ©/o, (Table 7). The measured 5'80 values in the surface water varied
from —12.12 to —3.36 °/o,, and the §°H values varied from —81.7 to —38.8 °/,, (Table 8).

The correlation between the §'80 and 5°H measured values of the groundwater is shown in
Figure 5 and indicates that this relationship has a slope of 7.14. Using a Student’s t-test according to
Reference [26], a good relationship between groundwater and precipitation was observed. Generally,
an isotope relationship between §'80 and §’H with a slope of about 8 is normally observed for
precipitation [16]. Since the relationship between the isotopic composition of precipitation and
groundwater is good, it can be concluded that groundwater is recharged by precipitation. Values that
are slightly more negative were measured in the SPV-11 well and the private well, while at observation
wells PDS-5, PDS-6, PDS-7, and P-1529, values are almost identical (Table 7). The highest 5180 and
52H values were measured at observation wells P-4039 and P-2500 (Table 7). The calculated average
d-excess values varied from 9.6 to 10.7 /o0, indicating the influence of recharge by precipitation with
signatures of the Atlantic air masses and good homogenization of groundwater along the flow path.
This was observed at SPV-11, PDS-6, PDS-7, the private well, P-1530, and P-1529. However, depending
on hydrodynamic conditions (low/high water levels), the vicinity of the river or lake, and the depth
of the observation well, it was observed that wells, especially the shallower ones and/or those closer
to the river and lake, showed high variation in d-excess values. These values were higher than 11
°/00, indicating recharge by surface waters and faster recharge by precipitation. This was observed at
P-1556, PDS-5, P-2500, and P-4039.

The measured §'80 and §°H values of the surface waters distributed around the LMWL shown
in Figure 6 indicate a relationship between §'80 and §H for surface waters with slopes of 5.73 at
Varazdin Lake, 6.32 at Drava River, and 4.77 at the gravel pit in Sijanec, indicating an influence of
evaporation. A slope from 4 to 6 is attributed to waters with a significant rate of evaporation relative to
the input [16]. It was observed that the evaporation process was strongest at the location gravel pit
in Sijanec (Figure 7). Nevertheless, the gravel pit was used for fish farming. Because of this activity
(resulting in an extra nutrient load due to fish feeding), a low water level, a high load of nutrients,
high temperatures, and algae bloom occurred every summer, which had a significant influence on
the isotopic and chemical features of this water. The winter-measured values of the §*Hand §'80 of
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the Drava River and the summer-measured values of Varazdin Lake are above the LMWL (Figure 6).
For the Drava River, this can be explained by the fact that the larger part of the recharge area of the
Drava River is situated far upstream of the study area and is under the influence of a different climate,
and the influence of the recharge area in the study area is small. Varazdin Lake is recharged by the
Drava River, especially in the late winter and springtime when isotopic values are more negative in the
river. Since the lake has a high volume, turnover in the lake takes some time. In addition, the Plitvica
stream, like the Drava River, has its recharge area in a mountain area where the climate is different, and
because of that, more negative values are measured in the wintertime. During the late spring/summer
period, the discharge of the stream is low. In the watercourse of the stream, small connected ponds are
formed where evapotranspiration is present and, because of that, some values are below the LMWL.

-10 +
o Plitvica Stream
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Lake Varazdin y =7.46x + 1.56
-30 A e Gravel pit Sijanec
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Figure 6. Distribution of surface waters 5180 (°/00) and 52H (°/o0) values around the LMWL.
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Figure 7. Distribution of 3180 (°/40) values in surface waters over the monitored time.

To connect the measured values, a simplified statistical correlation method was used, and results
are shown in the correlation matrix in Table 9.
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Table 9. Correlation matrix between ground and surface waters for 5180 (°/40) values.

Matrix Private 51559 pass6  SPV-11  P-2500 P-4039  PDS-5  PDS-6  PDSy  Lutvica  Drava - Varazdin oo o) py Siianec
Well Stream River Lake
Private well 1.00
P-1529 0.93 1.00
P-1556 0.96 0.91 1.00
SPV-11 0.76 0.76 0.80 1.00
P-2500 091 0.94 0.89 0.73 1.00
P-4039 0.75 0.78 0.78 0.66 0.88 1.00
PDS-5 0.93 0.94 0.93 0.78 0.92 0.78 1.00
PDS-6 0.95 0.98 0.92 0.73 0.93 0.77 0.93 1.00
PDS-7 0.93 0.97 0.95 0.70 0.93 0.82 0.96 0.96 1.00
Plitvica Stream 0.04 017 0.17 0.00 0.07 0.03 0.18 0.17 0.22 1.00
Drava River 0.67 0.59 0.58 0.36 048 045 0.48 0.62 0.53 ~0.04 1.00
Varazdin Lake 0.56 0.48 0.57 0.85 0.55 0.53 0.51 0.47 0.54 ~0.31 0.51 1.00

Gravel pit Sijanec -0.63 -0.62 -0.67 -0.67 -0.63 -0.48 -0.66 -0.56 -0.62 -0.29 -0.20 -0.29 1.00
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No statistical connection was observed between either the groundwater, the waters of Drava
River, Varazdin Lake, or the Plitvica stream with water from the gravel pit in Sijanec. This is partly
because there was no observation immediately downstream from the gravel pit. Moreover, it has a
very small volume, and its influence is thus limited to its immediate surroundings. Furthermore, the
gravel pit is not connected to the river, stream, or lake; consequently, the isotopic composition differs
(Figure 1). In addition, a very weak correlation was observed between the waters from the P-2500 and
P-4039 wells, which are in the vicinity of the Plitvica stream. This weak correlation is attributed to
the drainage roll of the Plitvica stream in this part of the aquifer. A higher correlation was observed
between both Varazdin Lake and the Drava River waters and the groundwater of the observation wells.
A high correlation between observation wells on the right side of the intake/drain channels indicates a
homogenization of the groundwater source (a mixture of the precipitation, river, and lake waters). The
left side is different because of the influence of Varazdin Lake. Namely, the Drava River flows from
the lake and has the same isotopic composition as the lake water (Figure 1). The river recharges the
aquifer as a consequence of groundwater abstraction at the Vinokov$¢ak pumping site (Figure 1), and
the influence of the local precipitation is minor.

5. Conclusions

Although §'80 and §?H values of ground- and surface waters and precipitation were measured
for only 24 months, the following conclusions are proposed:

(a) Meteorological conditions during the observed period were quite different from the average. The
summer of 2017 was drier and warmer, while the autumn was wet and cold. This period had
more precipitation than average, and this continued until May 2018. It was also warmer, except
in February and March 2018. From June 2018 to March 2019, precipitation was mostly around or
smaller than average, and it was warmer. May 2019 was the second wettest month during this
period and was also colder than average. June 2019 was again warmer than average.

(b) The isotopic composition of the local precipitation in the study area varied according to the
variable meteorological conditions and relationship between §'80 and §’H, and the d-excess
showed that precipitation originated from the Atlantic air masses, although during the colder
parts of the year, the influence of the Mediterranean air masses was not negligible.

(c) Evaporation was observed at all surface waters, but the largest rate was at the location of the
gravel pit in éijanec. Moreover, it has a very small volume; therefore, its influence is limited to
the immediate surroundings of the aquifer.

(d) The isotopic composition of precipitation and groundwater showed a good correlation due to the
isotopic homogenization of groundwater along the flow path.

(e) The isotopic composition of the groundwater source on the right side of the intake/drain channels
indicates a homogenization of the groundwater source (a mixture of precipitation, river, and lake
waters), whereas the left side is different because of the higher influence of Varazdin Lake.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/2/379/s1,
Table S1: Determined isotopic composition of the precipitation by month for monitored period.
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Supplementary table S1. Determined isotopic composition of the precipitation by month for monitored period

Year 0180 (°/o0) 0o O2H (°/00) 0 ((j/-oeo;(cess
June 2017 -4.47 0.2 -25.2 0.5 11
July 2017 -5.01 0.1 -35.9 0.5 4
August 2017 -5.69 0.2 -36.9 0.5 9
September 2017 -6.81 0.1 -48.3 0.5 6
October 2017 -7.18 0.1 -47.6 0.2 10
November 2017 -9.09 0.1 -61.9 0.2 11
December 2017 -13.65 0.1 -99.2 0.2 10
January 2018 -12.41 0.2 -89.7 0.3 10
February 2018 -14.21 0.1 -101.7 0.2 12
April 2018 -11.26 0.2 -83.7 0.3 6
May 2018 -7.01 0.1 -46.2 0.5 10
June 2018 -4.88 0.2 -30.7 0.5 8
July 2018 -6.42 0.1 -43.6 0.3 8
August 2018 -5.47 0.2 -37.9 0.5 6
September 2018 -5.65 0.1 -39.7 0.3 5
October 2018 -6.20 0.2 -42.4 0.2 7
November 2018 -12.71 0.1 -89.7 0.2 12
December 2018 -12.11 0.1 -89.1 0.2 8
January 2019 -12.77 0.1 -89.2 0.2 13
February 2019 -11.67 0.1 -81.2 0.2 12
March 2019 -9.45 0.1 -67.0 0.1 9
April 2019 -8.76 0.1 -60.44 0.2 10
May 2019 -9.04 0.1 -63.5 0.3 9
June 2019 -6.36 0.2 -42,3 0.5 9
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Abstract: The Varazdin aquifer represents the main source of water for public supply, agricultural,
and industrial purposes in the Varazdin County in NW Croatia. In the last decades, this area has
experienced contamination of groundwater with nitrates. This study describes the conceptualization
of the Varazdin aquifer for the purpose of developing numerical model of groundwater flow and
nitrate transport. Within the study, three important elements are defined: aquifer geometry, recharge
from precipitation, and other boundary conditions. 3D aquifer model revealed that Varazdin aquifer
consist of three layers: upper aquifer, semipermeable interlayer, and lower aquifer. The Wetspass-M
model was used for the assessment of spatial and temporal distribution of water balance components
for the period 2008-2017. Results of the model indicate that the average annual precipitation is
distributed as 34% groundwater recharge, 21% surface runoff, and 45% actual evapotranspiration.
The maps of equipotential lines show the behavior of the aquifer system and define boundary
conditions, i.e., recharge and discharge areas of the aquifer: an inflow boundary from Drava River
and accumulation lake Varazdin on the northwest and north, no flow boundary on the west and
south, and an outflow boundary on the east.

Keywords: conceptual model; aquifer geometry; groundwater recharge; boundary conditions;
alluvial aquifer; Croatia

1. Introduction

The Varazdin aquifer is a vital source of water for public supply, agricultural, and in-
dustrial purposes in the Varazdin County in NW Croatia. Moreover, according to its
hydrogeological characteristics, it represents one of the strategic groundwater resources
in Croatia. In the last few decades, this area has experienced high nitrate concentrations
caused by anthropogenic sources, such as manure, synthetic fertilizers, septic systems,
and other wastewaters. The contamination of groundwater with nitrates have caused the
shutting down of the pumping site Varazdin. This paper is part of a broader study being
conducted in Varazdin alluvial aquifer with the aim of assessing the origin, fate, and the
transport of nitrate within the study area.

Conceptual model is a simplified representation of a groundwater system and is
based on geological, geophysical, hydrological, and hydrogeochemical information [1].
The development of an appropriate conceptual model is one of the most important steps in
any successful modelling study [2,3]. A detailed survey of hydrodynamic characteristics of
the aquifer was undertaken to develop hydrogeological conceptual model, which will be
used as a foundation for setting up a numerical groundwater flow and nitrate transport
model. In the present study, preparation of conceptual model involved identification of the
study area, creation of 3D model of hydrogeological system, estimation of recharge from
precipitation, and defining boundary conditions are shown.

The sustainability and efficient management of groundwater reserves in the aquifer
relies on groundwater recharge. According to Healy [4] groundwater recharge can be
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classified into two categories: focused recharge from surface water bodies such as rivers,
canals, and lakes, and the diffuse recharge from infiltration of precipitation through the
unsaturated zone to the groundwater. The analysis of groundwater and surface water levels
allows defining the boundary conditions as well as the relationship between surface water
and groundwater. However, quantifying diffuse recharge from precipitation is of particular
importance to this study. Over the past decade, Wetspass model has been used in different
parts of the world to calculate water balance components, including groundwater recharge.
Gebreyohannes et al. [5] developed Wetspass model to assess water resources in Geba
basin in Ethiopia. Porretta-Brandyk et al. [6] evaluated and verified Wetspass model with
focus on river runoff modeling in rural catchments in Poland. Zarei et al. [7] used Westpass
model for assessment of groundwater recharge, surface runoff, and evapotranspiration
in different land-use types in northeast Iran. Zhang et al. [8] addressed the effects of
urbanization on water balance components in Beijing, China by using Wetspass model.
Salem et al. [9] applied the Wetspass model to assess the water balance components in the
Drava basin in Hungary. Previous assessments of groundwater recharge from precipitation
and its spatial distribution in the study area are rare and poorly understood. Patréevic¢ [10]
used the experimental station to analyze the vertical water balance of groundwater in the
Drava alluvium and estimated that recharge accounts for 38.3% of the total precipitation.
Larva [11] developed a numerical model of the Varazdin aquifer to predict future nitrate
concentration depending on the abstraction rates on pumping sites. The author assigned
the recharge as a share of average annual precipitation, depending on covering layer
thickness. A value of 35% was used in the area where covering layer does not exceed
thickness of 2.5 m, while a value of 20% was applied in the area with covering layer
thickness above 2.5 m.

In this study, the improved Wetspass-M model was used to explore the relationship
between precipitation and recharge. The selection of the software was based on the data
availability, and insights from previous investigations [9,12] where authors recommended
using the Wetspass-M model for groundwater recharge assessment in developing ground-
water flow models for the Drava basin. The presented research is the first study to evaluate
the spatial distribution of long-term average groundwater recharge from precipitation in
the VaraZdin aquifer, and this information will serve as important input for developing
numerical model, together with aquifer geometry and other boundary conditions.

2. Materials and Methods
2.1. Study Area

The study area is situated in the Drava River valley in the northwestern part of Croatia
(Figure 1). It covers the part of Varazdin alluvial aquifer upstream of the town of Varazdin
where highest nitrate concentrations were observed, with an area of approximately 200 km?.
The Varazdin alluvial aquifer is mostly unconfined and represented by Pleistocene and
Holocene alluvial deposits [13], which are mainly composed of gravel and sand with
occasional lenses and interbeds of silt and clay [14]. There are two pumping sites in the
study area: active—Vinokovséak; and inactive—Varazdin. The boundaries of the study
area are represented by the surface water on the northwestern and northern edge, Haloze
hills on the western and Varazdinsko-Toplicko gorje hills on the southern edge of the
aquifer. On the northwest, Drava River flows into accumulation lake of the hydroelectric
power plant Varazdin (HPP Varazdin), from which it continues in two paths: (1) as the
Drava River watercourse in the north, and (2) through an intake channel for hydroelectric
power plant Varazdin. The derivation channel carries the water from the power plant
downstream. The second watercourse that runs through the area is Plitvica stream, located
close to the southern edge.
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Figure 1. Geographical position of the study area with locations of surface water bodies, hydrological stations, meteorologi-

cal station, pumping sites, observation wells and geological boreholes used for conceptualization of the Varazdin alluvial

aquifer; the transects A-B and C-D correspond to hydrogeological cross-sections shown in Figure 4.

The climate of the study area is classified as a warm temperate climate (Cfb in the
Koppen-Geiger climate classification system) [15]. The long-term (1981-2010) average an-
nual amount of precipitation measured at the Varazdin meteorological station is 832 mm, al-
though annual precipitation can be highly variable ranging from 481 to 1312 mm, with more
precipitation occurring during the summer [16]. Precipitation generally originates from
the Atlantic air masses, but Mediterranean influence is also notable, especially du ring the
colder periods of the year [14]. The average annual temperature in Varazdin is 10.6 °C.
The warmest month is July, with an average temperature of 20.9 °C. The coldest month is
January, with an average temperature of 0 °C.

2.2. Aquifer Geometry

To achieve better understanding of the aquifer system of the study area, the presented
methodology was followed (Figure 2). The first phase was to collect all available geological
data in the study area, including existing maps, borehole logs, and cross-sections in order to
define boundaries of the aquifer. Geological data used within this study are mainly related
to construction of the hydroelectric power plant Varazdin and the development of pumping
sites in the Varazdin area. The data were collected from different sources, including the
database of the Croatian Geological Survey, but also numerous technical reports from water
utility, geotechnical and civil engineering companies. Horizontal characterization of the
aquifer, i.e., model domain was determined by the Basic Geological Map of the Republic
of Croatia at a scale of 1:100,000 for the Varazdin [17] and Cakovec sheet [18], and is
represented by Quaternary alluvial deposits. The second phase included construction of
contour maps based on digital elevation model (DEM) and borehole logs, in order to achieve
vertical characterization of the aquifer. DEM was used to create the top surface of the
model in ArcGIS software. Total 60 geological boreholes were identified within the study
area (Figure 1). Analysis of the borehole logs and cross-sections indicates that subsurface
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hydrostratigraphy consists of covering layer, upper aquifer, semipermeable interlayer,
lower aquifer, and aquifer bottom. The borehole coordinates and information about depths
of the covering layer, semipermeable interlayer top and bottom, and aquifer bottom were
prepared in spreadsheet, which was used as an input data for construction of contour maps
in Surfer software, using Kriging interpolation method (Supplementary Materials). In the
third phase, the contour maps were imported into Visual MODFLOW Flex software and
3D aquifer model of the study area was built.

Topography

) Covering layer
Geological maps —_— e d 3D aquifer model

Geological boreholes

Semipermeable layer top

Semipermeable layer bottom

Geological cross sections

Aquifer bottom

Figure 2. Methodological chart showing the required data and steps in developing 3D model of Varazdin alluvial aquifer.

2.3. Groundwater Recharge from Precipitation

WetSpass software is a GIS-based quasi steady state spatially distributed water balance
model, which was developed for estimation of the long-term average spatial patterns of
surface runoff, actual evapotranspiration, and groundwater recharge [19,20]. The newer
version of the model, Wetspass-M, has ability to use monthly input data and compute
monthly water balance components. This way the user can assess water balance com-
ponents on monthly, seasonal or yearly basis. The Wetspass-M model uses spatially
distributed input parameters, including DEM, slope, land use, soil type, groundwater level,
and meteorological data (precipitation, number of rainy days per month, air temperature,
wind speed, and potential evapotranspiration) [20-22]. All input data were prepared in the
form of grid maps in ArcGIS software and are presented in the official coordinate system
of the Republic of Croatia (HTRS96/TM). DEM of the study area is displayed with 20 m
resolution. The highest point of the study area is 266 m a.s.l. at Haloze hills in the west and
the lowest point is 166 m a.s.L. in the east (Figure 3a). The resolution of all other maps were
based on DEM resolution with cell size 20 x 20 m, 948 columns, and 875 rows. The slope
map was created from DEM using spatial analyst tool in ArcGIS. Land use and soil types
are connected to respective maps through lookup tables. Land use data for the Varazdin
area were obtained from the CORINE database for Land Cover (CLC2018), GIS vector layer
available online at https:/ /land.copernicus.eu/pan-european/corine-land-cover/clc2018.
Total 14 CLC classes were identified in the study area, which have been reclassified into 11
land use classes for Wetspass-M input data purpose (Figure 3b), to be suitable with land
use lookup table. Around 77% of the total study area is agricultural land. The other 23% is
divided between build up, including city center and open build up (10%), forest, including
deciduous, coniferous and mixed forest (9%), shrub (2%), and water bodies, including lake
and navigable river (2%). The soil map was constructed using the combination of Thiessen
polygon method in ArcGIS for 60 geological boreholes (Figure 1) and pedological map of
the Republic of Croatia, especially around the Plitvica stream in the southern part of the
study area where there are not many boreholes. Pedological map is obtained from ENVI
environmental atlas, available online at http:/ /envi.azo.hr/. The most common types of
soil in the study area are loam, silty clay, sand, sandy clay, and clay, covering 49%, 27%,
12%, 6%, and 6% of the area, respectively (Figure 3c).
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Figure 3. Input data for the Wetspass-M model (a) topography; (b) land use map; (c) soil map; (d) spatial distribution of

groundwater level.

Groundwater level data and meteorological data have been provided by the Croatian
Meteorological and Hydrological Service (DHMZ) for the study period 2008-2017. In total,
34 observation wells (Figure 1) were used for construction of groundwater level map.
Groundwater level data were analyzed in detail for the study period, then hydrological
condition of medium groundwater level was selected, and finally groundwater level map
was produced using Kriging interpolation method in Surfer software (Figure 3d).

For the purpose of this study, daily meteorological data from Varazdin meteorological
station were used as it is located in vicinity of the study area (46.28278 N, 16.36389 E,
167 m a.s.l.) (Figure 1) and has all the necessary data records. The study area is fairly
flat and Varazdin meteorological station is in vicinity so we assumed that station as a
representative for the area. Meteorological input data (precipitation, number of rainy days
per month, air temperature, wind speed, potential evapotranspiration) were prepared as
monthly average values for the study period. The average annual precipitation in the
study period is 912 mm, with about 70% of it being concentrated from May to November.
The average number of rainy days per month varies between 7 and 11 days. The mean
annual temperature is 11.5 °C, with July as the warmest month (average temperature
21.9 °C) and January as the coldest month (average temperature 0.7 °C). Average annual
wind speed measured at height of 2 meters above soil surface is 2.4 m/s.

Evapotranspiration represents the sum of water loss through the process of rainfall
interception and transpiration from plants, and evaporation from soil surfaces. It is com-
monly calculated from climatological data because of the difficulty to obtain accurate field
measurements. The evaporation power of the atmosphere is expressed by the evapotran-
spiration from the reference surface not short of water. That is so-called reference crop
evapotranspiration or reference evapotranspiration, denoted as ETj. The standardized
reference surface is a hypothetical grass reference crop with specific characteristics [23].
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The crop evapotranspiration under standard conditions (ET¢) refers to the evapotranspira-
tion from excellently managed, large, well-watered crop fields that achieve full production
under the given climatic conditions. The ET¢ is determined by crop coefficients (Kc) that
relate ET¢ to ETj [23].

A large number of empirical or semi-empirical equations have been developed for
assessing crop or reference crop evapotranspiration from meteorological records. The Food
& Agriculture Organization (FAO) of the United Nations Penman-Monteith (FAO-56 PM)
method [23] is recommended as the international standard method for the definition and
computation of the potential reference evapotranspiration (ETy). The FAO-56 PM method
requires radiation, air temperature, air humidity, and wind speed data. The FAO-56 PM
enjoys worldwide adoption as the most accurate [24], but the number of requested climatic
variables usually makes its application questionable. As a result, many articles deal with
its comparison to other proposed methods in order to avoid that much meteorological
variables [24-27]. Our study had proper meteorological records and the FAO-56 PM was
used as a reference method to obtain ET according to the equation

0408 (Ry — G) + 12973 u (es —ea)

ET, = 1
0 A+ v (1+034u) @)

where ET) is the reference crop evapotranspiration (mm day_l); R, is the net radiation
(MJ m~2 day!); G is the soil heat flux (M] m~2 day '), which is regarded as null for daily
periods; T, is the average daily air temperature at a height of 2 m (°C); u is the wind speed
at a height of 2 m (m s™!); e; is the saturation vapor pressure (kPa); e, is the actual vapor
pressure (kPa); es — e, is the vapor pressure deficit (kPa); A is the slope of the saturation vapor
pressure-temperature curve (kPa °C~1); and vy is the psychrometric constant (kPa °C—h.

The daily records of minimum and maximum temperature (°C), mean relative hu-
midity (%), wind speed (m/s) and actual duration of sunshine in a day (h/day) were
collected for the study period from the DHMZ database. The data were transformed into
appropriate format to be used within “ETj calculator” software [28] in order to calculate
daily reference evapotranspiration for Varazdin meteorological station. Calculated daily
data of ETy were summed into monthly data for the future steps of the calculation.

Nistor et al. [29-31] assessed the relationship of land cover data to the crop evapo-
transpiration based on seasonal potential evapotranspiration and standard seasonal crop
coefficients (K.) presented in the FAO Paper no. 56 [23]. The authors used seasonal land
cover coefficients K¢y ¢ to the reference ETj to carry out the crop evapotranspiration ET¢
as showed by the equation

ETc = ETy Kcpc (mm/month) 2)

where ET¢ is crop evapotranspiration, ET is potential reference evapotranspiration,
and K¢y ¢ is land cover coefficient. Nistor & Porumb-Ghiurco [29] and Nistor et al. [30]
distinguished four stages of functionality of crops: initial (March-May), mid-season (June—
August), end-season or late season (September and October), and cold season (January,
February, November, and December) and they assigned K¢y c values to each land cover
class depending on the season. In order to assess the most possible realistic values of
ET¢ from previously calculated ET over the Varazdin aquifer area from Equation 2 was
used. The CORINE Land Cover 2018 database (CLC2018) was used to obtain a land cover
map of the study area where 14 classes of land cover classes were identified. The seasonal
coefficients of KCLC [29,30] were assigned to each present CLC2018 class and used to
calculate their monthly crop i.e., land cover evapotranspiration in the study period.

2.4. Boundary Conditions

The general behavior of the aquifer system and its boundary conditions can be well
described by constructing map of water table contours lines or equipotential lines. Data on
the groundwater levels and the surface water levels for the period 2008-2017 were used
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to construct the equipotential lines. The available time series data of groundwater levels
for the study period included measurements from 34 observation wells in the study area
(Figure 1), which are part of a national monitoring network. The measurements are
performed by DHMZ every 3-4 days. The available time series data of surface water
levels included measurements on four hydrological stations. The daily measurements
of water level at inflow and outflow of the accumulation lake and downstream of the
hydroelectric power plant Varazdin are provided by Croatian National Power Company
(HEP), while daily measurements of water level for hydrological station Varazdin (where
Drava River meets the derivation channel) are provided by DHMZ.

Due to the insufficient number of hydrological stations on the Drava River, it was
necessary to create virtual hydrological stations between actual hydrological stations
(Figure 1). The water level at virtual hydrological stations were calculated by linear
interpolation method between two hydrological stations with measurements of water level.
Virtual hydrological stations were created at three sections at a distance of 1 km: (1) on the
northwestern boundary of the aquifer between station at inflow to the accumulation lake
and hydrological station Borl I that is located on the Drava River in Slovenia outside the
study area; (2) on the Drava River between station at outflow of the accumulation lake and
hydrological station Varazdin; (3) on the derivation channel between station downstream of
the hydroelectric power plant Varazdin and hydrological station Varazdin. Water levels for
hydrological station Borl I are available online at ARSO database (http://vode.arso.gov.si/
hidarhiv/pov_arhiv_tab.php?p_vodotok=Drava&p_postaja=2150). For the study period,
the water level data for all monitoring stations, both measured and virtual, were analyzed in
detail in Microsoft Excel and the hydrological conditions of low water levels and high water
levels were selected. The results of the analysis were used as an input data for construction
of equipotential lines for low and high water levels in Surfer software, using Kriging
interpolation method.

3. Results and Discussion
3.1. Aquifer Geometry

The resulting 3D Varazdin aquifer model based on the contour maps constructed from
borehole data is shown in the Figure 4. The model consists of three layers with differ-
ent hydrogeological characteristics: upper aquifer, semipermeable interlayer, and lower
aquifer. The covering layer of the aquifer is represented by low permeable silty-clay de-
posits. However, it is not continuously developed (Figure 4), with thickness from 0 to 5 m,
which contributes to generally high vulnerability of the aquifer. Although heterogeneous,
alluvial aquifer is composed mainly of gravel and sand with lenses and interlayers of silt
and clay. The thickness of the aquifer increases from less than 5 m in the NW part to about
65 m in the SE part of the study area. A more significant semipermeable silty-clay interlayer
appears in the east of the study area, at a depth of about 35 m. Its thickness is up to 5 m,
but borehole data reveal that it is not continuously deposited, which indicates a hydraulic
connection between aquifer sediments above and below. The aquifer bottom is composed
of marl and sandstone in the west, while clay, silt, and marl are present in central and the
eastern part below the aquifer. It is considered as being impermeable or having a no flow
boundary in the vertical direction.


http://vode.arso.gov.si/hidarhiv/pov_arhiv_tab.php?p_vodotok=Drava&p_postaja=2150
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Figure 4. 3D model of the Varazdin alluvial aquifer with representative hydrogeological cross-sections.

3.2. Groundwater Recharge from Precipitation

The results of WetSpass-M model are raster maps of mean monthly water balance
components: actual evapotranspiration, interception, surface runoff, and groundwater
recharge for the 2008-2017 period. Output raster maps of calculated monthly values were
summed in ArcGIS software (total 12 maps for each water balance component) to obtain
the spatial distribution of average annual values (Figure 5).

The actual evapotranspiration (AET) in Wetspass-M model is calculated as a sum of
evaporation from bare soil, open water and impervious surface area, as well as transpiration
and interception of vegetated area [22,32]. The simulated average monthly AET ranges
from 9 to 80 mm/month, with average monthly interception between 0 and 21 mm/month.
The average annual AET (Figure 5a) ranges from 142 to 2591 mm/year, with an average
value of 414 mm/year. About 80% of the average annual AET occurs during the rainy
and warmer period, from May to November. The lowest AET values are in the built-up
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area, higher values are represented by agricultural land, and the highest AET values are
attributed to evaporation from water bodies. The average annual interception (Figure 5b)
varies between 0 and 296 mm/year, with an average value of 111 mm/year. The highest
values of average annual interception are observed at the area covered by forest and shrub.
The results of AET and interception confirm that evapotranspiration depends greatly on land
use. The average annual AET accounts for 45% of the average annual precipitation, meaning
that evapotranspiration presents the major process by which water leaves the system.
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Figure 5. Spatial distribution of average annual water balance components: (a) actual evapotranspiration; (b) interception;
(c) surface runoff; (d) groundwater recharge.

The WetSpass-M model estimates monthly surface runoff in relation to precipitation
amount, precipitation intensity, interception, and soil infiltration capacity [20]. The simu-
lated average monthly surface runoff varies between 4 and 38 mm /month. The average
annual surface runoff (Figure 5¢) ranges from 37 to 987 mm/year, with an average value of
186 mm/year. About 50% of the average annual surface runoff occurs during the colder
period from November to February. This is the period with low interception from veg-
etated surface and possible freezing of the soil occurs, resulting in lower infiltration of
precipitation to the groundwater and higher surface runoff. High surface runoff values
are observed in the water bodies, in the built-up area, and areas covered with soil of low
permeability. The estimated average annual surface runoff represents 21% of the average
annual precipitation.
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The WetSpass-M model calculates monthly groundwater recharge as a residual term
of the water balance

R=P —S — AET (mm/month), 3)

where R is groundwater recharge, P is precipitation, S is surface runoff, and AET is
actual evapotranspiration. The simulated average monthly groundwater recharge ranges
from 14 to 57 mm/month. The average annual groundwater recharge (Figure 5d) varies
between 0 and 511 mm/year, with an average of 312 mm/year. The spatial distribution
of groundwater recharge of the study area greatly depends on soil type and land use.
Lower recharge rates are generally observed at the area with low permeable soil (clay,
silty clay), while higher recharge rates are associated with more permeable soil (sand,
loam). In addition, higher values are attributed to agricultural areas, and especially
forests. The highest recharge rates belong to the areas covered by forest on sandy soil.
The average annual groundwater recharge constitutes about 34% of the average annual
precipitation, which corresponds with previously used values of effective infiltration in the
study area [10,11].

3.3. Boundary Conditions

The maps of equipotential lines show the behavior of the aquifer system (Figure 6).
The regional direction of groundwater flow in both hydrological conditions is from NW to
SE, with local changes. The equipotential lines show that aquifer has an inflow boundary
from Drava River and accumulation lake Varazdin on the northwestern and northern edge,
no flow boundary on the western and southern edge, and an outflow boundary on the
eastern edge. The lake water level variations are generally within 1 m, between 189 and
190 m a.s.l.
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Figure 6. Map of equipotential lines for (a) low water levels (b) high water levels.

Nearly all surface water features are in interaction with groundwater, except intake
channel of HPP Varazdin, which is lined with concrete and has no impact on groundwater
flow net. There is a clear bending of the equipotential lines towards derivation channel
of HPP Varazdin, which suggest its drainage role. The impacts of the pumping site Vi-
nokovs$éak and Plitvica stream on groundwater flow net are not noticeable. The abstraction
rate of groundwater at the well site Vinokovicak (7315 m®/day on 3 September 2012 and
9350 m3/day on 15 September 2014) is clearly not enough to cause the groundwater level
to drop significantly. Because there is not a sufficiently dense network of observation wells
along the Plitvica stream (Figure 1), it is not possible to make a detailed interpolation along
the stream to determine its contribution to the groundwater flow. Markovi¢ et al. [14]
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used stable water isotope measurements in Plitvica stream and adjacent observation wells,
and concluded that Plitvica stream drains the aquifer. Comparing the maps of equipotential
lines for low water levels (Figure 6a) and high water levels (Figure 6b), it is evident that
there is no significant change in the groundwater flow net. Oscillation in groundwater
levels for a 10-year period are generally within 1-2 meters, which suggest that groundwater
levels are strongly affected by the accumulation lake Varazdin and Drava River, which keep
the aquifer in the quasi-steady state.

4. Conclusions

A combination of geological maps, borehole logs, cross-sections, DEM, land use,
soil type, groundwater and surface water levels, and meteorological data was used to
develop a hydrogeological conceptual model of the Varazdin alluvial aquifer. The hydroge-
ological conceptual model will be used for setting up a numerical groundwater flow and
nitrate transport model.

The aquifer geometry is presented through a 3D model consisting of three layers:
upper aquifer, semipermeable interlayer, and lower aquifer.

The groundwater recharge from precipitation was determined using WetSpass-M
model for the period 2008-2017. The average annual actual evapotranspiration varies
between 142 and 2591 mm/year, with about 80% of it occurring during the rainy period,
from May to November. Lower values are observed in the built-up area, while higher
values are attributed to agriculture and evaporation from water bodies. The average
annual actual evapotranspiration represents 45% (414 mm/year) of the average annual
precipitation. Estimated average annual surface runoff ranges from 37 to 987 mm/year,
with an average value of 186 mm/year, which constitutes 21% of the average annual
precipitation. About 50% of the average annual surface runoff occurs during the colder
period from November to February. About 34% (312 mm/year) of the average annual
precipitation recharges the aquifer, with 0 and 511 mm/year as a minimum and maximum
average values, respectively. According to the results, permeability of the soil and land use
control the spatial distribution of groundwater recharge. Higher values are associated with
permeable soil types and agriculture or forest as a land cover. The results of groundwater
recharge are consistent with previous researches, but with more detailed spatial distribution,
which will serve as an input for a future numerical model of the Varazdin alluvial aquifer.

The general direction of groundwater flow is from NW to SE. The aquifer has an
inflow boundary from Drava River and accumulation lake VaraZdin on the northwestern
and northern edge, and outflow boundary on the eastern edge. Western and southern
edge of the aquifer are considered as no flow boundary. The equipotential lines show
that the derivation channel of HPP VaraZdin drains the aquifer, while the pumping site
Vinokovséak and Plitvica stream do not have a visible impact on groundwater flow net.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2306-533
8/8/1/19/s1.
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The contour maps used for construction of 3D aquifer model of the study area (topography, covering layer, semipermeable layer top,

semipermeable layer bottom, aquifer bottom)
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Figure S3. Semipermeable layer top.
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Figure S5. Aquifer bottom.
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A combination of different statistical methods and flow duration curves
was used to examine hydraulic connection between the Plitvica stream and the
surrounding piezometers that capture the groundwater of the Varazdin alluvi-
al aquifer. Also, rainfall quantities over a wider study area were considered to
examine the effect of precipitation on Plitvica water levels and groundwater
levels. The following statistical methods were used in this paper: the correlation
method, the auto-correlation method, and the cross-correlation method. Corre-
lation analysis show that there is generally a significant correlation between
the Plitvica water levels and groundwater levels, with positive direction of the
correlation. The analysis of auto-correlograms for groundwater and surface wa-
ter shows that the correlation coefficient value drops below 0.2 after a longer
period, which indicates a long-term memory of the system that can be explained
by the slow flow and thus slow pressure transfer. Cross-correlation analyses of
the time series of the Plitvica water levels and groundwater levels showed a
time lag of 1-2 days with a fairly significant cross-correlation coefficient. For
precipitation and groundwater levels, the relationship is much weaker, with a
lag time of 4-5 days with a weak cross-correlation coefficient. The least time lag,
within a day, was established between precipitation and Plitvica water levels.
Analyses of the flow duration curves revealed that Plitvica almost completely
drains groundwater, except in the vicinity of the piezometer 2178 where Plitvi-
ca recharges the aquifer about a quarter of the time.

Keywords: correlation, auto-correlation, cross-correlation, Plitvica stream,
Varazdin alluvial aquifer

Introduction

Groundwater 1s an important source of drinking water for residents of
Varazdin County in NW Croatia. Therefore, sustainable and efficient manage-
ment of groundwater reserves in the Varazdin aquifer is vital. The groundwater
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quality concerns arise at the Varazdin aquifer due to high nitrate content. Ni-
trate concentrations exceeding maximum contaminant level (MCL) of 50 mg/l
(as NOjy) were observed at the wells of the Varazdin pumping site, resulting in
closing of the pumping site. For better understanding of the nitrate distribution
in the study area, a numerical groundwater flow and nitrate transport model
will be developed.

The key to obtaining a useful groundwater flow model, with defining model
geometry and spatial distribution of aquifer parameters, is to determine the
model boundary conditions, which requires a detailed understanding of surface
- groundwater (SW-GW) interaction. Karlovi¢ et al. (2021) developed a hydro-
geological conceptual model of the Varazdin aquifer and defined the model
boundaries. The authors analysed the head contour maps and identified that
area along the Plitvica stream has insufficiently dense network of observation
wells to determine its role on the recharge/discharge of the aquifer. Therefore,
it is necessary to investigate the interaction between the Plitvica stream and
groundwater by using another methodology for the purpose of improving the
conceptual model, which will be used as a foundation for development of a nu-
merical groundwater flow and nitrate transport model.

Several types of methods have been used to investigate SW-GW connection,
such as direct measurements of water flux, mass balance approach, hydrochem-
ical and heat tracer methods, and modelling (Li et al., 2020; Coluccio and Morgan,
2019). One of the most commonly applied techniques to explore SW-GW interac-
tion by using time series data are statistical methods, since they are inexpensive
and easy to use. The application of statistical methods provides a valuable infor-
mation about the researched hydrogeological system and the aquifer dynamics
1.e. the interaction between surface water and groundwater and their boundary
conditions. A number of different parameters are used in statistical analyses,
including water level data, rainfall, hydrochemical parameters, isotopes, and
water temperatures. Posavec et al. (2017) and Posavec and Skudar (2016) applied
correlation, regression and cross-correlation method on groundwater level data
of the Zagreb aquifer and defined good hydraulic connection between proluvial
and alluvial deposits. Chiaudani et al. (2017) used combined statistical-mathe-
matical analysis of 24-year time series of rainfall, river level and groundwater
level in central Italy, including auto-correlation, cross-correlation, and spectral
analyses. According to the results, auto-correlation indicated strong memory ef-
fect for river level and groundwater level and poor memory effect for rainfall,
cross-correlation analysis showed strong SW-GW interaction, while spectral
analysis identified a predominant annual cycle linked to seasonal fluctuations.
(Li et al., 2016) investigated shallow groundwater and river water interaction by
integrating hydrochemistry and stable isotopes of water with connectivity index
(CI). Markovic¢ et al. (2020) investigated the stable isotopes of water in the study
area. They observed a very weak correlation of measured 5§80 values between
Plitvica stream and the waters from the piezometers 2500 and 4039 and attribute
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it to the drainage role of the Plitvica stream in this part of the aquifer. Kapurali¢
et al. (2018) analysed Sava River temperatures and groundwater temperatures
by statistical methods of correlation and linear regression for the development of
shallow geothermal energy applications. Generally, statistical methods are used
both in fractured and/or karstic aquifers (e.g. Fronzi et al., 2020) and porous
aquifers (e.g. Chiaudani et al., 2017), but the reliability of the methods is different.
Due to the great heterogeneity of karstic aquifers, the methods are less reliable,
but still the best tools to understand the aquifer dynamics in karstic environment.
Alluvial aquifers are considered less heterogeneous, so the methods are more
applicable and reliable, and these results can certainly be confirmed by further
measurements of precipitation, flow and groundwater levels.

The main goal of this study was to investigate the hydraulic connection be-
tween the Plitvica stream and the surrounding piezometers that capture the
groundwater of the Varazdin alluvial aquifer for the purpose of determining
whether the Plitvica stream presents an important boundary condition for the
numerical model. The following statistical methods were applied: the correlation
method, the cross-correlation method, and the auto-correlation method. Time
series data of rainfall, water level and groundwater level in piezometers for the
period from January 1%, 2016 until December 28, 2017 were used. This analy-
sis will attempt to determine whether the direct impact of the Plitvica stream
on the aquifer system of the Varazdin area is dominant given the impact of
rainfall in the wider study area. In addition to statistical methods, Plitvica water
levels and groundwater levels of surrounding piezometers were analysed using
flow duration curves. The goal was to determine the extent to which the Plitvica
stream drains groundwater of the Varazdin aquifer.

2. Materials and methods

Changing the water levels of groundwater aquifers occurs in response to
changes in the boundary conditions of aquifer systems on the surface, such as
river water levels or high rainfall. Groundwater levels are time series of data.
Considering the cyclical nature of the processes in nature, which are measured
in one hydrological year, in hydrogeological surveys, the time series of data con-
tain from several hundred to even millions of measurements that need to be
compared. Statistical analyses are therefore imposed as necessary in the study
of hydrogeological processes (Posavec and Skudar, 2016). In this paper, time
series of data are processed by statistical methods of correlation, cross-correlation
and auto-correlation, since those are commonly used techniques for analysing
output-to-input response. In addition to statistical methods, analyses of flow
duration curves were used. Organization of the data, correlation analysis, flow
duration curves analysis and presentation were made in Microsoft Excel (Micro-
soft Corporation, 2019). Auto-correlation and cross-correlation analyses and its
presentation were performed using Matlab (MATLAB, 2010).
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2.1 Correlation analysis

The correlation, or the correlation coefficient associated with it, r, measures
the strength of the relationship between the two variables and expresses their
linear relationship (Taylor, 1997). Nothing can be inferred from the cause-effect
relationship between the variables based on the correlation itself. The correlation
coefficient r shows the degree and direction of the correlation. The correlation
coefficient does not depend on the units in which the values of the variables are
expressed. The equation for the correlation coefficient is:

PIMCEEINCED:
D@ =Dy -5
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where x; and y; are data pairs while Xand y are the arithmetic means of the data
sample (Taylor, 1997). The value of the correlation coefficient ranges from +1 to
—1. A value of r equal to +1 indicates the perfect positive coupling of the two
variables. A positive value indicates the relationship between the variables x and
y, in which the value of the variable x also increases with the value of the vari-
able y. A value of r equal to —1 indicates the perfect negative coupling of the two
variables. A negative value indicates the relationship between the variables x
and y in which, as the value of the variable x increases, the values of the variable
y decreases. If the correlation is very weak or absent, the values of correlation
coefficient r are close to zero. Different authors define different levels of correla-
tion between the values of the correlation coefficient, but all generally agree that
a strong correlation between the two variables is when the correlation coefficient
is r>10.70].

2.2. Auto-correlation analysis

The auto-correlation function defines the linear dependence of successive
data values within a time series depending on their time lag (Box et al., 2008).
The time series is compared with itself with a discrete increase in the time lapse,
and the auto-correlation coefficient r,.(k) is calculated for the individual lapse
times % by the expression:
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where C,, is the auto-covariance; r.(k) is auto-correlation coefficient; % is time
lag; x; is time series; N is number of data and m (r(k)=(ry, ..., I, ..., I'y)) 1s the
number of auto-correlation coefficients.

Various authors state different maximum values of the coefficient m. Box et
al. (2008) propose that it be no greater than N/2, Mangin (1984) proposes IN/3,
and Davis (2002) /4. Mangin introduces the term “memory effect” based on the
values of the auto-correlation coefficient, which represents the time it takes for
r(k) to fall below 0.2, reflecting the duration of the system response to the input
pulse. The graphical representation of the calculated auto-correlation coefficients
for different time lags is called an auto-correlogram.

2.3. Cross-correlation analysis

Cross-correlation is a statistical method that determines the degree of cor-
relation of two time series of data. Such a comparison of time series of data
provides information on the strength of the connection between the two sets as
well as the time lag, that is, the time lag between the variables in the position
of their maximum alignment. The cross-correlation coefficient is calculated in
the same way as the linear correlation coefficient (Davis, 2002).

C,, (k)
ry (k) === (5)
;N
C,, (k) = N_h_1 2 (x; =)V, =) (6)
i1
i N
C,,(0) = N——k—lz(xi -xX)(y; - ) (7)

i=1

where C,, is the cross-covariance; r,,(k) is cross-correlation coefficient; k& is time
lag; x; and y; are time series; N is number of data and m (r(k)=(ry, ..., 'y, .-, ')
is the number of cross-correlation coefficients.

Cross-correlation is the correlation between two time series that are shifted
in time relative to one another. Reaction delay is a characteristic of many natu-
ral physical phenomena, especially geophysical ones. The cross-correlation func-
tion of two time series gives the cross-correlation coefficient as a function of time
lag. In a single time step, the cross-correlation function can be viewed as the
correlation coefficient of two time series, one of which is displaced by a certain
number of time units. It is important that the time series measurements are
consistent with each other, so measurements should be performed at the same
time (on the same day if the measurement frequency is one day or at the same
hour if the measurement frequency is one hour).
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Cross-correlation analysis is performed by calculating the cross-correlation
coefficient for each time step. The coefficients are plotted on the correlogram or
cross-correlogram. The correlogram is plotted so that in the coordinate system
the time steps are plotted on the x axis and the correlation coefficients on the y
axis. On the correlogram we can see for which time step we obtained the highest
cross-correlation coefficient and its value. The time step with the highest cross-
correlation coefficient is the reaction delay time when the time series are maxi-
mally aligned. In case of replacing the order of the time series, the same corre-
logram will be obtained, only of the opposite sign. Cross-correlation analysis was
usually performed in karstic catchment (Fronzi et al., 2020; Buljan et al., 2019;
Pavli¢ and Parlov, 2019).

2.4. Flow duration curve analysis

The flow duration curve (FDC) shows the dependence of the magnitude and
frequency of daily, monthly or annual flows on a watercourse, and thus shows a
percentage of the duration of a flow equal to or greater than that flow (Vogel and
Fennessey, 1994).

To construct a flow duration curve, one starts from the cumulative frequen-
cy of a flow variable. It represents the sum of the frequencies of all values less
than or equal to that value, or vice versa. Cumulative frequency represents
durability and is plotted with a duration curve. The flow duration curve, togeth-
er with the hyetograph, water level diagram, hydrograph, water level duration
curve and water level and flow frequency curves, belongs to the basic graphical
representations in hydrology (Zugaj et al., 2011; Pavli¢ and Jakobovié, 2018).

3. Research area and data used

The study area is located within the Varazdin aquifer system in NW Croatia
(Fig. 1). The Varazdin aquifer is unconfined and composed of Quaternary allu-
vial sediments deposited during the Pleistocene and Holocene (Prelogovi¢ and
Veli¢, 1988). The aquifer system consist of three layers: upper aquifer, semiper-
meable interlayer, and lower aquifer (Karlovié et al., 2021). The aquifer materi-
al is mainly composed of gravel and sand with variable portions of silt and clay.
The thickness of the aquifer varies from around 5 m in the northwestern part to
over 100 m in the eastern part of the study area at the Bartolovec pumping site
(Fig. 2, cross-section 1-1°). The covering layer of the aquifer is not continuous
and there is a high risk of contamination from the surface. There are two active
pumping sites in the study area — Vinokovséak and Bartolovec, and one inactive
pumping site — Varazdin. Groundwater generally flows from northwest to the
southeast and is connected with the surface water: accumulation lake Varazdin,
Drava River, and Plitvica stream.

Plitvica stream (Fig. 3) springs on Ravna Gora and represents the western-
most tributary of the Drava River in Croatia. It is 70 km long and its mouth is
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in Ludbreg Podravina near Veliki Bukovac. It has low banks and a rainy regime,
so it often flooded the surrounding area at higher water levels. After regulation
in the Varazdin field, flood hazards were eliminated, which enabled the conver-
sion of underwater meadows into arable land (Larva, 2008).
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Figure 1. Geographical position of the study area with locations of the analysed piezometers and
hydrological stations of the Plitvica stream; the transect 1-1’ corresponds to the representative hy-
drogeological cross-section shown in Fig. 2.
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For the purposes of this paper and the analysis of the interaction of Plitvica
stream water levels, groundwater levels and precipitation, data from the Croa-
tian Meteorological and Hydrological Service (DHMZ) were used (Tab. 1). Data
on the Plitvica water levels were processed for two hydrological stations: Kneg-
inec Donji and Vidovi¢ev Mlin. Groundwater levels data were taken for piezom-
eters located in the narrow inflow area of hydrological stations. Six piezometers
were considered in total: 2500, 4039, 2174, 2178, 2179 and 2125 (Fig. 1).

Plitvica water levels are measured on a daily basis, while groundwater lev-
els are measured every 3 to 4 days. In order to reduce the data to the same time
series, the piezometer levels were interpolated by the linear interpolation meth-
od in MS Excel, yielding daily measurements. Linear interpolation of groundwa-
ter levels to obtain daily measurements was necessary in order to perform sta-
tistical correlation and cross-correlation methods. Precipitation data were used
with five meteorological stations located in the wider inflow area of piezometers
and Plitvica stream: Donji Macelj, Klenovnik, Krizovljan Grad, Semovec and
Varazdinske Toplice. The analysed period covered the period from January 1%
2016 to December 28 2017, that is, two years.
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Figure 2. Schematic hydrogeological cross-section across the Varazdin aquifer (modified according
to Larva, 2008).



GEOFIZIKA, VOL. 38, NO. 1, 2021, 1-XXX 53

Figure 3. Plitvica stream (near Jalkovec village) during dry (a) and rainy season (b).

Table 1. Measuring stations data.

Coordinates (HTRS96/TM)

Station name Type E N
2500 MW 488812 5125787
4039 MW 488445 5125004
2174 MW 494441 5127664
2178 MW 494943 5127555
2179 MW 494531 5126255
2125 MW 493344 5126947
Kneginec Donji HYD 490816 5125399
Vidovié¢ev mlin HYD 494935 5126337
Semovec MET 497427 5128920
Donji Macelj MET 448547 5118021
Klenovnik MET 466592 5125298
Krizovljan Grad MET 470514 5138249
Varazdinske Toplice MET 493569 5117808

Type: HYD — hydrological station; MET — meteorological station; MW — monitoring well

4. Results and discussion

Figures 4 to 9 show the oscillation of groundwater levels in time, which are
compared with Plitvica stream water levels and precipitation during the study
period.

The graphs show that the groundwater level in the surrounding piezometers
is higher than the Plitvica level most of the time. The exception is piezometer
2178 (Fig. 8), which shows the constant overlap of water levels and groundwater
levels in the piezometer due to possible impact of Bartolovec pumping site. Also,
piezometer 2179 (Fig. 9) shows sporadic overlap of water levels and groundwater
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Figure 4. Pluviograph obtained from mean precipitation from meteorological stations compared to
the level of the Kneginec Donji hydrological station and piezometer 2500.

levels. It can be said that there is a certain regularity between water levels,
groundwater levels and rainfall, that is, the increase or decrease of one variable
is accompanied by the other two. Based on the graphs.
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Figure 5. Pluviograph obtained from mean precipitation from meteorological stations compared to
the level of the Kneginec Donji hydrological station and piezometer 4039
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Correlation analysis was performed to determine the strength of the hydra
it can be concluded that Plitvica is draining the aquifer, which will be endeav-
oured to confirm by duration curves for hydrological station Vidovi¢ev mlin.
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Correlation analysis was performed to determine the strength of the hydrau-

lic connection between the Plitvica water levels and groundwater levels. The
results of the analysis are presented in Tab. 2, which shows the examined rela-
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Figure 10. Auto-correlation functions (ACF) for time series on piezometers and hydrological stations.

tionships (correlated pairs), obtained correlation coefficients r and a description
of the level of correlation - the correlation coefficient according to (Petz, 2004).
Although all values of the correlation coefficient r have relatively high values
and, according to (Petz, 2004), have a significant descriptive value, such an
analysis is by no means sufficient to fully describe such interactions.

Autocorrelation was performed for all piezometers and for both hydrological
stations in Plitvica. The results of autocorrelation, auto correlograms are shown
in Fig. 10. In all auto-correlograms, the coefficient of autocorrelation is 1 for time
lag 0 which means that the time series are auto-correlated with themselves.

The auto-correlograms observed the time (number of days) required for the
auto-correlation coefficient to fall below 0.2, indicating the memory effect, that
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Table 2. Results of data processing by correlation method.

Correlation level

The analysed pair r (Petz, 2004)
2500/Kneginec Donji 0.61 significant
4039/Kneginec Donji 0.44 significant
2125/Vidovicéev mlin 0.66 significant
2174/Vidoviéev mlin 0.64 significant
2178/Vidovi¢ev mlin 0.64 significant
2179/Vidoviéev mlin 0.67 significant

is, the duration of the system response to the input pulse (Mangin, 1984). The
temporal results related to the memory effect are shown in Tab. 3.

The analysis of auto-correlograms for groundwater and surface water levels
shows that the correlation coefficient value drops below 0.2 after a long period

Table 3. Memory effect duration values at piezometer and hydrological stations.

Memory-effect

Station (days)
2125 55
2174 45
2178 46
2179 54
2500 60
4039 62

Kneginec Donji 39
Vidoviéev mlin 24

Table 4. Results of data processing by cross-correlation method.

The analysed pair r Lag (days)
2125 / Vidoviéev mlin 0.7258 2
2174 / Vidoviéev mlin 0.7083 2
2178 / Vidoviéev mlin 0.7018 2
2179 / Vidoviéev mlin 0.7336 2
2500 / Kneginec Donji 0.6319 1
4039 / Kneginec Donji 0.4426 1
2125 / Precipitation 0.2488 4
2174 / Precipitation 0.1536 5
2178 / Precipitation 0.1568 5
2179 / Precipitation 0.17 5
2500 / Precipitation 0.2431 5
4039 / Precipitation 0.1687 4
Precipitation / Vidovi¢ev mlin 0.4206 0
Precipitation / Kneginec Donji 0.417 1
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Figure 11. Cross-correlation functions (CCF) of daily measurements of groundwater levels, Plitvica
water levels and precipitation.

of time, for groundwater in the range of 45 to 62 days, and for surface water in
the range of 24 to 39 days. The results obtained indicate a long-term memory of
the system in which the system permanently affects itself. This can be explained
by the slow flow, and thus by the slow transmission of pressure signals, which
makes it almost impossible for the system to lose memory.

The cross-correlation function compared the time series of Plitvica water
levels and groundwater levels (Fig. 11 above), precipitation and groundwater
levels (Fig. 11 middle) and precipitation and Plitvica water levels (Fig. 11 below).
Cross-correlation analysis determines the time lag expressed in days between
the observed variables for the maximum cross-correlation coefficient. A sum-
mary of the results is shown in Tab. 4.
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The cross-correlation functions of the time series of the Plitvica water levels
and the groundwater levels showed a time lag of the rise in groundwater levels
in piezometers relative to the Plitvica water levels, that is, a pressure transfer
time of two days for the hydrological station Vidoviéev mlin and one day for the
hydrological station Kneginec Donji. The maximum correlation coefficients are
shown in Tab. 4, ranging from 0.4426 to 0.6319 for the Kneginec Donji station
and 0.7018 to 0.7336 for the Vidovi¢ev mlin.

Cross-correlation functions of mean precipitation time series and groundwa-
ter levels showed a time lag of groundwater levels in piezometers relative to the
mean precipitation in the study area, that is, a pressure transfer time of 4-5
days. The maximum correlation coefficients are very low, ranging from 0.1536
to 0.2488 (Tab. b.4).

Cross-correlation functions of time series of mean precipitation and water
levels of Plitvica showed a time lag of the increase of the water levels of Plitvica
in relation to the mean values of precipitation in the study area, that is, the time
of pressure transfer from zero (Vidovicev mlin) to one day (Kneginec Donji). The
maximum correlation coefficients are higher than in groundwater, amounting
to 0.417 for the Kneginec Donji station and 0.4206 for the Vidoviéev mlin.

Figures 8 and 9 show that the water levels of the Vidoviéev mlin and piezom-
eters 2178 and 2179 vary around similar water levels, Figs. 12 and 13 show a
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Figure 12. Duration curves of groundwater levels in piezometer 2178 and water levels at the hy-
drological station Vidovi¢ev mlin.
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Figure 13. Duration curves of groundwater levels in piezometer 2179 and water levels at the hy-
drological station Vidoviéev mlin.

comparison of the Plitvica water level duration curves at the Vidovi¢ev mlin and
the nearby piezometers (2178 and 2179).

The water level of Plitvica is 25.8% of the time higher and 74.2% of the time
lower than the groundwater level in piezometer 2178. Plitvica predominantly
drains this part of the aquifer.

The water level of Plitvica is 0.3% of the time higher and 99.7% of the time
lower than the groundwater level in the piezometer 2179. Plitvica predominant-
ly drains this part of the aquifer. Analyses of the duration curves confirmed that
Plitvica almost completely drains groundwater, except in the vicinity of the pie-
zometer 2178 where Plitvica recharges the aquifer about a quarter of the time.

Figure 14 shows that the water level of Plitvica is lower than the groundwa-
ter level, which means that Plitvica drains groundwater. According to the results
of the analyses, there is a certain underground hydraulic connection between
the Plitvica stream and the piezometers. The connection is defined with a time
lag of 1-2 days, that is, the amount of pressure transfer time between Plitvica
and the piezometer. For precipitation and groundwater levels, this relationship
1s much weaker, with a lag time of 4-5 days with a weak cross-correlation coef-
ficient. The least time lag, within a day, was established between precipitation
and Plitvica stream. The results obtained seem logical, precipitation will have a
much faster effect on surface water levels as precipitation directly flows into the
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Figure 14. Established links between groundwater levels, Plitvica water levels and precipitation in
the study area.

surface recipient, while piezometers will respond much more slowly and less
directly to precipitation. The groundwater link between Plitvica stream and
piezometers has a much greater and faster impact with each other, than the link
between precipitation and groundwater.

5. Conclusion

Within the framework of this paper, the hydraulic connection between the
Plitvica stream and the surrounding piezometers that capture the groundwater
of the Varazdin alluvial aquifer is made, using statistical methods and flow
duration curves. Rainfall quantities over a wider study area were also considered
to examine the effect of precipitation on Plitvica water levels and groundwater
levels in surrounding piezometers. The following statistical methods were used:
correlation method, cross-correlation method and auto-correlation method. Time
series of data on water levels and groundwater levels in piezometers for the
period from January 1%, 2016 to December 28, 2017 were processed.

Correlation analysis was performed to determine the strength of the hydrau-
lic connection between the Plitvica water level and groundwater piezometers.
The results of the analysis show that there is generally a significant correlation
between the Plitvica water levels and the surrounding piezometers that capture
groundwater. The direction of the correlation is positive, which means that the
increase or decrease in the groundwater level in the piezometers is accompanied
by an increase or decrease in the water level of Plitvica.

Auto-correlation analyses were made for Plitvica and groundwater in order
to determine the memory effect of the system. The results obtained show that
the auto-correlation coefficient drops below 0.2 after a longer period. Long-term
system memory can be explained by slow flow and thus slow pressure transfer.

Cross-correlation analysis compared the time series of Plitvica water levels
and groundwater levels, precipitation and groundwater levels, and Plitvica wa-
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ter levels and precipitation. Time lags in days between observed variables for
maximum cross-correlation coefficient were determined. Cross-correlation anal-
yses of the time series of the Plitvica water levels and groundwater levels showed
a time lag of the reaction of the rise of groundwater levels in piezometers relative
to the Plitvica water level, that is, the time of pressure transfer from one to two
days with a fairly significant cross-correlation coefficient. The results obtained
are very unusual because such a rapid pressure transfer is characteristic of large
gravels where a very strong hydraulic connection is present. The expected time
lag before the cross-correlation analysis was performed, was by an order of mag-
nitude greater than the obtained values, based on the relatively large distance
of piezometers from hydrological stations (from 0.4 to 2.4 km) and assuming that
Plitvica was collimated at the bottom, 1.e. that the bottom of the bed is covered
with sediment and sludge deposited due to less water flow.

Analyses of the flow duration curves revealed that Plitvica almost complete-
ly drains groundwater, except in the vicinity of the piezometer 2178 where Plit-
vica recharges the aquifer about a quarter of the time, which is also evident from
the graphs of the comparison of water levels and groundwater levels.

Obviously, there is a possibility that communication between Plitvica and
groundwater occurs through the banks of Plitvica, that is, the muddy bottom
does not represent a crucial factor in establishing a hydraulic connection. If there
were more piezometers on the left and right side of Plitvica, then it might be
somewhat more succinct to conclude, but as there is not too much information
available, these results should be taken with caution.
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SAZETAK

Analiza hidrauli¢ke veze potoka Plitvice i podzemnih voda
varazdinskog aluvijalnog vodonosnika

Igor Karlovié, Kresimir Pavlié, Kristijan Posavec i Tamara Markovié

Kombinacija razlicitih statistickih metoda 1 krivulja trajanja koristena je za ispiti-
vanje hidraulicke veze potoka Plitvice 1 okolnih piezometra koji zahvacaju podzemne vode
varazdinskog aluvijalnog vodonosnika. Takoder, razmatrane su koli¢ine oborina sa Sireg
podrucja istrazivanja kako bi se utvrdio utjecaj oborina na vodostaj Plitvice 1 razine
podzemne vode. U radu su koristene sljedece statisticke metode: korelacija, auto-korel-
acija 1 kros-korelacija. Korelacijske analize pokazuju da generalno postoji znacajna pove-
zanost izmedu vodostaja Plitvice 1 razina podzemnih voda, s pozitivnim smjerom korel-
acije. Analiza auto-korelograma za podzemne 1 povrsinske vode pokazuje da vrijednost
koeficijenta korelacije pada ispod 0,2 nakon duljeg vremenskog razdoblja, sto ukazuje na
dugotrajnu memoriju sustava koja se moze objasniti sporim te¢enjem, odnosno sporim
prijenosom tlaka. Kros-korelacijska analiza vremenskih nizova izmedu vodostaja Plitvice
1 podzemnih voda pokazala je vremensko zaostajanje od 1-2 dana s prili¢no znac¢ajnim
koeficijentom korelacije. Izmedu oborina i podzemnih voda veza je mnogo slabija, s vre-
menskim zaostajanjem od 4-5 dana te slabim koeficijentom korelacije. Najmanje zaosta-
janje, unutar jednog dana, utvrdeno je izmedu oborina i vodostaja Plitvice. Analizama
krivulja trajanja utvrdeno je da Plitvica gotovo u potpunosti drenira podzemne vode,
izuzev piezometra 2178 u blizini kojega oko ¢etvrtinu vremena prihranjuje vodonosnik.

Kljucne rijeci: korelacija, auto-korelacija 1 kros-korelacija, potok Plitvica, varazdinski
aluvijalni vodonosnik
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Abstract: Exploring the interaction between precipitation, surface water, and groundwater has been
a key subject of many studies dealing with water quality management. The Varazdin aquifer is an
example of an area where high nitrate content in groundwater raised public concern, so it is important
to understand the aquifer recharge for proper management and preservation of groundwater quality.
The NW part of the Varazdin aquifer has been selected for study area, as precipitation, Drava River,
accumulation lake, and groundwater interact in this area. In this study, groundwater and surface
water levels, water temperature, water isotopes (*H and 180), and chloride (Cl~) were monitored in
precipitation, surface water, and groundwater during the four-year period to estimate groundwater
recharge. Head contour maps were constructed based on the groundwater and surface water levels.
The results show that aquifer is recharged from both Drava River and accumulation lake for all
hydrological conditions-low, mean, and high groundwater levels. The monitoring results of water
temperature, chloride content, and stable water isotopes were used as tracers, i.e. as an input to the
mixing model for estimation of the contribution ratio from each recharge source. The calculation of
mixing proportions showed that surface water is a key mechanism of groundwater recharge in the
study area, with a contribution ratio ranging from 55% to 100% depending on the proximity of the
observation well to surface water.

Keywords: groundwater recharge; surface water—groundwater interaction; stable water isotopes;
mixing model; Varazdin alluvial aquifer

1. Introduction

Groundwater is a vital part of the hydrological cycle, as billions of people use ground-
water for drinking worldwide. Therefore, accurate estimation of groundwater recharge is
extremely important for proper management of groundwater systems [1]. Groundwater
recharge can be diffuse (from atmospheric precipitation that occurs quite uniformly over
large areas) or focused (from surface water bodies such as streams, lakes, lagoons) [2,3]. Var-
ious methods are used to estimate the groundwater recharge, such as direct measurements
of water level fluctuations, water budget methods, empirical relations, tracer techniques,
and numerical modeling [4,5]. The application of multiple methods reduces the uncertainty
of individual methods and improves the reliability of the overall recharge assessment.

The Varazdin aquifer is a paramount source of drinking water for approximately
170,000 residents of the Varazdin County in NW Croatia. The aquifer is recognized as a part
of strategic groundwater reserves in Croatia due to quality and quantity of groundwater.
To ensure sustainable use of groundwater for the entire county, it is very important to
define recharge that renews groundwater reserves. Furthermore, management of water
resources has to observe Varazdin aquifer as an integrated system with constant interactions
between precipitation, surface water, groundwater, and human influence, such as pollution,
pumping, technical interventions in the environment, etc. Previous research of the Varazdin
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aquifer have been conducted to explore groundwater recharge using different methodology,
e.g., water level measurements to indicate flow direction and recharge/discharge zones [6],
stable water isotope analyses to study the interaction between precipitation, surface water
and groundwater [7], statistical methods and flow duration curves to examine hydraulic
connection between surface water and groundwater [8]. However, the recharge of the
Varazdin aquifer from both diffuse and focused sources has not been quantified yet.

The main aim of the paper was to identify the key mechanism of groundwater recharge
on the NW edge of the Varazdin aquifer, using natural tracers in mixing model. Hydro-
chemistry and environmental isotopes have been widely employed as effective tracers
to define the sources of groundwater recharge [9-12]. Scanlon et al. [2] recognize heat,
water isotopes (*H and '80), and chloride (C17) as commonly applied tracers in their paper
about appropriate techniques to quantify groundwater recharge. Water temperature has
been frequently used as a natural tracer to study surface water and groundwater interac-
tions [13-15]. Chloride is a conservative tracer, which is often used to estimate groundwater
recharge [16-18]. Application of stable water isotopes has become the common technique
in investigating hydrological processes [19-21], because they undergo measurable and
systematic fractionations within the water cycle. For the purpose of this study, groundwater
levels and these natural tracers were monitored during the four-year period within the
study area. Groundwater and surface water level measurements were used for qualitative
characterization, i.e., to define the recharge direction at the surface water-groundwater
boundary for different hydrological conditions. The monitoring results of water tempera-
ture, chloride content, and stable water isotopes were used for quantitative characterization
of recharge, as an input to the mixing model to determine the contribution ratio from each
recharge source (end-members).

2. Study Area

The study area is located in the Drava River valley, on the NW edge of the Varazdin
alluvial aquifer in NW Croatia (Figure 1). In this part of the aquifer, groundwater is in
contact with surface water: Drava River and accumulation lake Varazdin. The SW part of
the study area is considered impermeable due to contact with Haloze hills.

The Drava (ger. Drau, hung. Drava) river spring is located in the Eastern Alps between
Dobbiaco (Toblach) and San Candido (Innichen) in Italy. The Drava drainage system follows
largely the Periadriatic fault zone from Italy into Austria and from the confluence with the
Lavant River, the Drava River follows the dextral Lavanttal fault for about 15 km before
exiting this prominent valley again to enter the narrow gorge between the Pohorje and the
Koralpe [22], after which the Drava finally enters the flat Pannonian Basin by the Maribor
town. From there it flows southeastward through Slovenia. Then it passes through Croatia
and the southern Hungarian border and joins the Danube River near the town of Osijek.
Our study area is located at the Drava River entrance into Croatia that means that inflow
comes from upstream catchment areas in Italy, Austria and Slovenia that are presented in
Table 1.

Table 1. Basin area per country upstream from Croatia.

Country Basin Area (km?) Basin Area (%)
Italy 345 2.24

Austria 11,774 76.47

Slovenia 3277 21.28
Total 15,396 100.00

The biggest catchment area upstream of Slovenian/Croatian border falls within Aus-
tria (76.47%) that means that Austrian precipitation has the biggest influence on Drava’s
discharge regime. Average yearly precipitation of Austrian federal state Carinthia was
1198 mm for period 1981-2010 and in its capital town Klagenfurt was 963 mm for period
1831-2017 [23]. The Drava River has a typical fluvial-glacial water regime according to
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its topography and climatic zones—it is characterized by low flows in winter in January
and February and high flows in the second half of spring and at the beginning of summer
(May, June and July) due to the melting of snow and ice and the highest annual quantity
of precipitation. Its other high point is attained in November, when it is filled by autumn
rainfall from the wide Alpine hinterland.
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Figure 1. Geographical position of the study area with locations of observation wells used for
groundwater level monitoring and sampling sites for surface water and groundwater. The transects
1-1/,2-2/, and 3-3' correspond to the representative hydrogeological cross-sections shown in Figure 2.
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Table 2 shows the mean inflows of the Drava River into the countries through which
it flows. Drava’s average inflow from Italy into Austria was 3.13 m®/s (Amministrazione
Provincia Bolzano/Stidtiroler Landesverwaltung, personal communication, 14 October 2021),
while its outflow into Slovenia at Dravograd hydrological station raised to 244 m®/s [24]. The
Drava River brought around 289 m?®/s into Croatia at the hydrological stations Borl I and
Formin [25,26]. Such data shows that the biggest discharge contribution was observed
in Austrian territory that is in accordance with the biggest Austrian areal catchment part.
Along its path, it has a number of tributaries with their sources in the high Alps at Hoche
Tauern, i.e., Isel, with its source beneath Grossvenediger (3674 m a.s.l.) joining Drava near
Lienz, and Moll with its source near Heiligenblutt below Grofiglockner (3798 m a.s.l.) [27].
According to Bermanec et al. [28] the region of Hoche Tauern is considered to be the source
of gold found in fluvial sediments of river Drava from Maribor in Slovenia downstream.
This is also the proof of runoff origin from the Hoche Tauern mountains parts that are still
under glaciers. River regime is heavily disturbed due to numerous hydroelectric power
plants along its way, causing reduced sediment transport and decrease of river discharge,
which consequently affect the natural groundwater recharge both in Slovenia and Croatia.

Table 2. Drava’s mean inflows from the upstream countries during 1991-2010 period.

Location Border IT/AUT Border AUT/SI Border S/HR
. . Versciaco/ Vierschach Borl I + Formin,
Hydrological station (country) (IT) Dravograd (SI) Drava total (SI)
Av. discharge (m3/s) 3.13 244 289

The old Drava riverbed in the study area was altered during the 1970s due to the
construction of the hydroelectric power plant Varazdin (HPP Varazdin) and its main
facilities: accumulation lake, embankment and concrete dam, intake channel, engine room,
and derivation channel. Today, Drava River flows into accumulation lake from which it
continues either as the Drava River watercourse in the north, or through an intake channel
for electricity production in engine room of the HPP. On the NW aquifer boundary, Drava
River is cut into the aquifer, directly connecting surface water with groundwater. The
accumulation lake is built with embankments and side ditches. It is 3.5 km long, has an
area of 2.85 km?, and a total volume of about 8 hm? at an average flow. The lake water
level usually varies between 190 and 191 m a.s.l. The embankments of the lake are lined
with 9 cm thick asphalt-concrete lining on the water sides to ensure water tightness. Side
drainage ditches were constructed along the embankment to collect leaked water from
the lake.

The alluvial aquifer consists of Quaternary sediments, which were deposited during
the Pleistocene and Holocene [29]. The aquifer matrix is mainly gravel and sand, with
variable portions of fine-grained particles [30,31]. The hydrochemical type of groundwater
is mainly CaMg-HCOQO3, as a consequence of dissolution of carbonate and weathering of
silicate minerals that build aquifer sediments [32]. The aquifer thickens from less than 5 m
at the NW part to about 15 m in the SE part of the study area (Figure 2). Hydrogeologically,
the aquifer is unconfined. The general groundwater flow direction is from NW to SE [6].
The covering layer exists sporadically, so the gravel and sand are often present on the
surface of the terrain. The bottom of the aquifer in the study area consists mainly of
impermeable marl.
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Figure 2. Schematic hydrogeological cross-sections across the NW edge of the Varazdin aquifer

representing mean groundwater levels.

According to the Koppen—Geiger classification system of climate types, the study area
belongs to the Cfb group or warm-temperate climate [33]. Meteorological parameters (air
temperature and precipitation) presented here are from the main meteorological station,
located in the vicinity of the Varazdin City (Figure 1). According to the data from the
last climate normal period (1981-2010), mean annual air temperature and precipitation
were 10.6 °C and 832 mm, respectively [7]. On average, the coldest and driest month was
January, the warmest month was July, while maximum precipitation fell in September
(Figure 3). Precipitation mostly originates from the Atlantic air masses, with influence of
the Mediterranean air masses during the colder season [7]. Modeling results indicate that
the mean annual precipitation is distributed as 34% groundwater recharge, 21% surface
runoff, and 45% actual evapotranspiration [6].
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Figure 3. Mean monthly precipitation and air temperature in Varazdin area in the 1981-2010 period.

3. Data and Methods
3.1. Water Sampling and Laboratory Analyses

Water sampling campaigns were carried out for four years on a monthly basis (June
2017-June 2021) for chemical and isotope analyses. Groundwater samples were collected
from five observation wells (Figure 1), which are in the groundwater level monitoring
network of Croatian Meteorological and Hydrological Service (DHMZ). Observation wells
selection criteria were convenient access to the well and the possibility of groundwater
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abstraction. Selected wells are situated quite close to the surface water: the distance from
the Drava River to the wells 1556, 1558, 1559, and 1560 is roughly between 200 and 400 m,
while the furthest well 1529 is about 6.7 km away from the Drava River, and about 2.5 km
away from the accumulation lake, measured in the groundwater flow direction (Table 3).

Table 3. Observation wells coordinates, depths, and distance to the surface waters.

Distance from the

Observation Well ~ Latitude (° N) Longitude (° E)  Elevation (m a.s.l.) Well Depth (m)
Surface Water (m)
1556 46.401421 16.14261 193.03 5.6 393 (Drava River)
1558 46.391673 16.129586 193.97 5.0 387 (Drava River)
1559 46.384482 16.118252 196.77 7.0 193 (Drava River)
1560 46.401302 16.147773 192.30 5.0 345 (Drava River)
1529 46.359419 16.200068 187.32 8.0 6672 (Drava River)

2519 (accumm. lake)

The wells are small in diameter (one inch), perforated at the bottom, and relatively
shallow-between 5 and 7 m in the vicinity of the Drava River (Figure 2, cross section 2-2'),
with maximum depth of 8 m in the well 1529 downstream. Prior to sampling, about three
volumes of groundwater from each well were pumped out to provide a representative sam-
ple from the aquifer. The surface water sampling was conducted on two locations: Drava
River and accumulation lake Varazdin (Figure 1). Water temperature (T) was measured
in situ using a WTW multi-probe. Monthly composite precipitation was sampled in the
Hras¢ica village using standard rain gauge. Samples were poured into a 50 mL (groundwa-
ter and surface waters) and 1 L (precipitation) HDPE plastic bottles with a tight-fitting cap.
All samples were preserved in the portable refrigerator and measured in the laboratory
immediately upon returning from the field. Chemical and isotope analyses were conducted
in the Hydrochemical Laboratory of the Croatian Geological Survey. All samples were
filtered through 0.45 pum sterile syringe filters (Chromafil Xtra PET-45/25) before analyses
to remove impurities. Chloride content (CI~) was measured on Ion Chromatographer
Dionex ICS 6000, while stable isotope ratio (§!80) was analysed using Picarro 1.2130-i
Isotope Analyzer [34]. The isotope ratios are expressed in standard d-notation (%o) relative
to the international measurement standard, VSMOW?2 [35,36]. Measurement precision was
+ 0.3 %o for §'*0 and =+ 1 %o for 52H.

3.2. Qualitative Analysis of Recharge

The recharge direction between surface water and groundwater in the study area was
described by constructing map of hydraulic head contour lines for different hydrological
conditions-low, mean, and high groundwater levels. Data on groundwater levels and
surface water levels for the study period (June 2017-June 2021) were previewed and used
to construct the head contour lines with 0.5 m contour interval. The groundwater level
data sets for 13 observation wells in the study area (Figure 1) were provided by DHMZ.
A review of the data shows that groundwater levels are measured every 3—4 days. The
difference between low and high groundwater levels within individual wells ranged from
0.91 m in well 4019 to 2.20 m in well 1558. The daily measurements of water level of the
accumulation lake Varazdin are provided by Croatian National Power Company (HEP).
Drava River water levels on the NW boundary of the aquifer were calculated by linear
interpolation method between two hydrological stations with measurements of water level:
accumulation lake Varazdin and hydrological station Borl I [25], which is situated on the
Drava River in Slovenia outside the study area. The water level data for all monitoring
stations were analyzed in detail in Microsoft Excel to select the representative hydrological
conditions of low, mean, and high groundwater levels. The selected dates were 20 July 2017
(Ilow), 11 July 2019 (mean), and 21 November 2019 (high groundwater levels). The water
levels on selected dates were used as an input data for construction of head contour maps
in Surfer software, using Kriging interpolation method.
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3.3. Mixing Calculations

The calculations of mixing ratios (proportions) were performed using conservative
tracers (Cl~ concentrations and 5180) based on mass balance calculations, which have
been widely used [37-39] to determine proportions of two end-members in the sample
(studied water). In this study, the aim was to calculate mixing proportions of surface waters
(Drava River and accumulation lake) and precipitation in groundwater using PHREEQC
software [40]. The calculation was done by using these two equations:

Fow = Clgample o Cl})rec 1)
SW — - -

Cl sw Cl prec
fopg = O Osample — 3 Opre @

61805w - 618Oprec

where fsyy represents the fraction (between 0 and 1) of surface water estimated in a ground-
water sample of mixed origin, with the remainder assumed to comprise groundwater of
meteoric origin. The Cl™ g3mple and 618Osamp1e represent concentrations in groundwater of
the observation wells, Cl~ g, and 81804, represent concentrations in surface water, and
Cl™ prec and 5180preC represent concentrations in precipitation. Since the water from the
lake is isotopically and chemically identical to the river water, only Drava River was used
as surface water input in calculations. In addition, a modification was applied in rela-
tion to [38], and instead of average values, monthly values of C1~ and §'®0 in surface
water were used. The average rainfall Cl~ concentration of 1.4 mg/L and the 80 value of
Varazdin weighted rainfall of —8.8 %o [7] were used for the precipitation input to the mixing
model. In addition, the water temperature was used as a tracer to determine how changes
in surface water affect the groundwater, i.e., the temperature time delay in observation well
in response to changes in surface water temperature.

4. Results and Discussion
4.1. Temperature, Chloride, and Stable Water Isotopes

The mean, minimum and maximum values of measured water temperature and
analyzed chloride, 580 and §2H in the groundwater and surface water samples collected
from June 2017 to June 2021 are presented in Table 4.

All observed parameters show similar values for both surface waters, as it is essen-
tially the same water flowing from the Drava River into the accumulation lake Varazdin.
Measured temperature of the Drava River and accumulation lake show typical seasonal
variations characteristic of surface waters, with temperatures between 0.5 °C in the colder
months and 26.6 °C in the warmer months. The chloride concentrations ranged from 0.5
to 36.7 mg/L which are generally controlled by flushing of the surface in catchment area
during rainy seasons and flood events.

The groundwater temperature ranged from 8.7 to 19.8 °C and seasonal variations
was observed in monitoring wells closer to the river. Lower temperatures were gener-
ally recorded in the colder months, and higher temperatures in the warmer months. The
chloride concentrations ranged from 4.1 to 37.3 mg/L (Table 4). Elevated chloride con-
centrations in groundwater are most commonly associated with application of salt for
deicing the roads during the winter months [41,42], but can remain a persistent contami-
nant throughout the year [43]. However, weathering of minerals that contain chloride can
increase the chloride content in groundwater. Concentrations of chloride in all samples did
not exceed maximum contaminant level (MCL) of 250 mg/L [44]. Lower mean Cl~ values
are associated with wells situated closer to surface waters, while higher mean values are
attributed to wells further away from surface waters and/or near the road.

Measured §'80 values in groundwater samples varied from —11.2 to —8.2 %o, with
average values between —10.1 and —9.5 %o. Measured §'80 in surface water samples had
slightly more negative values, ranging from —12.1 to —8.1 %.. Isotopic composition in
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groundwater and surface water was compared to two local meteoric water lines: LMWL
Klagenfurt [45] that represents climatological conditions upstream of the study area where
Drava River springs and from where it is mainly recharged, and LMWL Hras¢ica [7]
which depicts local climatological conditions in the VaraZzdin area (Figure 4). The LMWL
Hras¢ica is slightly below LMWL Klagenfurt. The difference between the two slopes and
axis intercept values are 0.3 and 1.6 %o, respectively. It is observed that measured 5'%0
and 5%H values of surface waters are even above LMWL Klagenfurt, especially in colder
parts of the year. This is probably because the major tributaries of the Drava River have
catchment areas at altitudes over 3000 m a.s.l. (see Chapter 2: Study Area) which are higher
than Klagenfurt station. Consequently, during the colder part of the year, beside altitude
effect, the temperature effect is present too, causing more negative values. This feature
has been commonly observed in other regions in the world, e.g., in Taiwan [46], where
authors concluded that river water mostly originates from the upstream catchment, based
on more depleted hydrogen and oxygen isotopes in river in regard to local precipitation.
Since observation wells which are close to the river are under the influence of the river,
they are isotopically similar. The above insights indicate that the aquifer is recharged by
the surface water and precipitation.

Table 4. Statistical values of temperature, chloride and §'80 in groundwater and surface water.

Sampling T (°C) Cl~ (mg/L) 8180 (%o) 8%H (%0)
min 9.1 14.1 112 776
1529 max 15.4 373 ~89 —61.0
mean 12.8 24 97 —66.9
sd 15 48 0.6 41
min 9.4 5.7 ~109 ~76.0
max 16.0 25 ~86 _588
1556 mean 134 9.8 95 —65.4
sd 1.9 37 0.7 5.0
min 8.7 41 ~10.0 ~70.0
max 16.2 7.1 -93 —64.3
1558 mean 12.8 5.7 —97 —66.4
sd 24 1.0 0.2 17
min 15.1 45 ~105 —723
max 19.8 11.0 —-9.8 —65.8
1559 mean 175 7.1 ~101 —69.7
sd 1.6 24 03 23
min 11.2 11.1 ~103 —70.1
1560 max 19.8 329 —82 ~565
mean 15.6 19.8 —-9.5 —65.6
sd 28 59 05 33
min 25 05 116 ~80.1
D Ri max 24.4 36.7 -84 —59.9
rava iver mean 13.3 10.1 —-10.0 —69.7
sd 6.8 5.4 0.7 48
min 0.5 0.6 121 ~836
A o lak max 26.6 31 —81 574
ccumulation lake mean 126 74 ~103 —721

sd 6.8 45 0.8 5.6
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Figure 4. The relationship between 5°H and §'80 in groundwater and surface water. The presented
local meteoric water lines are LMWL Klagenfurt and LMWL Hras¢ica.

4.2. Head Contour Maps

The maps of head contours clearly show that aquifer is recharged from both Drava
River and accumulation lake for all hydrological conditions (Figure 5). The differences in
the groundwater flow net between low, mean, and high groundwater level conditions are
barely noticeable, suggesting that groundwater levels predominantly depend on the lake
water level, which normally maintains within 1 m. Although the accumulation lake is built
to be watertight, a noticeable difference in height between the level of the accumulation and
the terrain below causes water seepage (Figure 2, cross section 3-3'). Side drainage ditches
exist, but they cannot accept all the water that seeps through, and water flows underneath
the ditches into the hinterland. The results are consistent with previous research of the
Varazdin aquifer in the period 2008-2017 [6], where authors indicated strong influence of
the accumulation lake and Drava River on groundwater levels, keeping the aquifer in the
quasi-steady state.

4.3. Mixing Calculations

Possible mixing proportions for both tracers (for C1~ and §'80) were successfully
calculated for observation wells P-1559, P-1558 and P-1556. However, for observation wells
P-1529 and P-1560 the only successful result was obtained by §'80. The advantage of the
water isotopes over chlorides as chemical tracer has also been observed in previous research
in different hydrogeological setting [47]. The reason for inclusive results of C1~ in this study
is probably another source of C1~ in groundwater (mineral weathering/anthropogenic
influence), and it was impossible to obtain reliable results. It was observed that the
mixing proportion in the observation well P-1559 was 100% surface water, calculated
with both tracers regardless on hydraulic conditions within the aquifer. This observation
well is the closest to the Drava River (Table 3). However, mixing proportions for other
three observation wells which are not far away from the river, P-1558, P-1556 and P-1560,
varied depending on hydraulic conditions within aquifer from 58 to 100%, from 59 to
100% and from 68 to 100%, respectively. The reasons for such heterogeneity in calculated
propositions between these four observation wells are the distance from the river, local
differences in hydraulic conductivity, and the appearance of the low permeable covering
layer. The appearance and thickness of the covering layer directly affect the precipitation
proportion in groundwater recharge, lowering the precipitation infiltration and increasing
the surface runoff. In the observation well P-1529, the farthest one, the surface water mixing
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proportions was in range from 55 to 91%. Generally, higher proportion of the river water
was observed during the low groundwater levels.
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Figure 5. Head contour map for (a) low; (b) mean; (c) high groundwater levels.

The influence of surface waters on the aquifer recharge was also observed through
oscillation of water temperatures (Figure 6). As surface waters temperatures changed due
to influence of seasonal air temperature oscillations, groundwater temperature also varied
due to recharge by surface waters. The amplitude for groundwater was not as high as for
the surface waters. Among observation wells, larger amplitude was observed in the well
water of P-1556 which represents wells closer to the river than in the well water of more
distant P-1529. In addition, the highest temperatures of groundwater were not measured
at the same time as for surface waters, there was a few months of delay depending on
hydrological /hydraulic conditions within the aquifer and the distance from surface waters.
A longer delay was observed in the waters from the farthest observation well P-1529.
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Figure 6. Surface and groundwater temperature oscillation in the monitored period.

Based on the mixing model results, a conceptual model of aquifer recharge is proposed

(Figure 7).
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Figure 7. Conceptual model of the groundwater recharge at the NW part of the Varazdin aquifer. Pie
charts represent recharge share for each observation well from surface water (blue color), precipitation
(light blue color), and interchangeable recharge depending on hydrological conditions (orange color).

5. Conclusions

The main goal of this research was to explore the interaction between precipitation,
surface water, and groundwater at the NW edge of the Varazdin alluvial aquifer using
multi component approach. The conducted research resulted in the following conclusions:

e  Stable isotopes compositions showed that surface waters are mainly recharged by
precipitation from higher altitudes and less from the precipitation of the study area.
The isotope fingerprint of surface waters was visible in groundwater as a consequence
of recharge.

e  The head contour maps show that aquifer is recharged from Drava River and accumu-
lation lake for low, mean, and high groundwater level conditions. The groundwater
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levels depend greatly on the surface water level, and remain in a quasi-steady state for
all hydrological conditions.

e Calculation of mixing proportions using natural tracers (580 and C1~) showed that
surface waters are the dominant source of groundwater recharge with contribution
between 55 and 100%. The proportion of surface water in groundwater decreases
with distance from the Drava River/accumulation lake, lack of covering layer, and
unfavorable hydraulic conditions within the aquifer.

e  The water temperature analysis confirmed that close observation wells depend more
on the recharge from surface water than distant one. The results indicate a time delay
of few months in cyclic water temperature oscillations between surface water and
groundwater. However, for more conclusive results in terms of mean groundwater
residence time, additional parameters need to be considered and studied in future
research.

e  Since obtained results showed that groundwater recharge is strongly dependent on
surface water in the study area, any change in surface water quantity as a result of
climate change and/or anthropogenic influence could potentially affect groundwater
reserves. This part of the aquifer should be carefully considered in future water
management plans to ensure sustainable groundwater supply.
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ARTICLE INFO ABSTRACT

Keywords: Study region: The Varazdin alluvial aquifer located in the Drava River valley.

Numerical modeling Study focus: The study area is characterized by agricultural activity, which raised concerns due to
Nitrate

the high nitrate concentration in groundwater. The present study aims to evaluate future nitrate
concentrations in groundwater using the numerical groundwater flow and transport modeling.
The regional model was generated in GMS software, using the MODFLOW code for steady-state
groundwater flow model, and MT3DMS code for nitrate transport model. Advective-dispersive
transport was simulated, without a chemical retardation process. The calibrated model was
used to investigate the evolution of groundwater nitrate concentrations for the next 20 years
under four scenarios: a) current nitrate input; b) zero input from wastewater; c¢) agricultural input
reduced by 50%; d) input from natural vegetation and surface water

New hydrological insights for the region: The scenario analysis demonstrated that reducing the ni-
trate input from agricultural areas yields a considerable reduction of nitrate in groundwater,
while the impact of wastewater is negligible. Neither of the scenarios reached concentrations
below threshold value of 50 mg/L for the entire aquifer in the next 20 years. The nitrate con-
centration in the northern part of the aquifer will remain low, mainly due to the dilution from
river. The central part of the aquifer is highly dependent on changing the on-ground nitrate
concentration, showing inertia regarding the nitrate attenuation in groundwater.

Transport
Water budget
Varazdin alluvial aquifer

1. Introduction

Groundwater is the major source of drinking water in Croatia. Groundwater that can meet the water supply needs of the region or
large cities in terms of quantity and quality, and ensure significant economic and social development is recognized as strategic
groundwater resource in Croatia (Official Gazette 91/08, 2021). The Varazdin aquifer is a part of strategic groundwater resources,
ensuring water for agriculture, industry, and domestic consumption for approximately 170,000 inhabitants of the Varazdin County in
NW Croatia. Long term agricultural activity, industry, and population growth have considerably affected the groundwater quality
regarding nitrate concentration in the Varazdin aquifer, which raised concerns and increased the public interest in the groundwater
protection.

Nitrate is identified as one of the most common contaminants of groundwater worldwide (Lee et al., 2006; Almasri, 2007; Rivett
et al., 2007). High nitrate concentrations in groundwater present a serious environmental issue, due to deterioration of groundwater
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quality and eutrophication of surface waters. Also, nitrate ingestion can have negative impact on human health, causing various
diseases such as gastric cancer, non-Hodgkin’s lymphoma, and methemoglobinemia (Walton, 1951; Winneberger, 1982; WHO, 1985).
In response to nitrate contamination, the European Union (98/83/EC, 1998) and World Health Organization (WHO, 2004) have
established the maximum contaminant level (MCL) of 50 mg/L NOj3’ in drinking water. Moreover, nitrates represent one of the two
groundwater quality standards according to the Groundwater Directive (2006/118/EC, 2006). Due to major problems with nitrate
contamination in groundwater from agricultural sources, the European Union adopted the Nitrate Directive (91/676/EEC, 1991), the
document which promotes the use of good agricultural practices and recommends measures to reduce nitrate contamination. In
addition to the application of fertilizers and manure in agriculture, nitrate in groundwater may derive from other anthropogenic
sources, e.g. wastewater from septic tanks and sewage system, industrial sites, and landfills (Wakida and Lerner, 2005; Almasri, 2007).
Nitrate in groundwater also originates from natural sources, such as rocks, soil, and atmospheric nitrate deposition (Williams et al.,
1998).

Nitrogen (N) is a vital nutrient to enhance plant growth. Once in the soil, it is transformed through major process of fixation,
assimilation, ammonification, nitrification, and denitrification. Dinitrogen gas is first fixed to ammonia, which is assimilated into
organic nitrogen, followed by the degradation of organic nitrogen, ammonification, which releases a molecule of ammonia. Nitrifi-
cation occurs under aerobic conditions in presence of the nitrifying bacteria. Formed nitrate is partially up taken by plants and the
remains are leached to the water table. Due to its negative charge, nitrate is not likely to bind to the aquifer matrix by adsorption. Based
on the literature review, nitrate is quite mobile in groundwater and the distribution coefficient, which represents adsorption, is
essentially zero (Shamrukh et al., 2001; Krupka et al., 2004; Seo and Lee, 2005). Conversely, ammonium is a cation and tends to adsorb
to the soil particles, resulting that most of the nitrogen that transports through the soil into the groundwater is in the form of nitrate.
Denitrification is considered as the main natural process attenuating nitrate concentration in groundwater (Otero et al., 2009; Jahangir
et al.,, 2013; Puig et al., 2017). It is a multi-step process and it can occur when anaerobic conditions exist, with the presence of
denitrifying bacteria and the dissolved organic carbon (Otero et al., 2009; Zhang et al., 2015; Rivett et al., 2008).

Nitrate investigation presents a complex task because nitrogen transformation processes occur in three zones of interest: soil,
unsaturated zone, and saturated zone. According to Almasri (2007), spatio-temporal occurrence of nitrate in groundwater depends on
on-ground nitrogen loading, soil characteristics and groundwater properties. Groundwater flow and solute transport modeling has
become an essential tool for studying spatio-temporal distribution of nitrate in groundwater. The modeling framework most commonly
relies on either utilizing lumped models, e.g. LPMs in Hajhamad and Almasri (2009), E-HYPE in Hansen et al. (2018), BICHE in Surdyk
et al. (2021), or spatially distributed models, e.g. integrating the MODFLOW code for the simulation of the groundwater flow
(McDonald and Harbaugh, 1988) and MT3DMS code for the simulation of nitrate transport (Zheng and Wang, 1999). Numerous
regional studies have been conducted by combining MODFLOW and MT3DMS codes, as the problem with nitrate contamination of
groundwater occurs worldwide. Molénat and Gascuel-Odoux (2002) used MODFLOW and MT3DMS to simulate groundwater flow and
nitrate transport under steady-state conditions in central Brittany, France. The scenario analysis indicated that a significant decrease of
stream nitrate concentration can be expected following a decrease in nitrate leaching along the hillslope. Almasri and Kaluarachchi
(2007) coupled a soil model with the MODFLOW and MT3D code to model the nitrate contamination in an agricultural watershed in
Washington state and explored different protection alternatives to reduce the nitrate contamination in groundwater. Jiang and Somers
(2008) examined nitrate contamination in groundwater on the eastern coast of Canada. The groundwater flow and transport model
results showed that it would take several years to reduce the nitrate concentration in the shallow portion of the aquifer, and several
decades or more to restore water quality in the deeper portions of the aquifer. Psarropoulou and Karatzas (2014) developed the nitrate
transport model of the coastal aquifer in Greece, based on a previously established transient groundwater flow model. The authors
observed seasonal variations in nitrate concentrations and concluded that approach coupling a transient groundwater flow model with
a simple transport model yielded acceptable results. Zhang and Hiscock (2016) used groundwater flow (MODFLOW) and mass
transport modeling (MT3DMS) to investigate the response of groundwater nitrate concentration to different land-use change scenarios
in the Britain’s second largest aquifer. Based on the simulation results, the greatest future decrease in nitrate concentration was
associated with the replacement of agricultural land with forest.

This paper is part of a broader study being conducted in Varazdin region with the aim of investigating the origin, fate, and the
transport of nitrate in the Varazdin aquifer. The findings of this study help to better understand the spatio-temporal distribution of
nitrate in the Varazdin aquifer by developing a numerical groundwater flow and nitrate transport model. A regional groundwater flow
and transport model was developed for the study area using MODFLOW and MT3DMS codes, which are an integral part of the software
package Groundwater Modeling System (GMS) (Aquaveo, 2018). Processes in the soil and unsaturated zone were not modeled within
this paper. Prior to the modeling, analysis was undertaken to evaluate the possibility of denitrification process, and the main transport
processes were identified. The nitrate transport was simulated using advection-dispersion equation, without retardation due to
denitrification. The main research objectives of the modeling were to: (1) understand the groundwater flow paths and define water
budget; (2) accurately simulate nitrate concentrations in the groundwater for the period 2007-2020; (3) predict the future evolution of
nitrate concentrations for different scenarios based on the changes in on-ground nitrate input; (4) identify the limitations of using the
model for management strategies and suggest future research.

2. Materials and methods
2.1. Site description

The study was carried out in the Drava River valley within the Varazdin aquifer system, located in Varazdin region in NW Croatia
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(Fig. 1). The aquifer represents an important source of water for domestic, agricultural, and industrial purposes in the Varazdin area.
The study site occupies an area of about 200 km?, and was selected as the groundwater flow and transport model domain due to the
well-defined boundary conditions and the fact that this area has been reported to be greatly affected by high nitrate concentrations.

The climate of the study area is classified as a warm temperate climate in the Cfb group according to the Koppen-Geiger classi-
fication system (Nimac and Percec — Tadic, 2016), with annual mean temperature of 10.6 °C and annual mean precipitation of 832 mm
(Zaninovic et al., 2008). The Varazdin aquifer consists of Quaternary alluvial deposits (Prelogovi¢ and Veli¢, 1988), mainly repre-
sented by gravel and sand with lenses and interbeds of silt and clay (Babic et al., 1978; Urumovic et al., 1990). The aquifer is thinnest in
the NW part having thickness of less than 5 m, and the thickest in the SE part of the study area with thickness of 65 m in average
(Markovic et al., 2020). The size of gravel and sand particles gets gradually smaller from the northwestern part downstream as a result
of the decrease in energy of the Drava River (Larva, 2008). According to the conceptual model, the aquifer system can be divided into
three layers: upper aquifer, semipermeable interlayer, and lower aquifer (Karlovi¢ et al., 2021a). Both aquifers are hydraulically
connected, and the upper aquifer is in direct contact with the Drava River. The basement of the aquifer consists of very low permeable
marl, silt, and clay. Hydrodynamically, the Varazdin aquifer is unconfined. The covering layer of the aquifer is not continuous,
meaning there is a high infiltration potential favorable for nitrate leaching. General regional groundwater flow direction is NW-SE.
Aquifer is recharged naturally by surface water and by infiltration of precipitation. Groundwater discharge within the aquifer oc-
curs through draining to the derivation channel and Plitvica stream, and groundwater abstraction at the wellfield Vinokovséak.
Another water budget component that influences groundwater discharge, but also recharge is irrigation. The problem is that it cannot
be measured, because there is unregistered pumping for irrigation via small capacity domestic wells throughout the study area. Further
details on the aquifer characteristics can be found in a recent study (Karlovic et al., 2021a).

The favorable climate, flat terrain and available groundwater have enabled intensive agricultural practices, resulting that majority
of the study area is under agricultural land use (Fig. 1). About 68% of the land can be attributed to agriculture by combining 3 classes
(non-irrigated arable land, complex cultivation patterns, land principally occupied by agriculture, with significant areas of natural
vegetation) from the CORINE Land Cover database (CLC, 2018). Urban and industrial areas occupy around 11%, forests and shrub
around 10%, pastures around 7%, and surface water around 3%. The remaining 1% consists of several other land use types.

Historically, agricultural production was the main economic activity in the study area for many decades. The problems with high
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Fig. 1. Geographical position of the study area presenting land use classes according to Corine Land Cover 2018 (https://land.copernicus.eu/pan-
european/corine-land-cover/clc2018).
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nitrate concentrations in groundwater date back to the 1970s. It is important to mention that the documented concentration of nitrate
at wellfield Varazdin in 1973 was only 4.4 mg/L NO3™ (Grdan et al., 1991). This value can be considered as natural nitrate concen-
tration or the background value, without anthropogenic influence. After the construction of the Varazdin hydroelectric power plant
and the filling of the accumulation lake, the natural state of groundwater was disturbed and groundwater levels rose, followed by
leaching of nitrates accumulated in the unsaturated aquifer zone. From that point on, the alluvial aquifer is characterized by high
nitrate concentrations, resulting in shutting down of the wellfield Varazdin. Two active wellfields remain in the Varazdin aquifer:
Vinokovscak, a smaller wellfield located in the northeastern part of the study area (Fig. 1), and Bartolovec, the main wellfield located
downstream of the Varazdin City outside the study area.

Today, major agricultural activities in the Varazdin region include plantation of cabbage, maize, wheat, and potato, but also
poultry and dairy farming. Agricultural production includes seasonal rotation of crop types within the agricultural fields. Fertilizers are
applied throughout agricultural fields to enhance crop production, accompanied with irrigation by sprinklers. Also, manure from farms
is being dumped in the field, without any protection of leaching to groundwater. The estimated nitrogen consumption on utilized
agricultural land in 2012 for Varazdin County is 7396 t N, of which 65% is attributed to mineral fertilizers, and 35% to organic
fertilizers (Romic et al., 2014). This N input is subject to different transformation processes and plant uptake in the soil zone, and the
rest of it leaches to groundwater as nitrate. Compared to the previous estimation of nitrogen consumption in 2000 (Mesic et al., 2002),
there is a drop in fertilizer consumption in 2012 of approximately 13%. Also, there has been a decrease in agricultural surfaces in the
past 10-15 years, followed by an increase in the urban area by 12% (Jogun et al., 2017). However, the application of synthetic fer-
tilizers and manure in agricultural production is still considered the main source of nitrate contamination in groundwater, followed by
wastewater from urban areas (Karlovic et al., 2021b).

2.2. Groundwater flow model

A three-dimensional groundwater flow model of the Varazdin aquifer was constructed using MODFLOW code (McDonald and
Harbaugh, 1988) within GMS software interface under steady-state conditions. Modflow solves the three-dimensional groundwater
flow equation using finite difference method and cell-centered approach. The steady-state groundwater flow equation can be expressed
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Fig. 2. Map of the study area presenting observation wells used for construction of head contours for medium groundwater levels (14/10/2013) and
calibration of the groundwater flow model, with presentation of assigned boundary conditions.
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where Ky, Ky and K; are the hydraulic conductivity values in the x, y and z directions (L T~1); his the value of the hydraulic head at any
point in a three-dimensional flow field (L).

Steady-state conditions were defined based on the observation from Karlovi¢ et al. (2021a), which suggested that surface water in
the Varazdin region, i.e. the accumulation lake and the Drava river, governs the groundwater levels maintaining the quasi-steady state
during the long-term period, without significant oscillation in groundwater levels. Water levels on October 14, 2013 were selected as
representative medium groundwater conditions for period 2006-2020. Head contour map for medium groundwater levels was con-
structed using Kriging interpolation method and groundwater level data from 32 observation wells (Fig. 2). The data were provided by
the Croatian Meteorological and Hydrological Service.

The input data for the groundwater flow model include a detailed definition of geometry, flow parameters, and boundary con-
ditions of the aquifer. The model domain in the horizontal direction consist of 209 columns and 193 rows with 100x100 m, and total
number of active cells is 62,415. The vertical discretization of the model domain was based on the conceptual model, by which the
aquifer system is divided into three layers presenting hydrogeological units of Quaternary sediments with different characteristics:
upper aquifer, semipermeable interlayer, and lower aquifer (Fig. 3). Impermeable layer was assumed for the bottom of the model.

According to the head contour map, the Varazdin aquifer has an inflow boundary from Drava River and accumulation lake Varazdin
on the northwest and north, no flow boundary on the west and south, and an outflow boundary on the east of the aquifer system (see
Fig. 2). These boundaries were characterized in the model either as Dirichlet or Neumann boundary condition. Dirichlet boundary
condition specifies the value of the head along the boundary, while Neumann boundary condition specifies the flux across the
boundary (Anderson and Woessner, 2002). The Drava River, accumulation lake, Plitvica stream and derivation channel of hydropower
plant Varazdin were defined using the Specified head package for MODFLOW.

(Dirichlet). The western and southern edge of the model was simulated as no flow boundary (Neumann). The eastern boundary was
defined using the Specified flux package for MODFLOW (Neumann). Based on the Darcy’s law, the outflow from the Varazdin aquifer on
the east was estimated to be 55,000 m®/day for the upper aquifer layer, and 2000 m®/day for the lower aquifer layer. The spatial
distribution of precipitation infiltration was derived from Wetspass-M model for the long-term mean annual values (Karlovic et al.,
2021a), and was defined in MODFLOW using Recharge package (Neumann). Data on groundwater abstraction from the wellfield
Vinokovsc¢ak was obtained from Varazdin Utility Company (VARKOM). Three pumping wells were simulated in the model using the
Well package of MODFLOW (Neumann), with total abstraction rate of 7847 m3/day, measured on the October 14, 2013.

The flow parameters required for the model include hydraulic conductivity, storage coefficient, i.e. specific yield. These input
parameters have been assigned to each layer separately. The initial values of hydraulic conductivity were obtained from former
hydrogeological studies, where pumping tests were performed related to the development of wellfields and for the construction of
hydropower plant. The hydraulic conductivity values based on the pumping test results at five different locations within the study area
range from 147 to 242 m/day for upper, and around 100 m/day for the lower aquifer layer. The spatial distribution of hydraulic
conductivity was defined by assigning simple zonation, based on the reported values from pumping tests and assuming gradual drop in
water flow energy during sedimentation, resulting in decreasing the grain size, and thus decreasing hydraulic conductivity from west
to east (Fig. 4).

Following this sedimentation criteria, the initial values of hydraulic conductivity ranged from 300 m/day in the west to 100 m/day
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Fig. 3. Three-dimensional model of the Varazdin aquifer.
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in the east for upper aquifer layer, and from 150 m/day in the west to 50 m/day in the east for lower aquifer layer. The lowest hy-
draulic conductivity of 40 m/day was assigned to the narrow zone along the no flow boundary due to the lower permeability of the
sediment in this area. The ratio of vertical to horizontal hydraulic conductivity was set at 0.1. Because of data scarcity and regional
scale of the model, uniform values of specific yield (Sy =0.3) and storage coefficient (Ss =5x10"* 1/m) were defined in upper and
lower aquifer layer based on the type of sediment (Spitz and Moreno, 1996). For the semipermeable interlayer, the assigned values of
hydraulic conductivity, storage coefficient, and specific yield were 5x10~* m/day, 5x10~* 1/m, and 0.05, respectively.

The calibration of the groundwater flow model was carried out in steady-state mode, corresponding to medium groundwater levels
(October 14, 2013). Calibration was performed by comparing simulated and measured groundwater levels in the 32 observation wells
located within the Varazdin aquifer (Fig. 2). The flow model was calibrated through manual trial and error procedure, by adjusting
hydraulic conductivity values within reasonable ranges to predefined zones, having higher values in the western part of the model
area. Other flow parameters were not changed in calibration procedure. After each simulation, only one hydraulic conductivity value
was changed. This procedure was iterative until a good fit between measured and computed groundwater heads was achieved.

To evaluate the performance of the model, analysis of residual statistics such as minimum, maximum, mean error (ME), mean
absolute error (MAE), and root mean square error (RMSE) was performed. The ME indicates model bias depending on the magnitude
and direction of the mean away from zero (McKee and Clark, 2003). A negative mean indicates the model tends to overpredict
(simulated hydraulic heads greater than observed), and a positive mean indicates underprediction (simulated hydraulic heads less than
observed). The MAE is a better indicator than the ME because in this case the positive and negative residuals cannot cancel out the
error (Anderson and Woessner, 2002). The RMSE has widely been used in model evaluation studies, and is determined using the
equation:

1 n
RMSE = ,/ZZ[:l (Hy — H¢)? 4

where n is number of measured head values, Hy is measured head value, H; is computed head value.

2.3. Nitrate transport model

After successful calibration of groundwater flow model, nitrate transport model was developed to study the spatio-temporal
variability of nitrate in the Varazdin aquifer. The simulation of nitrate transport was established using MT3DMS code (Zheng and
Wang, 1999) within GMS software interface, using the same finite-difference grid as in MODFLOW. MT3DMS is a modular three--
dimensional transport model for the simulation of advection, dispersion, and chemical reactions of dissolved constituents in
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Fig. 4. Hydraulic conductivity fields with assigned initial values for upper and lower aquifer layer.
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groundwater systems (Zheng et al., 2012). MT3DMS solves the partial differential equation for contaminant fate and transport (Zheng
and Wang, 1999):

0(0C")7 d oC* d " "
FT 07(, HDi/'ij - aTCi(HViC)ﬁL q,C; + ZRn 3)

where 6 is the effective porosity of the aquifer (/), c*is the species k concentration (M L_3), tis time (T), x;; is the distance along the
Cartesian coordinate axis (L), D; is the dispersion coefficient tensor @? T’l), v; is the linear pore water velocity (L T’l), gs is the
volumetric flow rate per unit aquifer volume (T’l), Csk is the concentration of k in the source or sink flux (M L’3), and X R, is the
chemical reaction rate term (M L3 T~ 1).

The two main mechanisms that determine a contaminant transport in groundwater are advection and dispersion. Advection is the
process by which contaminants are transported by the bulk flow of groundwater (Spitz and Moreno, 1996). The pore water velocity, i.
e. effective velocity, is described by Darcy’s law, as the Darcy flux divided by the effective porosity. Therefore, the process depends
strongly on groundwater flow and it is important to define the spatial distribution of hydraulic conductivity and hydraulic gradient
well during the construction of groundwater flow model. Hydrodynamic dispersion results from spreading of contaminants around
advective path (Spitz and Moreno, 1996) caused by a combined transport mechanism of mechanical dispersion and molecular diffusion
(Wilson and Moore, 1998). Although molecular diffusion may be a significant transport mechanism in cases where flow velocities are
very low (Zheng and Bennett, 2002), in practical cases its role is usually very small and it is most often neglected (Bacani and Posavec,
2011). The mechanical dispersion coefficient depends on the effective velocity and dispersivity. The value of dispersivity depends on
the observation scale, i.e. the distance between the entry of pollutants into the system and the observation point. Gelhar et al. (1992)
synthesized data on longitudinal (in the direction of the flow) and transverse (normal to the flow) dispersivity values obtained at
different test sites. Data indicate a systematic increase of dispersivity with observation scale.

Potential chemical reaction process, i.e. denitrification was evaluated according to existing data of chemical indicators in Varazdin
aquifer (Karlovi¢ et al., 2021b). Measured DO average values in nine observation wells in the study area range between 1.5 and
8.9 mg/L O, indicating a highly aerobic environment. Also, calculated redox conditions of groundwater show that general redox
category is oxic. The average dissolved organic carbon (DOC) concentrations varied in the range of 0.35-1.33 mg/L, which is not a
sufficient source of organic carbon for denitrification. Average nitrate concentrations in groundwater varied significantly between 5.1
and 96.7 mg/L, depending on proximity to surface waters and land use practices. Reported NOy™ values range from 0.1 to 0.4 mg/L,
confirming its instability. Low values of NH4 " were also measured, between 0.02 and 0.05 mg/L on average. According to the chemical
indicators, potential for denitrification in the Varazdin aquifer is limited by very low concentrations of DOC and increased DO level.
Contrary, high DO values and combination of low ammonium with permanently high nitrate values, suggest the occurrence of
nitrification process. It should not be excluded that the denitrification process exists at pore scale where local conditions may be
different, but on a regional scale, nitrates act as a conservative contaminant and there is no significant retardation relative to
groundwater movement. This suggest that nitrate attenuation within the study area is mainly driven by dilution process. Therefore, the
regional nitrate transport model was simulated by only advective-dispersive mechanism, considering on-ground nitrate as the
contamination source and nitrate in groundwater as an initial concentration.

Accurate quantification of nitrate leaching to groundwater is difficult due to the complex interaction between land use practices,
on-ground nitrogen loading, groundwater recharge, soil nitrogen dynamics, and soil characteristics (Almasri and Kaluarachchi, 2007).
Nitrate input into the Varazdin aquifer is achieved by nitrate leaching from the surface through an unsaturated zone and by percolation
from surface waters.

The spatial distribution of on-ground nitrate input into the aquifer system was characterized using the Corine Land Cover map
(CLC, 2018) and assigning nitrate values to each of the 14 land use classes (Fig. 1). The estimation of on-ground nitrate input from
agricultural and forested areas was made on the basis of previous research on the nitrate concentrations in aqueous eluates of different
soil types (Markovic, 2007; Zoricic, 2018). The first characterization campaign of nitrate in the soil of the study area was conducted in
2004 (Markovic, 2007). The soil samples were collected by auger coring at different depths (0-125 cm) from five different agricultural
fields and one forest. The analysed average values of nitrate were between 22.1 and 62.9 mg/L in agricultural soil, and 30.9 mg/L in
forested soil. The autor noted decreasing of the nitrate concentration with depth, attributing it to the approaching to the capilary
fringe, i.e. dilution of nitrate with water. The second characterization campaign of nitrate in the soil of the study area was conducted in
period 2017-2018 (Zorici¢, 2018). The soil samples were collected at the surface from five different agricultural fields. Three sampling
campaigns under different seasons showed virtually identical nitrate concentration in soil within individual field regardless of the
season, with reported values between 14.2 and 21.1 mg/L.

Given the lack of data relating detailed spatial distribution of agricultural fields with individual crops and seasonal rotation of crop
types within the agricultural fields, simplification was made in form of assigning a uniform nitrate concentration of 30 mg/L to all
agricultural land use classes (non-irrigated arable land, complex cultivation patterns, and land principally occupied by agriculture,
with significant areas of natural vegetation). The nitrate value for coniferous forest class was also assigned at 30 mg/L, while broad-
leaved and mixed forest were estimated with lower value of 15 mg/L. Regarding wastewater, the concentration of total N in effluents
from a typical septic tank system ranges from 25 to 60 mg/L, with ammonia making up the vast majority of this total (Canter, 1997).
However, ammonium ions in the effluents may be oxidized to nitrate, especially when aerobic conditions are present. The nitrate
concentration in discharged water can be in the range of 20-30 mg/L nitrate-N, assuming complete nitrification of ammonia to nitrate
(Viers et al., 2012). As the sewerage network is only present in the Varazdin City and rural areas still use septic tanks, in the absence of
any better information, nitrate input from urban areas was assumed at 25 mg/L. Nitrate input from the Drava River and the



L Karlovic et al. Journal of Hydrology: Regional Studies 41 (2022) 101084

accumulation lake was assigned according to measured values in the period 2004-2006, with 8 mg/L and 5 mg/L, respectively (Larva,
2008). On-ground nitrate inputs from other land use classes, such as green urban areas, pastures, and transitional woodland-shrub
were set at 2 mg/L, assuming small portion of organic N mineralization and nitrification. Mineral extraction sites and industrial or
commercial units class were assumed with zero nitrate input.

Initial conditions represent nitrate concentration at the beginning of simulation (year 2006). The initial nitrate distribution in the
model area (Fig. 5) was made using Kriging interpolation method according to nitrate measurements in groundwater from previous
studies (Markovic, 2007; Larva, 2008). The mean annual nitrate concentrations in groundwater for the year 2006 are highest in the
central part of the study area, where intensive agricultural production is located. The most unfavorable situation is at the site of the
observation well PDS-5 in the center of the main contamination plume, where the mean nitrate concentrations are over 100 mg/L.
Lower nitrate values are present in the north of the model area, due to recharge of surface water with lower nitrate concentrations,
causing a dilution of the nitrate contaminated groundwater.

National monitoring of groundwater quality in the study area consist of six observation wells, three in the catchment area of the
inactive wellfield Varazdin: PDS-5, PDS-6, PDS-7, and three in the catchment area of the active wellfield Vinokovscak: PV-2, PV-4, PV-
6. For calibration of the transport model, nitrate observations in the six wells were compiled from two sources: National monitoring of
groundwater quality (2007-2020), and Croatian Geological Survey database collected through Tranital project (2017-2020). As the
nitrate analyses within National monitoring of groundwater quality are generally conducted four times a year, and Croatian Geological
Survey database consist of monthly measurements, the measured values were averaged for each year to be used for calibration for the
simulated period 2007-2020. One observation well from each wellfield was selected to visualize the fitness between the measured and
simulated values: PDS-5 for the wellfield Varazdin, and PV-2 for the wellfield Vinokovscak. The calibration period was divided into 14
stress periods where each stress period corresponds to one year. The nitrate transport model was calibrated manually via trial and error
approach by adjusting two critical transport parameters: effective porosity and longitudinal dispersivity. After each simulation, only
one transport parameter was changed. The effective porosity values were obtained from literature and were modified during cali-
bration within a range from 13% to 30%, consistent with sand and gravel sediments (Spitz and Moreno, 1996). The initial longitudinal
dispersivity was set at 100 m based on the scaling of the study area, and the results of the research aimed at determination of dis-
persivity in the catchment area of the Varazdin wellfield by monitoring the migration of NaCl solution in a radial flow toward the well
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Fig. 5. Nitrate distribution in the study area for year 2006 used as initial nitrate concentration for the model, with six observation wells from
National monitoring of groundwater quality used for calibration.
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(Gjetvaj, 1990). Subsequently, it was modified between 30 and 500 m during calibration. The ratio of transverse to longitudinal
dispersivity was taken as 0.1 (Gelhar et al., 1992). The model calibration was carried out until the simulated nitrate concentration
values fit closely to the observed values in all monitoring wells. The overall performance of the transport model was evaluated using
ME, MAE, and RMSE for nitrate concentration residuals in the six monitoring wells.

2.4. Prediction of future nitrate contamination

The calibrated groundwater flow and transport model was used to predict groundwater nitrate concentration under four different
scenarios for the next 20 years. The total simulation time of 7300 days (from 2021 to 2040) was subdivided into 20 stress periods. In
these scenarios, it was assumed that recharge from precipitation and land use would not change. The initial nitrate concentration was
the computed concentration in the calibrated transport model for the year 2020. The differences between the four scenarios are based
only on estimated on-ground nitrate inputs for the years 2021-2040.

Scenario 1 represents no changes in the current estimates of on-ground nitrate input. In scenario 2, the impact of wastewater from
urban areas has been completely removed, simulating the construction of a sewer network that has recently intensified in the study
area. In scenario 3, with a complete reduction in nitrate input from urban areas, nitrate input from agricultural areas is reduced by
50%. Almasri and Kaluarachchi (2007) used similar approach by reducing 40% in manure and fertilizer application rates, according to
previous studies which reported that estimated fertilizer application rate is 24-38% higher than the crop demand (Puckett et al.,
1999). Scenario 4 is extreme scenario of zero on-ground nitrate input from agricultural and urban areas, with only nitrate input from
natural vegetation and surface water remaining. Although unrealistic, this scenario provides an estimate of evolution of nitrate
concentration under ideal conditions.

3. Results
3.1. Groundwater flow model

A steady-state groundwater flow model was calibrated for hydraulic conductivity. The calibrated hydraulic conductivity values for
the upper aquifer layer ranged from 430 m/day in the western part to 120 m/day in the eastern part of the model domain, with
exception along the no-flow boundary where final hydraulic conductivity was set to 40 m/day. The calibrated hydraulic conductivities
for lower aquifer layer were lower, ranging between 60 m/day in the western part and 40 m/day in the eastern part of the model
domain. Hydraulic conductivity for the semipermeable interlayer was fixed at 5x10~% m/day. The resulting groundwater flow ve-
locities ranged between 0.1 and 3.0 m/day for upper, 0.1 and 0.5 m/day for lower aquifer layer, and practically zero for the semi-
permeable interlayer. Model calibration was evaluated by comparing simulated and measured head values in 32 observation wells and
by histogram of residuals (Fig. 6).

The visual inspection of scatter diagram shows very good agreement between simulated and measured hydraulic heads. Out of 32
observations, 16 residuals were greater than or equal to zero and 16 residuals were less than zero. The minimum residual is 0 m, while
the maximum residual is 1.16 m. The ME, MAE, and RMSE for the 32 wells are — 0.14 m, 0.31 m, and 0.43 m, respectively. Based on
these results, the residual statistics indicate acceptable performance of the model.

Water budget analysis enabled more detailed determination of water quantities flowing in or out of the aquifer system from
different model boundaries (Fig. 7). The total volume of inflow/outflow water was around 310,000 m>/day. The water budget of the
model revealed that aquifer is predominantly recharged by the surface water, with 68% of the total inflow distributed between Drava
River (31%), accumulation lake (21%), Plitvica stream (15%) and the derivation channel (1%). The remaining 32% of total inflow is
attributed to infiltration of precipitation. Conversely, the aquifer discharge occurs through derivation channel (43%), Plitvica stream
(19%), eastern model boundary (18%), Drava River (17%), and by pumping wells at Vinokovscak wellfield (3%).
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Fig. 6. Scatter diagram of observed vs. simulated head values in 32 observation wells (a), and histogram of residuals (b).
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3.2. Nitrate transport model

Trial and error calibration of transport parameters within predefined ranges resulted with final values of 20% for effective porosity,
and 100 m for longitudinal dispersivity. During the calibration, it has been observed that a change in effective porosity has a greater
effect on nitrate transport than change of longitudinal dispersivity. This confirms that nitrate transport is dominated by advection
process (Pechlet number equals 1), which is typical for highly permeable materials (Spitz and Moreno, 1996), while dispersion has a
secondary effect, especially considering the diffuse nature of on-ground nitrate input applied over the study area. The spatial distri-
bution of nitrate concentration in groundwater in the study area for the year 2020 is depicted according to observed concentrations
(Fig. 8a) and simulated concentrations (Fig. 8b).

Simulated values of nitrate range between 5.0 and 86.5 mg/L. The highest nitrate values in groundwater are still associated to the
central part of the study area with intensive agriculture, as 14 years earlier (Fig. 5). However, the main contamination plume has
moved downstream with respect to the initial state in 2006. Lower nitrate values are connected with proximity to Drava River,
accumulation lake, and Plitvica stream, where dilution with surface water occurs. Simulated nitrate concentrations were compared to
the observed ones for the period 2007-2020 and are presented for two selected observation wells: PDS-5 in the catchment area of
wellfield Varazdin (Fig. 9), and PV-2 in the catchment area of wellfield Vinokovsc¢ak (Fig. 10). The time-series of measured and
simulated nitrate concentrations at observation well PDS-5 shows that nitrate contamination in groundwater has been mitigated
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Fig. 8. Nitrate distribution in the study area for the year 2020 according to measured (a), and simulated concentrations (b).
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during last 14 years (Fig. 9). The measured mean nitrate concentrations gradually decreased from 107.1 to 61.5 mg/L. The simulated

nitrate values generally followed the same pattern as the measured values, exceeding the MCL of 50 mg/L for most of the time, except
for the last time step (t = 5110 days).
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The measured mean nitrate concentrations in the observation well PV-2 ranged between 2.2 and 6.8 mg/L (Fig. 10). The simulated
nitrate values are within order of magnitude and relatively close to measured values. After four years they reach a steady-state with a
value of 5.2 mg/L, which is likely related to the influence of the Drava River (the groundwater flow is generally in N-S direction in this
part of the aquifer, Fig. 2). Although the yearly mean nitrate concentrations were used for calibration of the transport model, both
diagrams show good agreement between measured and simulated nitrate values. Overall assessment of model calibration showed that
model performs reasonably well with ME = 1.7 mg/L, MAE = 5.2 mg/L, RMSE = 7.7 mg/L, and R? = 0.96 for 84 measurements
(Fig. 11). Therefore, it was concluded that the developed nitrate transport model can be used to predict nitrate concentrations in
groundwater in response to future on-ground nitrate input scenarios.

3.3. Prediction of future nitrate contamination

The calibrated nitrate transport model was used for prediction models with simulation period from 2021 to 2040 under four
different scenarios: (1) no changes in the current on-ground nitrate input; (2) removal of nitrate input from wastewater; (3) application
of 50% of the current nitrate input to agricultural fields; (4) cessation of on-ground nitrate input from agriculture and urban areas, with
nitrate deriving from natural vegetation and surface water. Nitrogen input used in the transport model for each scenario (Table 1) was
estimated using the calculated effective infiltration of precipitation (Karlovic et al., 2021a), assigned nitrate concentrations to each
land use group, and corresponding land use area (CLC, 2018). As a result, the majority of nitrogen input to the groundwater in the first
three scenarios come from agriculture (82%, 93% and 87% for the first, second and third scenario, respectively).

The spatial distribution of final nitrate values in year 2040 (Fig. 12a-d) shows the continued decline of nitrate concentrations and
further migration of the main contamination plume towards the east in regards to year 2020 (Fig. 8). The time-series of predicted
nitrate concentrations in the observation wells PDS-5 (Fig. 13), and PV-2 (Fig. 14) depict the evolution of nitrate concentrations for all
four scenarios throughout the next 20 years.

According to the modeling results obtained with the first scenario, the gradual decrease in nitrate concentration continues
throughout the model, especially in the central part where the expected nitrate value in the observation well PDS-5 by the year 2040 is
around 30 mg/L (Fig. 13). The northern part of the model is under the influence of the surface water and remains an area with low
nitrate values, generally under 15 mg/L by the year 2040 (Fig. 12a). The situation at the observation well PV-2 remains the same, with
stabilization of nitrate value at 5.2 mg/L, reached at calibration phase (Fig. 14). The results of the second scenario suggested that the
removal of nitrate input from wastewater does not have great influence on nitrate concentrations in groundwater. Compared to the
first scenario, there are no significant changes in the spatial distribution of nitrate (Fig. 12b), and the predicted nitrate values at both
observation wells are almost identical to the first scenario (Figs. 12 and 13). The only difference is in the area of the Varazdin City,
which represents urban land use class, where the maximum nitrate concentration decreased from 64 mg/L (Fig. 12a) to 59 mg/L
(Fig. 12b) in the year 2040.

Table 1

Estimated annual on-ground nitrogen input to the aquifer for each scenario. The Corine Land Cover (CLC) codes are as follows: non-irrigated arable
land (211); complex cultivation patterns (242); land principally occupied by agriculture, with significant areas of natural vegetation (243);
discontinuous urban fabric (112); industrial or commercial units (121); green urban areas (141); pastures (213); transitional woodland-shrub (324);
broad-leaved forest (311); mixed forest (313); coniferous forest (312).

Land use group Agriculture Urban Natural

CLC code 211 242 243 112 121 141 231 324 311 313 312

Area (ha) 6332 6997 531 1996 315 62 1453 421 1528 2 119

Scenario 1

kg N/ha/yr 21.1 21.1 21.1 17.6 17.6 1.4 1.4 1.4 10.6 10.6 21.1
kg N/yr 133,605 147,637 11,204 35,130 5544 87 2034 589 16,197 21 2511
Total t N/yr 292.4 40.7 21.4

Scenario 2

kg N/ha/yr 21.1 21.1 21.1 - - 1.4 1.4 1.4 10.6 10.6 21.1
kg N/yr 133,605 147,637 11,204 - - 87 2034 589 16,197 21 2511
Total t N/yr 292.4 - 21.4

Scenario 3

kg N/ha/yr 10.6 10.6 10.6 - - 1.4 1.4 1.4 10.6 10.6 21.1
kg N/yr 66,803 73,818 5602 - - 87 2034 589 16,197 21 2511
Total t N/yr 146.2 - 21.4

Scenario 4

kg N/ha/yr - — - - - 1.4 1.4 1.4 10.6 10.6 21.1
kg N/yr - - - - - 87 2034 589 16,197 21 2511
Total t N/yr - - 21.4
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Fig. 12. Future nitrate concentrations in the study area under four on-ground nitrogen input scenarios: no change (a), wastewater removal (b),
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Unlike the first two scenarios, the analysis of third scenario showed that significant decrease of nitrate concentration in ground-
water can be expected following a 50% reduction of nitrate input from agricultural areas (Fig. 12c). The nitrate values in observation
well PDS-5 were gradually decreased, reaching 21 mg/L in the year 2040 (Fig. 13). The nitrate concentrations in the observation well
PV-2 remained steady at 5.2 mg/L, as in the first two scenarios (Fig. 14). The nitrate transport modeling of fourth scenario showed
more pronounced decrease of nitrate concentrations in groundwater relative to other scenarios, as expected (Fig. 12d). The model
predicted constant decline of nitrate values in observation well PDS-5, with value around 13 mg/L in the year 2040 (Fig. 13). Barely
noticeable decline is observed in the observation well PV-2 (Fig. 14), confirming that this area is under dominant influence of the Drava
River. However, the results indicate the inertia of the system with respect to the time required for the aquifer to be gradually cleared of
nitrate, even with the unrealistic assumption of complete interruption of on-ground nitrate input. By the year 2040, most of the aquifer
has nitrate concentrations below permissible limit of 50 mg/L, but the eastern part of the study area still has the elevated values, with
maximum of 56 mg/L near the eastern model boundary (Fig. 12d), as a consequence of the slow contamination plume advance in the
direction of groundwater flow.
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Fig. 14. Predicted nitrate concentrations in observation well PV-2 for four on-ground nitrogen input scenarios.
4. Discussion and conclusions
The developed groundwater flow and nitrate transport model of the Varazdin aquifer provided the following conclusions:
(1) The steady-state calibration of the groundwater flow model was acceptable according to residual statistics and water balance
analysis. Water budget analysis provided better understanding and quantification of aquifer inflow and outflow. The main
aquifer recharge mechanism is the percolation of surface water with 68%, while infiltration of precipitation has secondary effect

with 32% of the total water inflow. The total water outflow is distributed between derivation channel (43%), Plitvica stream
(19%), eastern model boundary (18%), Drava River (17%), and Vinokovscak wellfield (3%).
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(2) A nitrate transport model was developed based on the calibrated flow model. The advection is identified as the main transport
process, followed by dispersion, while chemical reaction processes such as denitrification were not simulated. The time-series of
the selected observation wells and calibration statistics show reasonable agreement between measured and simulated nitrate
concentrations.

(3) The calibrated groundwater flow and transport model was used to investigate the evolution of nitrate concentrations in the
aquifer for the next 20 years under four scenarios based on the changes in on-ground nitrate input. Simulation results for all
scenarios indicate that the groundwater quality regarding nitrate contamination in the northern part of the model domain,
including Vinokovséak wellfield will remain good, mainly due to the dilution from the Drava River with low nitrate concen-
tration. On the other hand, the catchment area of the Varazdin wellfield in central part of the aquifer is highly dependent on
changing of the on-ground nitrate input. In this area there is a certain degree of inertia in terms of nitrate attenuation in
groundwater, even with the extreme scenario of zero on-ground nitrate input from agriculture and urban areas. Although the
nitrate contamination gradually decreases in the next 20 years, neither of the scenarios reached nitrate concentrations below
the MCL level of 50 mg/L for the entire aquifer. The studied nitrate contamination also has negative impact outside the study
area. The main contamination plume migrated to the eastern model boundary for all four scenarios, further moving towards the
main wellfield Bartolovec situated downstream of the City of Varazdin. The scenario analysis demonstrated that reducing the
nitrate input from agricultural areas yields a considerable reduction of nitrate in groundwater, while the impact of wastewater is
negligible, which suggests that agriculture is a main nitrate pollutant in the study area. Therefore, the management of the
agricultural practices seems to be of critical importance towards the remediation of the groundwater quality in the Varazdin
aquifer.

(4) The regional scale methodology used to develop groundwater flow and transport model of Varazdin aquifer was based on few
simplifying assumptions. Since the aquifer was modeled in a steady-state flow for medium groundwater levels and mean annual
precipitation, with steady on-ground nitrate input in the transport model, seasonal effects could not be expressed. The amount
of input data did not allow a detailed assessment of flow and transport parameters and their spatial distribution in each part of
the Varazdin aquifer, so there are uncertainties related to assigned parameters in defined zones and their uniform values. Also,
the model lacks details on the on-ground nitrate input, as the estimated values are assigned to large areas, according to the
current land use map. As a result, the majority of nitrogen input to the groundwater in the first three scenarios is from agri-
culture, due to its large share in land use and assigned nitrate concentrations. Despite these limitations, the model produced
indicative results for both groundwater flow and nitrate transport. The methodology used in this study is applicable to most
alluvial aquifers. However, the simplifying assumptions must be taken into consideration when applying the model to man-
agement issues. This methodology can be employed for similar large-scale studies to model the general impact of on-ground
nitrate input on groundwater contamination in watersheds with intensive agricultural activity.

(5) The work presented in this paper can be useful in understanding nitrate behavior in saturated zone of the aquifer. However,
additional investigation of soil and unsaturated zone would upgrade the current understanding of nitrogen processes and
achieve a better characterization of nitrate in the model. Future research efforts should focus on better estimation of nitrate
input (which eventually reaches the groundwater) by utilizing a more detailed land use map, preferably with individual
agricultural fields, and by modeling nitrogen transformation processes in unsaturated zone. Although nitrate concentrations are
measured four times a year and were averaged within this work for the purpose of calibration, they still experience seasonal
changes. In order to simulate these fine oscillations, finer discretization in both spatial and temporal domains would be
required, which is currently limited by available data, but is certainly the subject of future research. The upgraded model could
serve as an effective tool for formulating management strategies and specific measures to reduce nitrate pollution from agri-
culture in the Varazdin aquifer system. Generally, specific measures would include fertilization optimization considering the
rates, application timing and methods, effective management of manure from farms, rational use of irrigation methods ac-
cording to crop water demand, and implementation of other good agricultural practices recommendations according to the
Nitrate Directive (91/676/EEC). Finally, agriculture is a very important activity in the study area and economic aspect of these
measures should not be neglected. The management strategies should consider improvement of groundwater quality, but not at
the expense of agricultural production. This seems to be a key step for farmers to adopt the codes of good agricultural practices,
enabling better management of groundwater resources and grow crops in a sustainable manner.
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8. DISCUSSION

The main goal of this research was to study the nitrate origin, fate and transport within
the Varazdin alluvial aquifer. Considering the characteristics of studied aquifer, three main
objectives were established: (1) to determine the hydrodynamic and chemical characteristics in
an alluvial aquifer using hydraulic, isotopic and geochemical indicators; (2) to determine the
nitrate origin and geochemical processes of nitrogen that affect the stability of nitrates in the
groundwater of the Varazdin aquifer; (3) to build a groundwater flow and nitrate transport
model in the Varazdin alluvial aquifer. In order to achieve the objectives of the research, three
hypotheses were tested using interdisciplinary approach and different methods, including
hydraulic, geochemical, isotope, microbiological, statistical, and modelling techniques. In
response to the hypotheses set, the synthesis of the results is presented and discussed below,

along with new, additional findings that were observed during this research.

Hypothesis #1: The aquifer is predominantly recharged by the Drava River, the Plitvica stream
and the accumulation lake of HPP Varazdin, while the recharge from precipitation is much

lower.

Stable water isotopes showed that there has been a shift between ,,0ld“ LMWL from 2007-
2010 (Hunjak et al., 2013) and ,,new* LMWL Hra$¢ica from 2017-2019, indicating a change
in climate in the past 10 years. Groundwater samples are generally plotted closer to LMWL
Hras¢ica, indicating dominant recharge from recent precipitation. However, some groundwater
samples from wells with deeper screens are on or around older LMWL, indicating longer
groundwater residence time in deeper parts of the aquifer (10 years or more). Recent
precipitation originated from the Atlantic air masses, but the influence of the Mediterranean air
masses was also present, especially during the colder period. According to isotope analyses,
the groundwater and surface water are recharged by precipitation. Simulated annual
groundwater recharge from precipitation (effective infiltration) using Wetspass-M model
varied between 0 and 511 mm/year, with an average of 312 mm/year, which is about 34% of

the average annual precipitation.

Measured 880 and §2H values of the Drava River and accumulation lake Varazdin are quite
similar, as it is essentially the same water flowing from the river into the lake. Smaller
differences in isotopic composition are attributed to higher evaporation rate in the lake. The
isotopic composition of the Drava River is above the LMWLs from the Varazdin area, and

even above the LMWL Klagenfurt (Hager and Foelsche, 2015) that represents climatological
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conditions upstream of the study area where Drava River springs and from where it is mainly
recharged. The more negative isotope values are explained by altitude and temperature effect,
because the major tributaries of the Drava River have catchment areas at high altitudes (over
3000 m as.l). A weak correlation of measured 880 values between Plitvica stream and
groundwater from surrounding observation wells suggested the drainage role of the Plitvica
stream near the eastern edge of the study area.

The isotopic composition of the groundwater in the central part of the study area indicates a
homogenization of the groundwater source (a mixture of precipitation, river, and lake waters),
whereas area along the Drava River shows higher influence of the surface water. In order to
quantify these sources, a mixing model was developed using PHREEQC software. Calculated
mixing proportions revealed that surface waters are the dominant source of groundwater
recharge at the NW edge of the study area with contribution ratio from 55 to 100%, depending
on the hydraulic conditions, proximity of the observation well to surface water, presence of the
low permeable covering layer, and local differences in hydraulic conductivity. Generally,
higher proportion of the surface water was observed for closer wells and during the low
groundwater levels. More reliable results were obtained using §*80 as chemical tracer than CI™,
most likely due to another source of CI in groundwater (geochemical processes such as mineral

weathering, or anthropogenic influence).

Isotope-determined recharge mechanisms were confirmed by head contour maps, which clearly
show for all hydrological conditions that aquifer is recharged from both Drava River and
accumulation lake. A noticeable difference in height between the lake water level and the
terrain causes water to flow below the side drainage ditches into the hinterland. There is a
distinct bending of the head contours towards derivation channel of HPP Varazdin, suggesting
its drainage role. The differences in the groundwater flow net between low, mean, and high
groundwater level conditions are barely visible, with oscillation in groundwater levels
generally within 1-2 meters. Since the lake water level variations are generally within 1 m, it
can be inferred that there is a strong impact of the surface waters on groundwater levels,
keeping the aquifer in the quasi-steady state. Therefore, it is considered justified to model the
groundwater flow as steady-state. Although the head contour maps indicated boundary
conditions relatively well, due to the lack of observation wells in the south of the study area, it
was not possible to make a detailed interpolation along the Plitvica stream to determine its
contribution to the groundwater flow. To determine whether Plitvica stream presents an

important boundary condition for the numerical model, statistical methods and analyses of flow
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duration curves were used. Cross-correlation analyses showed a time lag of the reaction of the
rise of groundwater levels in observation wells relative to the Plitvica water level, i.e. the time
of pressure transfer from one to two days with a fairly significant cross-correlation coefficient.
Also, flow duration curves revealed that Plitvica almost completely drains groundwater near
the eastern edge of the study area, which supports the isotope results.

The groundwater flow model supported water isotope findings and quantified recharge from
surface water and precipitation. The simulation results confirmed that Plitvica stream drains
the aquifer near the eastern edge of the study area, but also showed that it has recharge role
along its flow. The Drava River also contributes in both recharge and discharge of the aquifer.
The water budget of the model revealed that aquifer is predominantly recharged by the
percolation of surface water, with 68% of the total recharge distributed between Drava River
(31%), accumulation lake (21%), Plitvica stream (15%) and the derivation channel (1%). The

remaining 32% is attributed to infiltration of precipitation.

Hypothesis #2 The nitrate origin in the groundwater of the Varazdin aquifer is mainly related

to the use of manure and synthetic fertilizers in agricultural production.

The anthropogenic influence on Varazdin aquifer is mostly visible through high nitrate
concentrations in groundwater. According to measured nitrate values in the Varazdin aquifer
from the early 1970s (Grdan et al., 1991), and calculated background level using Lepeltier
method (Brki¢ et al., 2009), it can be determined that the background nitrate concentration in
the study area is around 5 mg/L, and everything above this value is considered of anthropogenic
origin. The application of manure and synthetic fertilizers in agricultural production is
considered the main source of nitrate contamination. The season of planting and growing plants
for agriculture in the study area spans from spring to summer. During this period, synthetic
fertilizers are usually added to arable land to enhance crop growth, while application of manure
generally occurs in the late autumn or early spring. Also, large quantities of manure from farms
are being frequently disposed in the field, without any protection of leaching to groundwater.
Continuous nitrate pollution over the years and the described agricultural practices suggest that
nitrogen input into the groundwater system is constant. Nitrate concentrations in groundwater
in the study period varied between observation wells due to many factors (meteorological
conditions, local hydrogeological conditions, land use type, microbial communities, and
geochemical conditions). Generally, two different situations regarding nitrate distribution are
observed in space: part of the study area along the Drava River on the NW/N boundary with

lower, and central part of the study area with higher NO3 concentrations. Although there is
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some agricultural production along the Drava River, meadows and forests are also widespread,
and NOs concentrations are lower due to dilution from surface water. On the other hand, by
approaching the centre of the study area where agricultural activity is more developed, NOs
concentrations rise and generally exceed the MCL of 50 mg/L. During the rainy period, the
combination of precipitation and thin or non-existent covering layer cause nitrate leaching from
arable land. During the dry period, it was thought that lower amount or lack of precipitation
would result in reduced nitrate leaching from the surface. However, longer droughts compel
farmers to irrigate intensively, as in summer 2017, resulting in highest measured nitrate in

groundwater in the study period (209.8 mg/L in well PDS-5).

Beside agriculture, wastewater is recognized as the other possible source of nitrate in
groundwater. There has been an increase in the urban area by 12% in the past 10-15 years
(Jogun et al., 2017), but the construction of the sewerage network does not follow this
urbanization trend yet. Rural areas still use septic tanks, which if not installed and maintained
properly, could cause leakage and discharge of wastewater into the ground. The influence of
wastewater was studied through Na*/CI ratios, which show that values are mostly scattered
around halite line and shifted to CI side, indicating an additional CI' input most likely related
to manure and wastewater. Also, the occasional occurrence of phosphates above MCL and

Br*/ClI ratio support this claim.

Stable nitrate isotopes (5*°N and 5180 in NOs ) were used to determine the origin of nitrate in
groundwater. Prior to comparison with groundwater samples, 5°N in solid samples was
measured to define isotopic signatures of potential nitrate sources in the study area. The order
of nitrate sources from the most positive to negative values of §:°N is manure, plants, soil, and

synthetic fertilizers, with overlaps in their ranges (Figure 4).
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All measured 8°N values are complementary with dual isotope diagram (Kendall, 1998),

where typical 51°N-NOs and 5!80-NOj3 values for nitrate from different N sources are shown

(Figure 5). According to the diagram, nitrate in the study area could originate from four

different sources: manure, wastewater, soil organic N, and ammonia fertilizers.
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Observation wells P-2500 and P-1556 are separated from other wells, indicating different
nitrate source from the rest of the wells. Surprisingly, synthetic fertilizers were not identified
as a significant source of nitrate in groundwater during the sampling period, which is usually
very clearly recognized in agricultural areas (Ogrinc et al., 2019; Mayer et al., 2001; Kendall,
1998). One possible explanation is the economic aspect, manure is free and already dumped
near the arable land as by-product from farms, so farmers use it more. Another explanation
includes the nature of fertilizers and the availability of nutrients for plants. Synthetic fertilizers
have high nutrient content, which are quickly released and taken up by plants (Han et al., 2016).
Conversely, manure has slower decomposition and nutrient release, lower nutrient content, and
imbalance of nutrients which result in lower fertilizer efficiency and crop yields (Han et al.,
2016; Song et al., 2017). It is possible that plants use nitrogen from synthetic fertilizer faster
than from manure, so manure stays in the soil for longer period, especially if it is added in
excess. Seasonal oscillation of §'°N-NOs values in groundwater samples were observed in
wells PDS-5, PDS-6, PDS-7, SPV-11 and PH, while samples from observation well P-2500
had more constant §1°N-NO3 values (Figure 6).
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Figure 6. Variations of measured 5*°N-NOs" values in groundwater samples

The seasonality is likely associated with changes in both sources and organic nitrogen input,
which then affects microbial communities depending on prevalent geochemical conditions.
The absence of seasonality at the well P-2500 suggests steady conditions regarding nitrogen

input and source.
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Since dual isotopic approach indicated several possible sources of nitrate, hydrochemical data,

statistical analyses, and mixing model were used to clearly distinguish the sources. Among the

sampling sites, three groups with different characteristics were singled out based on the
relationships between CI" and NO3 /CI molar ratios (Figure 7a), 1/NOs and 5°N-NOs (Figure
7b), and hierarchical cluster analysis (HCA) (Figure 8).
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Figure 8. Hierarchical cluster analysis of observation wells in the study area based on chemical and

isotopic parameters

First grouping was observed for wells in central part of the study area whose catchment is under

agricultural fields, and thus represent predominantly agricultural sources. The observation
wells within this group are PDS-5, PDS-6, PDS-7, P-1529, P-1530. Second group includes
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wells from urban areas (P-2500, P-4039, and private well in Hrascica), suggesting the
wastewater as the main source. However, private well in Hras¢ica shows signs of both
wastewater and agricultural source, which is probably attributed to groundwater flow direction
from agricultural area towards well. One sample of the observation well PDS-7 was placed in
this group within HCA, which is probably related to the influence from the settlements
upstream. Third group includes wells SPV-11 and P-1556, which are dominantly recharged by
the Drava River and are closest to representing natural conditions in the aquifer.

The proportions of nitrate from different sources for individual observation wells were
calculated using MixSIAR mixing model (Figure 9). The model was created using three
isotopic signatures (8'°N-NOs, §'®0-NOs; and §!°C), thus reducing the ambiguity of

interpretation.
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Figure 9. Proportion of nitrate from different sources calculated using mixing model

The results supported that there is practically no contribution of nitrate from synthetic fertilizers
in the study area, and that the main sources of nitrate are manure, soil organic N, and
wastewater, depending on the land use patterns in the study area. The dominant source of nitrate
in the central part of the study area is manure, followed by soil organic N and wastewater. More
input from wastewater was observed at the well PDS-7, which aligns with results of HCA. The
influence of wastewater most likely occurs from surrounding settlements (Sijanec, Nova Ves,
Zelendvor, Strmec). Wells from urban areas have wastewater as the main source, but also show
influence from soil N and manure, which is attributed to existence of agriculture in their

catchment areas. Nitrate in well P-1556 near the Drava River originates from soil N, while well
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SPV-11 shows similar pattern, but with some manure and wastewater influence (associated

with agricultural activity in the catchment area of the well and vicinity of Svibovec settlement).

The scenario analysis based on the calibrated groundwater flow and nitrate transport model
demonstrated that current agricultural activities were the main reason for the groundwater
quality degradation. Reducing the nitrate input from agricultural areas leads to a more
significant nitrate attenuation in groundwater than reducing the nitrate input from wastewater.
Recently, the development of the sewerage network has also been visible in rural areas, which
could gradually remove wastewater as a source of groundwater pollution in the future.
Therefore, the management of the agricultural practices seems to be of critical importance

towards the remediation of the groundwater quality in the Varazdin aquifer.

Hypothesis #3 Denitrification does not play a significant role in reducing the nitrate content
in the Varazdin alluvial aquifer. Consequently, nitrates act as a conservative contaminant and

there is no significant retardation due to transport.

In addition to determining the origin of nitrates, hydrochemical data and nitrate isotopic
composition were used to study the main processes that affect the stability and transformation
of nitrogen compounds in groundwater, i.e. nitrification and denitrification. Both processes are
multi-step and occur when certain geochemical and microbial conditions are met. Nitrification
takes place under aerobic conditions in presence of nitrifying bacteria which oxidize ammonia
first to nitrite and ultimately to nitrate (NH4* — NO2 — NOgz), while denitrification occurs
when low dissolved oxygen in groundwater force bacteria to use nitrate instead of oxygen, as
a terminal electron acceptor during respiration, reducing it ultimately to nitrogen gas (NOs
—NO2 —»NO — N20 — N). Generally, electron acceptors are usually consumed in the
following order: Oz, NOs , Mn**, Fe3*, SO4>", and CO, (Korom, 1992; Zheng and Bennet, 2002;

Rivett et al., 2008), and bacteria use the next acceptor when previous one is already exhausted.

Geochemical investigations identified major geochemical processes controlling the chemical
composition of groundwater. Carbonate dissolution is dominant against silicate weathering,
resulting in dominantly CaMg—HCO3z hydrochemical type of groundwater. The groundwater is
mostly saturated with respect to calcite and undersaturated with respect to dolomite. Increase
in DOC is accompanied by higher partial pressure of CO3, due to the flushing of the organic
matter from the soil and unsaturated zone into the aquifer, especially during the rainy season.
Plants and manure are considered to be the largest contributors to organic carbon in the soil

layer. However, measured DOC in groundwater (average values between 0.35 to 1.33 mg/L)
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is much lower than DIC (average values between 51.5 and 85.3 mg/L), meaning that the
dissolved carbon is mostly of inorganic origin and regulated by the carbonate matrix of the
aquifer. Dissolved oxygen concentrations in groundwater vary during the measurement period,
but generally represent an aerobic environment (average values between 1.5 and 8.9 mg/L O>),
as confirmed by calculated redox conditions. Locally, low DO values in the aquifer indicate
mixed conditions (oxic-anoxic). According to the hydrochemical indicators, potential for
denitrification in the Varazdin aquifer is limited by very low concentrations of DOC and
increased DO level. Contrary, combination of high DO values, low ammonium and nitrite, with

permanently high nitrate values suggest the existence of nitrification process.

The results obtained by MixSIAR model and dual isotope approach indicated the production
of nitrate from soil organic N as one of the main sources of nitrate in groundwater. Although
application of manure is apparently not as efficient as synthetic fertilizers for plant growth, it
is an important resource to replenish the organic matter content in soil (Song et al., 2017). Also,
manure dumps from farms and decomposition of plants, leaves and other organic matter could
contribute to the accumulation of organic N in soil. The constant production of nitrate in the
system through mineralisation and nitrification of soil organic N is confirmed by disproportion
between calculated and measured total nitrogen (TN) in groundwater (Figure 10). If this
process would not exist, the TN calculated by summing nitrogen species (nitrate, nitrite, and
ammonia) should be the same as measured. However, higher measured TN was observed in

most of the groundwater samples, which indicates additional input of nitrogen into the aquifer.
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Figure 10. Calculated vs. measured total nitrogen (TN) in groundwater samples
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Microbial investigations identified bacterial communities which, based on the prevalent
geochemical conditions, dominantly mediate the nitrification process. The phyla that were
present in groundwater at abundances of more than 5% are Chloroflexi, Actinobacteria,

Nanoarchaeota, Bacteroidota, Patescibacteria,  Proteobacteria,  Nitrospirota, and

' '
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Figure 11. Average relative abundance of microbial community phyla (>5%).
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Identified phyla perform various processes within the nitrogen cycle. For instance, nitrite-
oxidizing bacteria which catalyze the second step of nitrification, belong to the Proteobacteria,
Chloroflexi, and genus Nitrospira of the phylum Nitrospirota (Daims et al., 2016; Sorokin et
al., 2012). Moreover, genus Nitrospira has the ability to oxidize ammonia to nitrate (Daims et
al., 2015; van Kessel et al., 2015) and is considered among the environmentally most
widespread nitrifiers (Koch et al., 2015). An association with nitrogen fixation has been
observed in members of the phyla Proteobacteria, Bacteroidetes, Chloroflexi (Boyd and Peters,
2013; Zilius et al., 2020), Actinobacteria (Sellstedt and Richau, 2013), and Verrucomicrobia
(Khadem et al., 2010; Wertz et al., 2012). Among identified phyla, several bacteria have also
been reported to appear in nitrogen reduction pathways, including members of the
Proteobacteria, Bacteroidetes (Maia and Moura, 2014) and Actinobacteria phyla (Ji et al.,
2015). Analysis of the community diversity showed that the bacterial communities between
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observation wells are similar, but vary in abundance. Chloroflexi, Nanoarchaeota,
Patescibacteria and Proteobacteria phyla dominated the natural area, while Proteobacteria,
Bacteoidota and Actinobacteria phyla dominated the agricultural and urban area. The results
of the PCoA (Figure 12) showed that the microbial community compositions clustered into
four groups according to the sampling area: natural area (P-1556), agricultural area (SPV-11,
PDS-5, PDS-6 and PDS-7), and urban area (private well and P-2500 separately).
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Figure 12. Principal coordinates analysis (PCoA) ordination of the microbial community. Samples are
color-coded by the sampling area and shape-coded by the sampling year. Polygons group samples by
the observation well. VVectors represent the significant correlation (p<0.01) of microbial community

with nitrates and total nitrogen (TN).

The microbial community in the agricultural area had a significant positive correlation to nitrate
concentration and TN, which further indicates their connection to nitrification process.
Nitrospira was identified as the main mediator of nitrification process in the study area. The
occurrence of Proteobacteria, Bacteoidota and Actinobacteria phyla in the agricultural and
urban area leaves the possibility for denitrification process, as their members can perform
reduction processes of nitrogen species.

Using the 5180 values of groundwater in the study area that range between -10.93 and -8.91 %o
and §'80-0,0f23.5 %o for molecular oxygen, the expected range of §:30-NO3 values for nitrate
derived from nitrification of soil organic matter should be between 0.55 and 1.89 %o. The

measured 5'80-NOs values in the groundwater of the study area range from -8.52 to 5.09 %o.
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About 83% of the groundwater samples are below the line §!80-NO3z = 2/3 §80-H,0 + 1/3
5180-02, representing nitrate produced by microbiological nitrification or originating from

other identified sources (Figure 13).
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Figure 13. §**0-NO3 vs §'80-H,0 in measured groundwater samples

Several samples (n=9) are plotted above the line, which indicates that denitrification could
occur in observation wells SPV-11, PDS-7, PDS-5, private well Hras¢ica, and P-2500.
Numerous studies have demonstrated that the occurrence of denitrification is accompanied by
elevated 5°N or 5180 values, and that §'®0/5*°N ratios should range from 1:1.3 to 1:2.1 (Liu
et al., 2006; Fukada et al., 2003; Aravena and Robertson, 1998). The §!30/8™°N ratios of nine
samples ranged between 1:0.9 and 1:2.9, which either coincides or it is very close to
denitrification range. Additionally, in-situ and hydrochemical indicators were reviewed for
these sampling dates to see if there is any further evidence that denitrification has occurred on
these wells. The measured nitrate concentration on selected dates was lower than the mean
nitrate concentration in all wells. Also, nitrites, which are an intermediate product of
denitrification, were occasionally present above the detection limit. Measured groundwater
levels were higher than mean groundwater levels in most of the wells, except in private well
where levels were around mean groundwater levels. High groundwater levels could saturate
the pores within the aquifer matrix to remove the oxygen and activate denitrification,
explaining lower nitrate concentrations. Dissolved oxygen was below the denitrification limit

only in well SPV-11, while measured DO in other wells was lower than usual, but still too high
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for denitrification. However, the possible aeration of the sample during field pumping may
affect DO measurements.

Based on hydrochemical, isotope, and bacterial analyses, nitrification is recognized as the
major nitrogen transformation process in the Varazdin aquifer. Although there are locally
strong indications for denitrification, its contribution to overall nitrate variability in
groundwater is likely small. A limited extent of denitrification was observed in wells in the
centre and east of the study area, generally in deeper parts of the aquifer. However, for the
purpose of regional-scale model in aerated sand and gravel aquifer, denitrification was assumed
to be negligible and nitrate was simulated as a conservative contaminant without retardation
relative to groundwater movement. The advection was identified as the main nitrate transport
process, followed by dispersion, while attenuation of nitrate concentration is driven by dilution
process. Simulation results indicate that the groundwater quality in the northern part of the
study area, including Vinokovscak wellfield will remain good, mainly due to the dilution from
the Drava River with low nitrate content. Contrary, the scenario analysis demonstrated the
inertia of the system to be cleaned of nitrate contamination in the catchment area of the
Varazdin wellfield in central part of the aquifer. It takes decades for nitrate concentrations in
groundwater to respond to changes in nitrogen input, which highlights its persistence and

indicates relatively long groundwater residence time, previously suggested by LMWL analysis.
Perspectives and future research

Several essential findings have emerged during presented research, that need to be understood
and implemented in order to conduct this kind of research successfully. For research purpose,
it is necessary to continuously monitor in-situ, hydrochemical, and isotope parameters, such as
groundwater and surface water levels, DO, pH, temperature, EC, basic anions and cations,
DOC, §'0 and &%H in water, 8*°N or §'80 in nitrate, etc. To achieve this, a prerequisite is to
have a monitoring network of wells which is sufficiently dense and spatially distributed to
cover the whole research area. The number and distribution of observation wells within the
monitoring network of DHMZ, which were used in this study is quite satisfactory, except the
area along the Plitvica stream in the south, which is basically without observation wells. The
use of our monitoring network has provided useful dataset, which enabled to obtain valuable
information about Varazdin aquifer, including surface water-groundwater dynamics,
geochemical and isotope characteristics of groundwater, nitrate sources and fate within the

aquifer.
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The presented results emphasized the importance of research scale. For instance, groundwater
from observation wells located close to the surface water shows isotopic fingerprint of the
surface water, which is gradually lost downstream due to the homogenization of the
groundwater sources. Nitrate fate and hydrochemical conditions are site specific and constantly
change in time. Generally high DO in the groundwater and other indicators suggest that
nitrification is a dominant nitrogen transformation process at regional scale, but denitrification
might be important at local scale, in the catchment area of individual wells. DO concentrations
in sediments at pore scale are not necessarily the same as those measured by a dissolved oxygen
probe in a mixed sample, and only a small volume of water, relatively isolated from mixing
with the bulk oxygenated groundwater, is needed for denitrifiers to begin to respire nitrate
(Rivett et al., 2008). Other geochemical conditions in deeper parts of the aquifer at pore scale
may also be different, allowing denitrification process to occur. The regional scale
methodology used in this study can be employed for similar large-scale studies to model the
general impact of on-ground nitrate input on groundwater contamination in watersheds with
intensive agricultural activity. However, one should be aware of its limitations. The simplifying
assumptions must be taken into consideration when applying the model to management issues,
e.g. in a case of accidental contamination, development of a local numerical model with finer

discretisation would provide better foundation for management strategies.

Nitrate transport model revealed uncertainties regarding on-ground nitrate input to
groundwater, so future research efforts in this area should be devoted to exploring nitrogen
dynamics in soil layer and unsaturated zone, where nitrogen transformation processes also
occur. Specifically, the emphasis should be on better quantitative estimation of nitrate input to
groundwater by using more detailed data on land use, fertilizer use, manure storage, irrigation,
combined with continuous groundwater monitoring and more detailed field sampling for nitrate
sources. The persistence of nitrate in deeper parts of the aquifer suggested a long-term effect
of agricultural activity on groundwater system. Therefore, assessing the role of the groundwater
residence time on the nitrate fate should also be included in further investigation of the

Varazdin aquifer.
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9. CONCLUSION

The Varazdin alluvial aquifer is an important groundwater source for human consumption

and groundwater dependent ecosystem. Therefore, it is essential to ensure the sustainable use

of this valuable water resource. The conducted research resulted in numerous findings about

the alluvial aquifer, its interaction with surface water and precipitation, and nitrate behaviour

within the aquifer. Approximately 800 samples of groundwater, surface water, precipitation,

bacteria, and solid matter were collected in the field, analysed, and interpreted by different

methods (hydraulic, geochemical, isotope, microbiological, statistical, modelling). The

interdisciplinary approach allowed to combine insights from each method, with main goal to

identify the origin, fate and transport of nitrate in the studied aquifer. The following

conclusions were made based on the outcome of this research:

Hydrochemical analyses of groundwater samples identified main processes that
influence the groundwater chemistry: dissolution and precipitation of carbonate
minerals, silicate weathering, cation exchange, transformation of organic matter, and
anthropogenic influence. The most obvious product of anthropogenic influence is
groundwater contamination by nitrate, which exceeds MCL of 50 mg/L in the central
part of the study area. Hydrochemical data suggested that nitrate in groundwater could
be related to usage of manure and fertilizers in agricultural production and wastewater.
The stable water isotopes (520 and §2H) indicated that groundwater and surface water
are recharged by precipitation. A shift has been observed between LMWL from 2007-
2010 and LMWL Hras¢ica from 2017-2019, which suggests the climate change in the
last 10 years. The isotopic composition of the Drava River is above the LMWLSs from
the Varazdin area, due to the more negative isotopic values originating from high
altitudes upstream of the study area, where the Drava River springs and its main
tributaries have catchment areas. Groundwater samples are mostly plotted closer to
LMWL Hra$¢ica, indicating dominant recharge from recent precipitation. Some
groundwater samples from deeper wells are closer to LMWL from 2007-2010, which
can be explained by longer groundwater residence time in deeper parts of the aquifer
(10 years or more). The isotopic composition of groundwater along the Drava River
shows dominant influence of surface water, which decreases moving away from the
river towards central part of the study area, where homogenization of the groundwater

source is observed (a mixture of precipitation, river, and lake waters).
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Analysis of head contour maps shows that aquifer is recharged from the Drava River
and accumulation lake Varazdin for all hydrological conditions, keeping the
groundwater flow in the quasi-steady state. Aquifer recharge is also achieved through
effective infiltration of precipitation, which was calculated using Wetspass-M model in
the amount of 34% of the average annual precipitation. The general direction of
groundwater flow is from NW to SE, with local changes which are most pronounced
around the derivation channel, suggesting its drainage role. According to flow duration
curves and 8'®0 and 8%H analyses, discharge of groundwater also occurs to Plitvica
stream, at least near the eastern edge of the study area. The first hypothesis that “The
aquifer is predominantly recharged by the Drava River, the Plitvica stream and the
accumulation lake of HPP VaraZdin, while the recharge from precipitation is much
lower” was confirmed through water budget analysis of the groundwater flow model.
Surface waters participate in groundwater recharge with 68% distributed between
Drava River (31%), accumulation lake (21%), Plitvica stream (15%) and the derivation
channel (1%), while other 32% is attributed to precipitation infiltration. These results
demonstrate the significance of considering Varazdin aquifer as an integrated system
with constant interactions between precipitation, surface water, groundwater, and
human influence.

Nitrate origin was studied using combination of dual isotope approach (8*°N and §*20
in NO3), chemical and bacterial data, and isotope mixing model. Isotopic composition
of nitrate in groundwater samples indicated that manure, wastewater, soil organic N,
and ammonia fertilizers are the possible sources of nitrate in groundwater. The use of
synthetic fertilizers was not recognized as source of nitrate in groundwater. A
distinctive grouping in three groups was observed, based on the relationships between
CI and NO3 /CI molar ratios, 1/NO3 and §°N-NOs , HCA, and bacterial communities.
First group represents wells whose catchment area is predominantly under agriculture
(PDS-5, PDS-6, PDS-7). Wells from second group are in urban area (P-4039, P-2500,
private well), while third group represents wells under natural conditions (P-1556,
SPV-11). Occasionally data indicate another nitrate source on several wells: wastewater
and agriculture in SPV-11, wastewater in PDS-7, and agriculture in private well. In all
cases, this secondary influence is attributed to different landuse upstream. The
proportions of each source per observation well were quantified using MixSIAR mixing

model. The results supported the specified grouping and showed that manure is the
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main nitrate source in agricultural, wastewater in urban, and soil organic N in natural
group. Based on the presented results, the second hypothesis is partially confirmed
(“Nitrate origin in the groundwater of the Varazdin aquifer is mainly related to the use
of manure and synthetic fertilizers in agricultural production”), since manure has been
identified as a major nitrate source, and nitrate input from synthetic fertilizers in the
study area is basically non-existent. Methodological approach used to distinguish
nitrate sources in the Varazdin aquifer demonstrated that combined application of
isotope, chemical, bacterial, and modelling techniques can reduce the ambiguity of
interpretation and provide more reliable information on the nitrate origin.

Bacterial analyses in groundwater samples demonstrated similarity of bacteria between
observation wells, which vary in abundance. The microbial community in the
agricultural area had a significant positive correlation to nitrate concentration and TN,
indicating nitrification process. Among them, genus Nitrospira was recognized as the
main nitrifier. The occurrence of Proteobacteria, Bacteoidota, and Actinobacteria phyla
in the agricultural and urban area suggests possible occurrence of denitrification, as
their members can perform reduction processes of nitrogen species.

Nitrification was identified as the main nitrogen transformation process in the Varazdin
aquifer, as supported by numerous indicators: high DO, low ammonium and nitrite,
permanently high nitrate, discrepancy between calculated and measured TN, bacterial
communities, 80 and 8°N isotopes in nitrate. Based on the geochemical indicators,
potential for denitrification in the aquifer is limited by very low concentrations of DOC
and increased DO level. However, denitrification process may occur locally, generally
in deeper observation wells located in central and eastern part of the study area. This is
suggested by several indicators observed on nine groundwater samples: decreased
nitrate concentration, occurrence of nitrite, lower DO, high groundwater levels,
5180/3'°N ratios close to denitrification range. Although there are indications for
denitrification, its occurrence is site specific and its overall contribution to nitrate
variability in groundwater is likely small. Therefore, the third hypothesis that
“Denitrification does not play a significant role in reducing the nitrate content in the
Varazdin alluvial aquifer. Consequently, nitrates act as a conservative contaminant and
there is no significant retardation due to transport.” is confirmed.

The calibrated groundwater flow and nitrate transport model was used to simulate the

development of nitrate concentrations in groundwater in the next two decades according
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to four scenarios which differ in the on-ground nitrate input into the aquifer. Simulation
results indicate good future groundwater quality in the northern part of the aquifer, due
to the dilution from the Drava River with low nitrate content. Based on the simulation
curve, a downward trend of nitrate concentrations is expected to continue in the next
20 years in the central part of the aquifer. The most significant decrease of nitrate in
groundwater was observed by removing input from agricultural land, confirming that
agriculture is the main controlling factor of nitrate contamination. However, it takes
decades for nitrate concentrations in groundwater to respond to changes in on-ground
input. According to the modelling results, changes in management of agricultural
practices appears to be the most efficient approach to gradually reduce nitrate
contamination in the Varazdin aquifer, but positive effects of any potential measures
should be expected after a longer period.

Specific measures to reduce agricultural pressure on groundwater quality in the
Varazdin aquifer should combine different management options, including optimizing
manure use considering the rates, application timing and methods, construction of
storages for manure disposal from farms, effective use of irrigation methods according
to crop water demand, and implementation of other guidelines of the Nitrate Directive
(91/676/EEC). However, additional research of nitrogen loadings, unsaturated zone and
groundwater residence time is necessary to obtain more details about nitrate behaviour
in the studied system, which can provide the basis for formulating appropriate
management strategies for water quality protection.

There are several scientific contributions that emerged from this research: defining the
role of recent precipitation on aquifer recharge, indications of climate change in the last
10 years, determination of nitrate origin, identification of bacterial communities that
mediate nitrogen transformation processes, determination of water budget in the
aquifer, future predictions of nitrate concentrations in groundwater. The main
contribution is the transfer of knowledge between scientists of different disciplines and
the successful application of an interdisciplinary approach for nitrate research in
alluvial aquifer, which has the potential to be used in similar studies that have a problem

with elevated nitrate in groundwater under intensive agricultural activity.

134



10. REFERENCES

Abdollahi, K.; Bashir, I.; Verbeiren, B.; Harouna, M.R.; Griensven, A.V.; Husmans, M. &
Batelaan, O. (2017) A distributed monthly water balance model: Formulation and application

on Black Volta Basin. Environmental Earth Sciences, 76, 198.

Aggarwal, P.K., Gat, J.R. & Froehlich, K.F. (2005): Isotopes in the Water Cycle: Past, Present
and Future of a Developing Science. Springer, 67-89.

Almasri M.N. & Kaluarachchi, J.J. (2007) Modeling nitrate contamination of groundwater in

agricultural watersheds. Journal of Hydrology, 343, 211-229.

Almasri M.N. (2007) Nitrate contamination of groundwater; A conceptual management
framework. Environmental Impact Assessment Review, 27 (3), 220-242.

Anderson, M.P. & Woessner, W.W., (2002) Applied groundwater modeling, Simulation of

flow and advective transport. Academic Press, Inc. San Diego, California, USA, 381.

Aquaveo, L.L.C. (2018) Groundwater Modeling System Version 10.4, release date November
2018, 648 Utah, USA.

Arauzo, M. & Martinez-Bastida, J.J. (2015) Environmental factors affecting diffuse nitrate
pollution in the major aquifers of central Spain: groundwater vulnerability vs. groundwater
pollution. Environmental Earth Sciences, 73, 8271-8286.

Aravena, R. & Robertson, W.D. (1998) Use of multiple isotope tracers to evaluate
denitrification in groundwater: Study of nitrate from a large—Flux septic system plume.
Ground Water, 36, 975-982.

Bacani, A. & Posavec, K. (2011) Operations research methods in the hydrogeology [in
Croatian]. University of Zagreb, Faculty of Mining, Geology and Petroleum Engineering,
Zagreb, 123.

Biddau, R., Cidu, R., Da Pelo, S., Carletti, A., Ghiglieri, G. & Pittalis D. (2019) Source and
fate of nitrate in contaminated groundwater systems: Assessing spatial and temporal variations
by hydrogeochemistry and multiple stable isotope tools. Science of the Total Environment,
647, 1121-1136.

Blasch, K.W. & Bryson, J.R. (2007) Distinguishing sources of ground water recharge by using
82H and §'80. Ground Water, 45, 294-308.

135



Boyd, E.S. & Peters, JW. (2013) New insights into the evolutionary history of biological
nitrogen fixation. Frontiers in Microbiology, 4 (201).

Brki¢, Z., Larva, O. & Markovi¢, T. (2009) State and risk assesment of groundwater units in
the Pannonian part of the Republic of Croatia. [in Croatian]: Croatian Geological Survey,
4874/08, 177.

Bronders, J., Tirez, K., Widory, D. & Petelet-Giraud, E. (2012) Use of compound-specific
nitrogen (5!°N), oxygen (8'80), and bulk boron (5!!B) isotope ratios to identify sources of
nitrate-contaminated waters: a guideline to identify polluters. Environmental Forensics, 13, 32-
38.

Carrey, R., Ballesté, E., Blanch, A. R., Lucena, F., Pons, P., Lopez, J.M., Rull, M., Solac, J.,
Micola, N., Fraile, J., Garrido, T., Munnéd, A., Soler, A. & Otero, N. (2021) Combining multi-
isotopic and molecular source tracking methods to identify nitrate pollution sources in surface
and groundwater. Water Research, 188, 116537.

Chang C.Y.C., Langston, J., Riggs, M., Campbell, D.H., Silva, S.R. & Kendall, C. (1999) A
method for nitrate collection for 8°N and &0 analysis from waters with low nitrate

concentrations. Canadian Journal of Fisheries and Aquatic Sciences, 56, 10, 1856-1864.

Chen, D.J.Z. & MacQuarrie, K.T.B. (2005) Correlation between '°N and 520 in NO3 during
denitrification in groundwater. Journal of Environmental Engineering and Science, 4 (3), 221-
226.

Corine Land Cover (CLC, 2018). URL.: https://land.copernicus.eu/pan-european/corine-land-
cover/clc2018 (6 March 2022).

Council Directive (91/676/EEC) concerning the protection of waters against pollution caused
by nitrates from agricultural sources (Nitrate Directive). Official Journal of the European
Communities, OJ L 375.

Council directive (98/83/EC) of 3 November 1998 on the quality of water intended for human

consumption. Official Journal of the European Communities, OJ L 330.

Crouzet, P., Leonard, J., Nixon, S., Rees, Y., Parr, W., Laffon, L., Bagestrand, J., Kristensen,
P., Lallana, C., 1zzo, G., Bokn, T. & Bak, J. (1999) Nutrients in Europe Ecosystems.

Environmental Assessment Report No. 4. European Environmental Agency, Copenhagen.

Czekaj, J., Jakobczyk-Karpierz, S., Rubin, H., Sitek, S. & Witkowski, A. (2016) Identification

of nitrate sources in groundwater and potential impact on drinking water reservoir

136


https://land.copernicus.eu/pan-european/corine-land-cover/clc2018
https://land.copernicus.eu/pan-european/corine-land-cover/clc2018

(Goczatkowice reservoir, Poland). Physics and Chemistry of the Earth, Parts A/B/C, 94, 35-
46.

Daims, H., Lebedeva, E.V., Pjevac, P., Han, P., Herbold, C., Albertsen, M., Jehmlich, N.,
Palatinszky, M., Vierheilig, J., Bulaev, A., Kirkegaard, R.H., von Bergen, M., Rattei, T.,
Bendinger, B., Nielsen, P.H. & Wagner, M. (2015) Complete nitrification by
Nitrospira bacteria. Nature, 528, 504-509.

Daims, H., Lucker, S. & Wagner, M. A. (2016) New perspective on microbes formerly known
as nitrite oxidizing bacteria. Trends in Microbiology, 24, 699-712.

Davis, P., Syme, J., Heikoop, J., Fessenden-Rahn, J., Perkins, G., Newman, B., Chrystal, A.E.
& Hagerty, S.B. (2015) Quantifying uncertainty in stable isotope mixing models. Journal of
Geophysical Research: Biogeosciences, 120, 903-923.

Devito, K.J., Fitzgerald, D., Hill, A.R. & Aravena, R. (2000) Nitrate dynamics in relation to
lithology and hydrologic flow path in a river riparian zone. Journal of Environmental Quality,
29 (4), 1075-1084.

Directive (2006/118/EC) of the European Parliament and of the Council of 12 December 2006
on the protection of groundwater against pollution and deterioration (Groundwater Directive).

Official Journal of the European Communities, OJ L 372.

Fennesy, M.S. & Cronk, J.K. (1997) The effectiveness and restoration potential of riparian
ecotones for the management of nonpoint source pollution, particularly nitrate. Critical

Reviews in Environmental Science and Technology, 27, 285-317.

Fukada, T.; Hiscock, K.M.; Dennis, P.F. & Grischek, T. (2003) A dual isotope approach to
identify denitrification in groundwater at a river-bank infiltration site. Water Research, 37,
3070-3078.

Gilmore, T.E., Genereux, D.P., Solomon, D.K., Solder, J.E., Kimball, B.A., Mitasova, H. &
Birgand, F. (2016) Quantifying the fate of agricultural nitrogen in an unconfined aquifer:
Stream-based observations at three measurement scales. Water Resources Research, 52(3),
1961-1983.

Gjetvaj, G. (1993) Identification of the nitrate origin in the groundwater of the Varazdin region
[in Croatian]. Hrvatske vode, 1, 247-252.

137



Gooddy, D., Macdonald, D., Lapworth, D., Bennett, S. & Griffiths, K. (2014) Nitrogen sources,
transport and processing in peri-urban floodplains. Science of the Total Environment, 494, 28-
38.

Grdan, D., Durman, P. & Kovacev-Marinc¢i¢, B. (1991) Relationship between altered system
and quality of groundwaters in well fields of Varazdin and Bartolovec [in Croatian]. Geoloski

vjesnik, 44, 301-308.

Hager, B. & Foelsche, U. (2015) Stable isotope composition of precipitation in Austria.

Austrian Journal of Earth Sciences, 108, 2-13.

Han, S.H., An, J.Y., Hwang, J., Kim, S.B. & Park, B.B. (2016) The effects of organic manure
and chemical fertilizer on the growth and nutrient concentrations of yellow poplar
(Liriodendron tulipifera Lin.) in a nursery system. Forest Science and Technology, 12, 137-
143.

Hansen, A. L., Donnelly, C., Refsgaard, J. C. & Karlsson, I. B. (2017) Simulation of nitrate
reduction in groundwater - an upscaling approach from small catchments to the Baltic Sea

basin. Advances in Water Resources, 111, 58-69.

Hernandez-del Amo, E., Mencid, A., Gich, F., Mas-Pla, J. & Bafieras, L. (2018) Isotope and
microbiome data provide complementary information to identify natural nitrate attenuation

processes in groundwater. Science of the Total Environment, 613-614, 579-591.

Hunjak, T.; Lutz, H. O. & Roller-Lutz, Z. (2013) Stable isotope composition of the meteoric

precipitation in Croatia. Isotopes in Environmental and Health Studies, 49, 336—345.

Jahangir, M. M. R., Johnston, P., Barrett, M., Khalil, M. 1., Groffman, P. M., Boeckx, P.,
Fenton, O., Murphy, J. & Richards, K. G. (2013) Denitrification and indirect N2O emissions in
groundwater: Hydrologic and biogeochemical influences. Journal of Contaminant Hydrology,
152, 70-81.

Ji, B., Yang, K., Zhu, L., Jiang, Y. Wang, H., Zhou, J. & Zhang, H. (2015) Aerobic
denitrification: A review of important advances of the last 30 years. Biotechnology and

Bioprocess Engineering volume, 20, 643-651.

Jiang, Y. & Somers, G. (2008) Modeling effects of nitrate from non-point sources on
groundwater quality in an agricultural watershed in Prince Edward Island, Canada.
Hydrogeology Journal, 17(3), 707-724.

138



Jogun, K., Pavlek, K., Beli¢, T., Buhin, S. & Malesi¢, N. (2017) Land cover changes in northern
Croatia from 1981 to 2011. Hrvatski Geografski Glasnik. 79, 33-59.

Kaown, D., Koh, D.C., Mayer, B. & Lee, K.K. (2009) Identification of nitrate and sulfate
sources in groundwater using dual stable isotope approaches for an agricultural area with
different land use (Chuncheon, mid-eastern Korea). Agriculture, Ecosystems & Environment,
132, 223-231.

Kendall, C. (1998) Tracing nitrogen sources and cycling in catchments. In: Kendall, C. &

McDonnell, J.J. (eds.) Isotope Tracers in Catchment Hydrology. Elsevier Science, 519-576.

van Kessel, M., Speth, D., Albertsen, M., Nielsen, P., Op den Camp, H., Kartal, B., Jetten, M.
& Liicker, S. (2015) Complete nitrification by a single microorganism. Nature, 528, 555-559.

Khadem, A.F., Pol, A., Jetten, M.S.M. & Op den Camp H.J.M. (2010) Nitrogen fixation by the
verrucomicrobial methanotroph 'Methylacidiphilum fumariolicum' SolV. Microbiology
(Reading), 156, 1052-1059.

Kim H.K.H., Yun S.T., Mayer B., Lee J.H., Kim T.S. & Kim H.K. (2014) Quantification of
nitrate sources in groundwater using hydrochemical and dual isotopic data combined with a

Bayesian mixing model. Agriculture, Ecosystems and Environment, 199, 369-381.

Kim, H., Kaown, D., Mayer, B., Lee, J.Y., Hyun, Y. & Lee K.K. (2015) Identifying the sources
of nitrate contamination of groundwater in an agricultural area (Haean basin, Korea) using

isotope and microbial community analyses. Science of The Total Environment, 533, 566-575.

Koch, H., Lucker, S., Albertsen, M., Kitzinger, K., Herbold, C., Spieck, E., Nielsen, P.H.,
Wagner, M. & Daims, H. (2015) Expanded metabolic versatility of ubiquitous nitrite-oxidizing
bacteria from the genus nitrospira. Proceedings of the National Academy of Sciences of the
United States of America, 112, 11371-11376.

Korom, S.F. (1992) Natural denitrification in the saturated zone: a review. Water Resources
Research, 28 (6), 1657-1668.

Kovac, Z. (2017) Nitrate origin in groundwater of the Zagreb alluvial aquifer [in Croatian with
English Summary]. Doctoral Thesis, University of Zagreb, Faculty of Mining, Geology and
Petroleum Engineering, Zagreb, 255.

Larva, O. (2008) Aquifer Vulnerability at Catchment Area of Varazdin Pumping Sites [in
Croatian with English Summary]. Doctoral Thesis, University of Zagreb, Faculty of Mining,
Geology and Petroleum Engineering, Zagreb, 198.

139



Lee, M., Lee, K.K,, Hyun, Y., Clement, T.P., & Hamilton, D.P. (2006) Nitrogen transformation
and transport modeling in groundwater aquifers. Ecological Modelling, 192, 143-159.

Li, S.L, Liu, C.Q., Lang, Y.C., Zhao, Z.Q. & Zhou Z.H. (2010) Tracing the sources of nitrate
in karstic groundwater in Zunyi, Southwest China: a combined nitrogen isotope and water
chemistry approach. Environmental Earth Sciences, 60 (7), 1415-1423.

Liu, C.Q., Li, S.L., Lang, Y.C. & Xiao, H.Y. (2006) Using 5!°N- and §!80- values to identify
nitrate sources in karst ground water, Guiyang, Southwest China. Environmental Science &
Technology, 40, 6928-6933.

MacQuarrie, K.T.B., Sudicky, E. & Robertson, W.D. (2001) Numerical simulation of a fine-
grained denitrification layer for removing septic system nitrate from shallow groundwater.
Journal of Hydrology, 52, 29-55.

Mariotti, A., Landreau, A. & Simon, B. (1988) '°N isotope biogeochemistry and natural
denitrification processes in groundwater: application to the chalk aquifer of northern France.
Geochimica et Cosmochimica Acta, 52, 1869-1878.

Markovi¢, T. (2007) Vulnerability Assessment of Unsaturated Zone by Geochemical
Modelling [in Croatian with English Summary]. Doctoral Thesis, University of Zagreb, Faculty
of Mining, Geology and Petroleum Engineering, Zagreb, 146.

Matiatos, 1. (2016) Nitrate source identification in groundwater of multiple land-use areas by
combining isotopes and multivariate statistical analysis: a case study of Asopos basin (Central
Greece). Science of The Total Environment, 541, 802-814.

Maia, L. B. & Moura, J. J. (2014) How biology handles nitrite. Chemical Reviews, 114, 5273
5357.

Mayer, B., Bollwerk, S.M., Mansfeldt, T., Hitter, B. & Veizer, J. (2001) The oxygen isotope
composition of nitrate generated by nitrification in acid forest floors. Geochimica et
Cosmochimica Acta, 65, 2743-2756.

Minet, E., Coxon, C.E., Goodhue, R., Richards, K.G., Kalin, R.M. & Meier-Augenstein, W.
(2012) Evaluating the utility of N and 80 isotope abundance analyses to identify nitrate
sources: A soil zone study, Water Research, 46, 12, 3723-3736.

Minet, E.P., Goodhue, R., Meier-Augenstein, W., Kalin, R.M., Fenton, O., Richards, K.G. &

Coxon, C.E. (2017) Combining stable isotopes with contamination indicators: A method for

140



improved investigation of nitrate sources and dynamics in aquifers with mixed nitrogen inputs.
Water research, 124, 85-96.

Official Gazette (OG 125/2017, 39/2020) Pravilnik o parametrima sukladnosti, metodama
analize, monitoringu i planovima sigurnosti vode za ljudsku potros$nju te nacinu vodenja
registra pravnih osoba koje obavljaju djelatnost javne vodoopskrbe. URL: https://narodne-
novine.nn.hr/clanci/sluzbeni/2017_12_125_2848.html (5 March 2022).

Ogrinc, N., TamSe, S., Zavadlav, S., Vrzel, J. & Jin, L. (2019) Evaluation of geochemical
processes and nitrate pollution sources at the Ljubljansko polje aquifer (Slovenia): A stable
isotope perspective. Science of The Total Environment, 646, 1588-1600.

Otero, N., Torrento, C., Soler, A., Mencio, A. & Mas-Pla, J. (2009) Monitoring groundwater
nitrate attenuation in a regional system coupling hydrogeology with multi-isotopic methods:
the case of Plana de Vic (Osona, Spain). Agriculture, Ecosystems & Environment, 133, 103-
113.

Pabich, W.J., Valiela, I. & Hemond, H.F. (2001) Relationship between DOC concentration and
vadose zone thickness and depth below water table in groundwater of Cape Cod, USA.
Biogeochemistry, 55 (3), 247-268.

Parkhurst, D.L. & Appelo, C.A.J. (2013) Description of Input and Examples for PHREEQC
Version 3 - A Computer Program for Speciation, Batch-Reaction, One-Dimensional Transport,
and Inverse Geochemical Calculations. U.S. Geological Survey Techniques and Methods,
Book 6, USGS, Denver, CO, USA, Chapter A43, 497. URL.: https://pubs.usgs.gov/tm/06/a43/
(5 March 2022).

Pastén-Zapata, E., Ledesma-Ruiz, R., Harter, T., Rampata, A.l. & Mahlknecht, J. (2014)
Assessment of sources and fate of nitrate in shallow groundwater of an agricultural area by

using a multi-tracer approach. Science of the Total Environment, 470, 855-864.

Pefia-Haro S., Pulido-Velazquez M. & Sahuquillo A. (2009) A hydro-economic modelling
framework for optimal management of groundwater nitrate pollution from agriculture. Journal
of Hydrology 373 (1-2), 193-203.

Rivett, M.O., Buss, S.R., Morgan, P., Smith, JW.N. & Bemment, C.D. (2008) Nitrate
attenuation in groundwater: a review of biogeochemical controlling processes. Water Research,
42, 4215-4232.

141


https://narodne-novine.nn.hr/clanci/sluzbeni/2017_12_125_2848.html
https://narodne-novine.nn.hr/clanci/sluzbeni/2017_12_125_2848.html
https://pubs.usgs.gov/tm/06/a43/

Selistedt, A. & Richau, K. H. (2013) Aspects of nitrogen-fixing Actinobacteria, in particular
free-living and symbiotic Frankia. FEMS Microbiology Letters, 342, 2, 179-186.

Sidiropoulos, P., Tziatzios, G., Vasiliades, L., Mylopoulos, N. & Loukas, A. (2019)
Groundwater Nitrate Contamination Integrated Modeling for Climate and Water Resources
Scenarios: The Case of Lake Karla Over-Exploited Aquifer. Water, 11(6), 1201.

Silva, S.; Kendall, C.; Wilkison, D.; Ziegler, A.; Chang, C.C. & Avanzino, R. (2000) A new
method for collection of nitrate from fresh water and the analysis of nitrogen and oxygen

isotope ratios. Journal of Hydrology, 228, 22-36.

Song, K., Xue, Y., Zheng, X., Lv, W,, Qiao, H., Qin, Q. & Yang, J. (2017) Effects of the
continuous use of organic manure and chemical fertilizer on soil inorganic phosphorus

fractions in calcareous soil. Scientific Reports, 7(1), 1164.

Sorokin, D.Y ., Liicker, S., Vejmelkova, D., Kostrikina, N.A., Kleerebezem, R., Rijpstra, W.1.,
Damsté, J.S., Le Paslier, D., Muyzer, G., Wagner, M., van Loosdrecht, M.C. & Daims, H.
(2012) Nitrification expanded: discovery, physiology and genomics of a nitrite-oxidizing
bacterium from the phylum Chloroflexi. ISME Journal, 6(12), 2245-56.

Spitz, K. & Moreno, J. (1996) A Practical Guide to Groundwater and Solute Transport
Modeling. John Wiley and Sons, New York, 461.

Stock, B.C., Jackson, A.L., Ward, E.J., Parnell, A.C., Phillips, D.L. & Semmens, B.X. (2018)
Analyzing mixing systems using a new generation of Bayesian tracer mixing models. PeerJ
6:€5096.

Surdyk, N., Gutierrez, A., Baran, N. & Thiéry, D. (2021) A lumped model to simulate nitrate

concentration evolution in groundwater at catchment scale. Journal of Hydrology, 596, 125696.

Sutton, M.A., Howard, C.M., Erisman, J.W., Billen, G., Bleeker, A., Grennfelt, P., van Grisven,
H. & Grizzetti, B. (2011) The European Nitrogen Assessment: Sources, Effects and Policy

Perspectives. Cambridge University Press, Cambridge, 30. URL: crop.pdf (cambridge.org) (5
March 2022).

Varkom d.d. Varazdin (Varkom, 2015) Project: Wastewater drainage and treatment system,

Varazdin Agglomeration [in Croatian]. URL: https://www.varkom.hr/stranica/sustav-

odvodnje# (5 March 2022).

Wakida, F.T. & Lerner, D.N. (2005) Non-agricultural sources of groundwater nitrate: a review

and case study. Water Research, 39(1), 3-16.

142


https://assets.cambridge.org/97811070/06126/frontmatter/9781107006126_frontmatter.pdf
https://www.varkom.hr/stranica/sustav-odvodnje
https://www.varkom.hr/stranica/sustav-odvodnje

Walton, B. (1951) Survey of literature relating infant methemoglobinemia due to nitrate
contaminated water. American Journal of Public Health, 41, 986—996.

Wang, S., Zheng, W., Currell, M., Yang, Y., Zhao, H. & Lv, M. (2017) Relationship between
land-use and sources and fate of nitrate in groundwater in a typical recharge area of the North
China Plain. Science of The Total Environment, 609, 607-620.

Ward, M.H., Dekok, T.M., Levalliois, P., Brender, J., Gulis, G., Nolan, B.T. & Van Derslice,
J. (2005) Workgroup report: drinking-water nitrate and health recent findings and research

needs. Environmental Health Perspectives, 113, 1607-1614.

Wertz, J.T., Kim, E., Breznak, J.A., Schmidt, T.M. & Rodrigues, J.L. (2012) Genomic and
physiological characterization of the Verrucomicrobia isolate Geminisphaera colitermitum
gen. nov., sp. nov., reveals microaerophily and nitrogen fixation genes. Applied and
Environmental Microbiology, 78(5), 1544-55.

Winneberger, J.H.T. (1982) Nitrogen, Public Health and the Environment. Ann Arbor Science
Publishers Inc. Ann Arbor, Michigan, USA, 77.

Wolfe, A.H. & Patz, J.A. (2002) Reactive nitrogen and human health: acute and long-term
implications. Ambio, 31 (2), 120-125.

World Health Organization (WHO, 1985) Health Hazards from Nitrates in Drinking Water,
Report on a WHO Meeting in Copenhagen, Denmark, 5-9 March 1984. Regional Office for
Europe: Copenhagen, Denmark, 3, 49-66.

World Health Organization (WHO, 2004) Guidelines for Drinking Water Quality, Third
edition, Volume 1, Recommendations, World Health Organization, Geneva, 540. URL.:
https://www.who.int/water_sanitation_health/dwg/GDWQ2004web.pdf (5 March 2022).

Xu, L., Niu, H., Xu, J. & Wang, X. (2013) Nitrate-nitrogen leaching and modeling in intensive
agriculture farmland in China. The Scientific World Journal, 2013, 353086.

Xu, S., Kang, P. & Sun, Y. (2016) A stable isotope approach and its application for identifying
nitrate source and transformation process in water. Environmental Science and Pollution
Research, 23, 1133-1148.

Xue, D., Botte, J., De Baets, B., Accoe, F., Nestler, A., Taylor, P., Van Cleemput, O., Berglund,
M. & Boeckx, P. (2009) Present limitations and future prospects of stable isotope methods for

nitrate source identification in surface- and groundwater. Water Research, 43 (5), 1159-1170.

143


https://www.who.int/water_sanitation_health/dwq/GDWQ2004web.pdf

Yeh, H.F., Lin, H.l., Lee, C.H., Hsu, K.C. & Wu, C.S. (2014) Identifying Seasonal
Groundwater Recharge Using Environmental Stable Isotopes. Water, 6(10), 2849-2861.

Zhang, H. & Hiscock, K.M. (2016) Modelling response of groundwater nitrate concentration

in public supply wells to land-use change. Quarterly Journal of Engineering Geology and

Hydrogeology, 49(2), 170-182.

Zhang, Y., Li, F., Zhang, Q., Li, J. & Liu, Q. (2014) Tracing nitrate pollution sources and
transformation in surface- and ground-waters using environmental isotopes. Science of the
Total Environment, 490, 213-222.

Zhang, Y.; Zhou, A.; Zhou, J.; Liu, C.; Cai, H.; Liu, Y. & Xu, W. (2015) Evaluating the Sources
and Fate of Nitrate in the Alluvial Aquifers in the Shijiazhuang Rural and Suburban Area,
China: Hydrochemical and Multi-Isotopic Approaches. Water, 7, 1515-1537.

Zhang, Y., Shi, P., Li, F., Wei, A., Song, J. & Ma, J. (2018) Quantification of nitrate sources
and fates in rivers in an irrigated agricultural area using environmental isotopes and a Bayesian

isotope mixing model. Chemosphere, 208, 493-501.

Zhang, Y., Shi, P., Song, J.X. & Li, Q. (2019) Application of nitrogen and oxygen isotopes for
source and fate identification of nitrate pollution in surface water: a review. Applied Sciences,
9(1), 18.

Zheng, C. & Bennett, G.D. (2002) Applied Contaminant Transport Modeling. 2nd edition.
Wiley-Interscience, 656.

Zilius, M., Bonaglia, S., Broman, E., Gonsalez Chiozzini, V., Samuiloviene, A., Nascimento,
F.J.A., Cardini, U. & Bertoli, M. (2020) N fixation dominates nitrogen cycling in a mangrove
fiddler crab holobiont. Scientific Reports, 10, 13966.

Zugéi¢, D. (2001) The role of mathematical modeling of contamination transport in
determination of sanitary protection zones of wellfields [in Croatian]. In: Lini¢, A., Biondi¢,
B. & Brbora, V. (eds.) Proceedings of the conference Kako zastititi vode Hrvatske s gledista
vodoopskrbe i odvodnje. Pula, Croatia, 26-30 June 2001, 239-246.

144


https://www.amazon.com/s/ref=dp_byline_sr_book_1?ie=UTF8&text=Gordon+D.+Bennett+Chunmiao+Zheng&search-alias=books&field-author=Gordon+D.+Bennett+Chunmiao+Zheng&sort=relevancerank

11. BIOGRAPHY OF THE AUTHOR

Igor Karlovi¢ was born on the 14 December 1991 in Varazdin, where he attended primary
school and high school. After graduating from gymnasium, he enrolled in the Undergraduate
Study of Geological Engineering at the Faculty of Mining, Geology and Petroleum Engineering
in academic year 2010/2011. He obtained Bachelor's degree in 2013, defending the thesis
entitled ,,Kakvoca podzemne vode na podrucju crpilista Sasnjak* (Quality of groundwater in
the area of well field Sasnjak — in Croatian). In academic year 2013/2014 he enrolled in the
Graduate Study of Geological Engineering at the Faculty of Mining, Geology and Petroleum
Engineering. During his graduate studies, received two Dean’s Awards for academic
excellence. He also worked as a student assistant of the course Hydrogeology at the Department
of Geology and Geological Engineering. He obtained Master's degree in 2015, defending the
thesis entitled ,,HidrogeoloSki odnosi na sjeveroistocnom rubu zagreba¢kog vodonosnika“
(Hydrogeological relationships on the northeastern edge of the Zagreb aquifer — in Croatian).
After graduation, he was employed as geologist from 2015 to 2018 at the Institut IGH d.d.,
Department of Engineering Geology and Geophysics. Since 2018 he has been employed as an
assistant at the Department of Hydrogeology and Engineering Geology of the Croatian
Geological Survey under the supervison of Tamara Markovi¢, PhD. In academic year
2018/2019 he started his PhD under supervision of prof. Kristijan Posavec, PhD at the Faculty
of Mining, Geology and Petroleum Engineering. The topic of the PhD thesis arose from
research project TRANITAL (Origin, fate and TRAnsport modelling of Nltrate in the Varazdin
AlLluvial aquifer) financed by Croatian Science Foundation. He attended professional training
at the NERC Isotope Geosciences Facility of the British Geological Survey in 2020, and at the
Jozef Stefan Institute in 2021. He is a member and secretary of the Department of
Hydrogeology of the Croatian Geological Society and National Group of the International

Association of Hydrogeologists (IAH).

List of published papers (10/06/2022):

e Markovi¢, T., Karlovi¢, 1., Percec Tadi¢, M., Larva, O.: Application of Stable Water
Isotopes to Improve Conceptual Model of Alluvial Aquifer in the Varazdin Area,
Water, 12 (2020), 2; 1-13, doi:10.3390/w12020379

145



Karlovié, 1., Markovi¢, T., Sparica Miko, M., Maldini, K.: Geochemical Characteristics
of Alluvial Aquifer in the Varazdin Region, Water, 13 (2021), 11; 1508, 16,
doi:10.3390/w13111508

Karlovi¢, 1., Markovi¢, T., Vujnovié, T., Larva, O.: Development of a Hydrogeological
Conceptual Model of the Varazdin Alluvial Aquifer, Hydrology, 8 (2021), 19, 13,
doi:10.3390/hydrology8010019

Karlovi¢, 1., Pavli¢, K., Posavec, K., Markovi¢, T.: Analysis of the hydraulic connection
of the Plitvica stream and the groundwater of the Varazdin alluvial aquifer, Geofizika,
38 (2021), 1; 15-35, doi:10.15233/9fz.2021.38.3

Kulas, A., Markovi¢, T., Zutini¢, P., Kajan, K., Karlovi¢, 1., Orli¢, S., Keskin, E.,
Filipovi¢, V., Gligora Udovi¢, M.: Succession of Microbial Community in a Small
Water Body within the Alluvial Aquifer of a Large River, Water, 13 (2021), 2; 115, 23,
doi:10.3390/w13020115

Karlovié, 1., Markovi¢, T.: Data on stable isotopic composition of §80 and §?H in
precipitation in the Varazdin area, NW Croatia, Data in brief, 33 (2020), 106573, 6,
doi:10.1016/j.dib.2020.106573

Karlovi¢, 1., Markovi¢, T., Vujnovi¢, T.: The groundwater recharge estimation using
multi component analysis: case study at the NW edge of the Varazdin alluvial aquifer,
Croatia, Water (2021), 14, 42, doi: 10.3390/w14010042

Karlovi¢, 1., Posavec, K., Larva, O., Markovi¢, T.: Numerical groundwater flow and
nitrate transport assessment in alluvial aquifer of Varazdin region, NW Croatia, Journal
of Hydrology: Regional Studies (2022), 41(3):101084, doi: 10.1016/j.ejrh.2022.101084

146



	21_36.pdf
	Introduction 
	Description of the Study Area 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

	38-51.pdf
	Introduction 
	Geological, Hydrogeological, and Climatic Setting of the Study Area 
	Geological and Hydrogeological Setting of the Study Area 
	Climatic Setting of the Study Area 

	Materials and Methods 
	Water Sampling 
	Stable Isotope Analyses 

	Results and Discussion 
	Precipitation and Temperature 
	Stable Isotopes in Precipitation 
	Stable Isotopes in Ground and Surface Waters 

	Conclusions 
	References

	54-66.pdf
	Introduction 
	Materials and Methods 
	Study Area 
	Aquifer Geometry 
	Groundwater Recharge from Precipitation 
	Boundary Conditions 

	Results and Discussion 
	Aquifer Geometry 
	Groundwater Recharge from Precipitation 
	Boundary Conditions 

	Conclusions 
	References

	93-106.pdf
	Introduction 
	Study Area 
	Data and Methods 
	Water Sampling and Laboratory Analyses 
	Qualitative Analysis of Recharge 
	Mixing Calculations 

	Results and Discussion 
	Temperature, Chloride, and Stable Water Isotopes 
	Head Contour Maps 
	Mixing Calculations 

	Conclusions 
	References

	108-124.pdf
	Numerical groundwater flow and nitrate transport assessment in alluvial aquifer of Varaždin region, NW Croatia
	1 Introduction
	2 Materials and methods
	2.1 Site description
	2.2 Groundwater flow model
	2.3 Nitrate transport model
	2.4 Prediction of future nitrate contamination

	3 Results
	3.1 Groundwater flow model
	3.2 Nitrate transport model
	3.3 Prediction of future nitrate contamination

	4 Discussion and conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Author statement
	References



