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Abstract

:

The main purpose of this study was to understand the interactions between precipitation, surface water, and groundwater in the Zagreb aquifer system using water stable isotopes. The Zagreb aquifer is of the unconfined type and strongly hydraulically connected to the Sava River. As the groundwater is the main source of drinking water for one million inhabitants, it is essential to investigate each detail of the recharge processes of the aquifer to ensure adequate protection of the groundwater. Measuring the content of water stable isotopes in surface waters and groundwater enabled the creation of two- and three-component mixing models based on the isotopic mass balance for the purpose of the quantification of each recharge component. The mixing models gave ambiguous results. Observation wells equally distant from the Sava River did not have the same recharge component ratio. This indicated that there were more factors (in addition to the distance from the river) that were affecting groundwater recharge, and the properties of the unsaturated zone and surface cover data were therefore also taken into consideration. The thickness of the unsaturated zone and the characteristics of different soil types were identified as important factors in the recharge of the Zagreb aquifer. The areas with high thickness of the unsaturated zone and well-permeable soil had a very similar recharge component ratio to the areas with small thickness of the unsaturated zone but low-permeable soil.
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1. Introduction


Groundwater presents one of the most important water resources in the world. Water demand is continuously growing worldwide, and it is especially pronounced in arid regions [1]. Global groundwater extraction has reached about 1500 km3 per year [2], which is higher than natural groundwater recharge [3]. Furthermore, a lot of alluvial aquifers have problems with groundwater depletion, which has become a global issue [4,5]. Recently, the problem has become more frequent in moderate climate areas, especially in the unconfined alluvial aquifers dependent on surface waters as a result of climate changes [6,7,8]. All these problems point to the necessity of detailed research of groundwater recharge mechanisms, which will enable sustainable management of groundwater resources, i.e., ensure sufficient quantities of potable water.



Groundwater–surface water interaction is generally investigated at the river scale and classified as connected or disconnected systems [9]. In connected systems, groundwater can discharge through the streambed to contribute to streamflow, and surface water can lose water, i.e., recharge the aquifer. Disconnected systems depend on the unsaturated zone beneath the surface water and can be completely disconnected (changes in the water table do not affect the infiltration rate from the river) and in a “transitional” state (changes in the water table possibly affect infiltration rate). However, a lot of alluvial aquifers that are connected with rivers have very dynamic relationships, where hydrologic conditions can generate very fast changes in groundwater flow direction and velocities. From that perspective, the isotopic composition of the different compounds can help to identify and quantify hydrological relationships. If hydrological conditions want to be evaluated on a local scale, where changes in the water isotopic composition can be very small, relevant hydrological relationships can sometimes be very difficult to define. In such aquifers, the characteristics of the unsaturated zone and soil type can have a significant impact on the isotope composition.



The Zagreb aquifer is a very important source of potable water for the Republic of Croatia, and it is designated as a part of the country’s strategic water reserves. Although different isotopic research has been conducted, related to both groundwater quality and quantity [10,11,12,13], a distinct quantification of recharge of the Zagreb aquifer for both precipitation and infiltration from the Sava River has not been done before.



The main goal of this research was to evaluate groundwater–surface water interaction in the area of the Zagreb aquifer and to quantify the role of precipitation and the Sava River on the recharge of the aquifer. For this purpose, water stable isotopes (δ18O and δ2H) from surface water, groundwater, and precipitation were used. Stable isotopes of hydrogen (1H and 2H) and oxygen (16O and 18O) are conservative and can be used as tracers in different types of hydrological research [14,15,16,17,18,19,20]. Two- and three-component mixing models were used to quantify different recharge sources together with soil characteristics and hydrogeological properties of the saturated and unsaturated zones.




2. Study Area


The Zagreb aquifer covers approximately 300 km2 and is located in the northwestern part of the Republic of Croatia (Figure 1). It presents the only source of potable water for approximately one million inhabitants of the City of Zagreb and part of the Zagreb County. The municipal water supply relies on the groundwater from the aquifer, which is abstracted at six currently operating well fields. During longer dry periods, smaller well fields located within the urban part of the City of Zagreb, which are usually not used by the water supply system, are put into operation. Total annual abstraction at Zagreb well fields in some years exceeds the annual groundwater recharge [21].



The Zagreb aquifer is an unconfined aquifer, which consists of two aquifer layers that are hydraulically connected. It consists of Quaternary sediments, which were deposited during the Middle and Upper Pleistocene and the Holocene. Holocene deposits belong to alluvial deposits, while Pleistocene deposits are lacustrine–marshy [22,23,24]. The main stratigraphic units have been identified according to microfloral and microfaunal analysis [25,26]. The boundary between Pleistocene and Holocene deposits has also been determined according to changes in the petrographic origin of the clasts in gravels and sands and changes in the sedimentary environment. It has been reported that, in the beginning of the Holocene, the Sava River started to flow and transport material from the Alps, which was dominantly carbonate, unlike Pleistocene deposits, which are mostly siliciclastic [22]. In general, Lower Pleistocene deposits are mainly composed of silty clays and clayey silts, with sporadic interbeds and lenses of gravelly sands. Lower and middle part of Middle Pleistocene deposits are made of sands, while clays and silts appear in the upper part. In Late Pleistocene deposits, frequent lateral changes in sands, gravels, silts, and clays can be found. Holocene deposits are mostly composed of sands and gravels [23].



Hydrogeologically, these deposits can be grouped into three units: unsaturated zone, shallow alluvial aquifer layer, and deeper lacustrine–marshy aquifer layer. The thickness of the unsaturated zone varies spatially and in time due to the hydrological conditions. It varies from 5 to 13 m during dry periods and low groundwater levels (Figure 2). In the area of the Zagreb aquifer, especially in the area where monitoring of groundwater quality is established (mostly according to the inflow areas of well fields), two main types of soils have developed: Fluvisols and Eutric Cambisols on Holocene deposits. Apart from these types of soils, Pseudogley on plateau, Pseudogley–gley, Gleyic Fluvisols, Gleysol, Pseudogley, and Vertic Gleysols can also be found in small areas [27,28]. Hydraulic properties of the Fluvisols are generally permeable, with the exception of dry periods [29]. On the other hand, the Eutric Cambisols developed on Holocene deposits seem to be of low permeability, where percolation to the aquifer is very low [30]. Hydraulic conductivity values of the unsaturated zone vary between 1.26 m/day and 1015 m/day [11]. It must be emphasized that, in some parts of the Zagreb aquifer, the unsaturated zone is damaged by human influence (setting foundations for buildings, for example), especially on the left bank of the Sava River, where urban areas prevail.



The shallow aquifer layer is in direct contact with the Sava River, with general groundwater flow direction from W/NW to E/SE. The Sava River presents the main source of recharge, and its influence on changes in groundwater levels is more pronounced in the vicinity of the river itself [31]. It has been shown that the Sava River drains the aquifer in some areas during low and medium water levels, while surface water infiltrates into the aquifer during high water levels. Furthermore, it has been found that a no-flow boundary prevails in the north of the Zagreb aquifer. Inflow boundaries were determined in the south and west and outflow boundary in the east. Those boundaries were determined based on the exploration of equipotential maps in different hydrological conditions, i.e., high, medium, and low water levels [32]. The thickness of the shallow aquifer varies from 5 to 40 m [33], while hydraulic conductivities can go up to 3000 m/day [11].



The deeper aquifer layer is characterized by frequent vertical and lateral alterations of gravel, sand, and clays [11], while its thickness goes up to 60 m in the eastern part [33]. Although shallow and deeper aquifer layers are hydraulically connected, geochemical stratification along the depth has been recognized. It has been shown that CaMg–HCO3 hydrogeochemical facies prevail in the shallow aquifer, while higher concentrations of sodium can be found in the deeper aquifer, which results from longer retention in the underground, resulting in CaMgNa–HCO3 hydrogeochemical facies [12,34].



Problems with groundwater quantity and quality have been observed. Groundwater levels are declining 1–2 m per decade, while permanent groundwater reserves have decreased by about 4% in the period from 1976 to 2006 throughout the aquifer [21]. It has been shown that the main reasons for groundwater decrease are related to deepening of the Sava riverbed, excessive pumping, and upstream construction of dykes along the Sava River [32]. Human influence on the recharge component of the Zagreb aquifer is evident. Probably the most important one is related to the extensive riverbed erosion as a consequence of the upstream Sava River regulation and gravel extraction from the river. Furthermore, due to occasional flooding, embankments were built along the Sava River, which stopped the potential infiltration to groundwater in some areas. Climate change also probably resulted in prolonged periods of drought. However, the extent of the impact of climate change on groundwater resources is not known and should be investigated in detail in future research in this area. Regarding quality, five main groups of contaminants have been identified, mostly related to agricultural activity, industrial development, leakage from sewage system, and septic tanks. They are nitrates, pesticides, potentially toxic metals, chlorinated aliphatics, and pharmaceuticals [11]. Most of the recent research has been related to nitrate origin and trends. Although elevated concentrations have been observed, results have shown that nitrate trends are decreasing in most parts of the aquifer, while nitrate origin is mainly organic [13,35,36,37].




3. Data and Methods


Water stable isotopes from groundwater (δ18O and δ2H) were measured in the area of well field Zapruđe and Petruševec [10,11]; in the area of future well field Kosnica within the International Atomic Energy Agency (IAEA)’s technical cooperation (TC) project CRO7001 [38]; in the inflow areas of well field Sašnjak–Žitnjak, Mala Mlaka, and Velika Gorica; and in the urban part of the City of Zagreb [13] (Figure 1). Water stable isotopes from the Sava River were measured in the area of well field Petruševec [39] and in the area of well field Kosnica within IAEA TC project CRO7001 [38]. Stable isotope data of water from precipitation were used from Global Network of Isotopes in Precipitation (GNIP) [40,41] for meteorological station Grič, located in the urban part of the City of Zagreb. All δ18O and δ2H values are expressed in ‰ notation relative to VSMOW (Vienna Standard Mean Ocean Water), while deuterium excess (d-excess) has been defined according to Dansgaard [42] with a global mean slope of 8.



The mixing of groundwater and surface water is not uniform in all parts of the aquifer; it is spatially and temporary variable depending on the strength of the impact of each individual recharge source in different hydrological conditions. Their quantitative relationship can be derived from two- or three-end member mass balance equations [16,19,38,43,44,45,46], where the sum of end member contributions are usually expressed as fractions (f) equal to 1. The two-component model is based on the assumption of the presence of only two recharge sources: precipitation and the Sava River. Quantification of the Sava River and precipitation to the Zagreb aquifer recharge was estimated based on the two mass balance equations written as follows:


fsw + fp = 1



(1)






fsw × δ18Osw + fp × δ18Op = δ18Os



(2)




where fsw and fp are the Sava River and precipitation fractions, respectively; δ18Os is the isotopic composition of oxygen in the observation well; and δ18Osw and δ18Op are the isotopic compositions of oxygen in the surface water and precipitation, respectively.



The three-component mixing model was used for testing and quantifying the change in the isotopic composition of the groundwater that takes place within the aquifer but not as a consequence of infiltration of the precipitation or the Sava River. It is often the case that a third end member contributes to mixing. Here, the third mixing component is groundwater itself (horizontal inflow of groundwater from neighboring parts of the aquifer in relation to the observation well), and the three mass balance equations are written as follows:


fsw + fp + fgw = 1



(3)






fsw × δ18Osw + fp × δ18Op + fgw × δ18Ogw = δ18Os



(4)






fsw × δ18O2sw + fp × δ18O2p + fgw × δ18O2gw = δ18O2s



(5)




where fsw, fp, and fgw are the Sava River, precipitation, and groundwater fractions, respectively; δ18Os is the isotopic composition of oxygen in the observation well; and δ18Osw, δ18Op, and δ18Ogw are the isotopic compositions of oxygen in the surface water, precipitation, and groundwater, respectively.



The average values of δ18O, δ2H, number of analysis (n), and calculated d-excess from the observation wells included in the analysis, together with their affiliation to location area, soil type, and defined groundwater levels in low and high waters, are shown in Table 1. In sum, there are 45 observation wells, which are mostly spatially located in the inflow areas of different well fields (well field Kosnica, Mala Mlaka, Petruševec, Sašnjak and Žitnjak, and Zapruđe), while the rest are located in the central part of the City of Zagreb (CPCZ) (Figure 2). Furthermore, there are 28 observation wells on the right bank of the Sava River, while there are 17 observation wells on the left bank. The groundwater from the observation wells were sampled at different time periods, 4–12 times during 2010, 2011, 2015, and 2016 (sampling was done in accordance with the national monitoring plan). The average values of δ2H in the observation wells varied from −64.32‰ to −60.40‰, while average values of δ18O varied from −9.46‰ to −8.92‰. The d-excess varied from 9.32‰ to 13.12‰. Isotopic composition of the Sava River resulted in δ2H values from −69.88‰ to −55.61‰, with the average value of −62.84‰, while δ18O values varied from −10.33‰ to −8.54‰, with the average value of −9.47‰. Long-term average for δ18O and δ2H for the meteorological station Zagreb–Grič, based on the data from GNIP, was −8.28‰ and −60.0‰, respectively. In order to provide more detailed interpretation, groundwater stable isotope data was spatially grouped at the level of inflow areas related to different well fields but also based on the areas that belong to different types of soil. In the two- and three-component mixing models, long-term average of δ18O for precipitation (−8.28‰; n = 89) from Zagreb–Grič meteorological station was used, while the average value of δ18O from all available analysis was used for the Sava River (−9.47‰; n = 56). In the three-component mixing models, the average value of δ18O from all observation wells was used (−9.16‰).



In addition to the isotopic data, different hydrogeological and pedological data were used. The Zagreb aquifer is of the unconfined type, and it is essential to determine the fluctuation of the groundwater table in order to determine the thickness of the unsaturated zone. Analysis of the minimum and maximum groundwater levels were done for the period from 2000 to 2014. The groundwater levels are measured continuously on one-third of the observation wells, but because the only purpose of many observation wells is water quality monitoring, they are not continually monitored. For these objects, maximum and minimum groundwater level data were taken from the water table contour maps created for wet and dry periods (Figure 3) [47]. In Table 1, groundwater levels for low and high waters characteristic for the area of each investigated observation well are shown. The difference between maximum and minimum groundwater levels varied from 0.8 to 5.09 m. Due to a large difference in the fluctuation of the groundwater level at certain points, only minimum groundwater levels, i.e., the maximum thickness of the unsaturated zone, were observed (Figure 2).



All investigated observation wells are also grouped according to their affiliation to different soil types; 8 observation wells are located in the Eutric Cambisol, 21 in the Fluvisols, and 16 in the urban part of the City of Zagreb (Table 1). Soil hydraulic properties were estimated based on the data from the research that was done in the soil profile in the area of the future well field Kosnica [29], which is located in the Fluvisols, and a soil profile that is located in the area of well field Velika Gorica [30], which is located in the Eutric Cambisols on Holocene deposits. Granulometric composition of soil profiles from these types of soils is given in Table 2. The soil profile in the Fluvisol has much more sand, while higher percentages of silt and clay in the Eutric Cambisols developed on Holocene deposits suggest much lower permeability. It has been shown that the Fluvisols are generally permeable, except in dry periods when water content is very low [29], while very low water content can be found in the Eutric Cambisols, which results in very small unsaturated hydraulic conductivities [30]. These results suggest that the possible influence of precipitation on the recharge of the Zagreb aquifer could be diminished in areas where the Eutric Cambisol prevails.



All maps were made in ArcMap 10.1 for Desktop, while georeferenced orthophoto image was obtained from geoportal of the Croatian Geodetic Administration. All maps are presented in the official coordinate system of the Republic of Croatia (HTRS96/TM).




4. Results and Discussion


The local meteoric water line (LMWL) for Zagreb is given in Figure 4, together with the LMWL for Ljubljana (because the Sava River is formed by the Sava Dolinka and the Sava Bohinjka headwaters in northwest Slovenia) as well as the average values of the observation wells and the Sava River. The water isotopic composition of the Sava River and groundwater from the Zagreb aquifer is more similar to the precipitation in the area of the City of Ljubljana than the precipitation in the area of the City of Zagreb, which is in agreement with previous results [10,11,12,13,38].



The d-excess values for groundwater were analyzed only for observation wells with at least 12 data measurements. The chosen objects are spatially representative for the entire aquifer and statistically more reliable. The d-excess values in groundwater samples varied from 9.07‰ to 14.21‰, while they varied from 10.49‰ to 14.69‰ in samples of the Sava River. Deuterium excess values in samples of the local precipitation varied a wide range from −13.38‰ to 18.18‰ (Figure 5). Groundwater and river water had similar isotopic signature as opposed to local precipitation.



The results from both mixing models, given in Table 3, show that the Sava River presents the most important source of recharge for the Zagreb aquifer. When observation wells were evaluated separately, in the two-component mixing model, contribution of the Sava River to aquifer recharge varied from 53.36% to 99.16%, with an average of 73.90%. Recharge from precipitation varied from 0.84% to 46.64%, with an average of 26.10%, and it was lower than the Sava River recharge for all observation wells.



The three-component mixing model, when the fraction of groundwater was introduced, resulted in no significant difference with regard to the two-component mixing model (Table 3). The fraction of precipitation in aquifer recharge varied from −0.87% to 45.71%, with an average of 24.82%. Recharge of the Zagreb aquifer from the surface water of the Sava River varied from 50.73% to 94.32%, with an average of 70.28%. Changes in the groundwater isotopic composition were negligible, with fractions between 3.55% and 6.55% and the average value of 4.90%, suggesting that only a small amount of water comes from neighboring groundwater bodies. It is possible that a certain amount of water comes from the adjacent aquifer in the west but also from the S, SW boundary when low waters are occurring, which can be seen in the equipotential map (Figure 3). The difference between the average values of fractions in two- and three-component mass balance models regarding recharge from the Sava River was 3.62%, while it was 1.28% regarding recharge from precipitation. Both models gave very similar results. For further analysis, results from the two-component mixing model were used. It has to be emphasized that, in this case, the three-component mixing model resulted in one negative value for recharge from precipitation (Čp-23, Table 3). Uncertainty of the results is generally related to the limited number of available data measured during different time periods within several projects.



Although the results from the mixing models were as expected, i.e., the dominance of the Sava River as the main source of recharge was confirmed and consistent with previous research [10,11,12,13,38], some anomalies were identified. A few observation wells that are located far away from the Sava River have a higher river water fraction than those that are located near the Sava River. In order to explore this issue in more detail, data from the observation wells were mainly grouped according to the inflow areas of different well fields (Table 4). In most cases, the largest fractions in aquifer recharge were river water and seen in the inflow areas of well fields that are located near the Sava River (well fields Kosnica, Zapruđe, and Petruševec). In the urban part of the City of Zagreb, observation wells have very similar river water fraction values, while in the inflow areas of well fields Sašnjak and Žitnjak, the Sava River’s influence is less pronounced, which can be expected due to their slightly longer distances from the Sava River. However, some results from the observation wells located in the inflow areas of well fields Velika Gorica and Mala Mlaka suggested that the Sava River’s influence is the highest in the southern part of the Zagreb aquifer, near its edges (Figure 6).



In order to clarify this issue, data of soil property and thickness of the unsaturated zone were analyzed. In the urban part of the City of Zagreb, the unsaturated zone, especially the upper part (first few meters of depth), is mainly disintegrated by human influence. Almost all observation wells located on the left bank of the Sava River are placed in the urban area.



Of all the 45 observation wells, 21 are located in the Fluvisols, eight of them in the Eutric Cambisols, and 16 in the urban area (Figure 2, Table 5). Most of them are located on the right bank of the Sava River. Although the observation wells located in the Fluvisols are closer to the Sava River, they show about 6% lower influence of the Sava River on the recharge of the Zagreb aquifer, which is probably the result of a more permeable soil type (Table 5). In the Eutric Cambisols, a higher fraction of finer particles, i.e., silts and clays, can be found, which reduces the amount of infiltration through the unsaturated zone into the Zagreb aquifer.



The thickness ranges in different types of soil were very similar. The thickness of the unsaturated zone varied from 5.7 to 11.5 m within the Eutric Cambisols soil type, from 6.1 to 12.9 m within the Fluvisols, and from 5 to 13 m within the urban part of the Zagreb aquifer. However, the minimum and maximum values of the precipitation fractions in the Zagreb aquifer recharge, calculated based on the data from the observation wells in different types of surface cover (Table 3), showed the importance of observing the characteristics of an unsaturated zone and its role in the estimation of groundwater recharge. Figure 7 illustrates how the soil type and thickness of the unsaturated zone affect the recharge of the aquifer from precipitation. The Eutric Cambisols soil type is less permeable than the Fluvisol and, combined with the large thickness, it results in extremely low infiltration of precipitation. Similarly, in spite of the greater permeability of the Fluvisols, large thickness of the unsaturated zone significantly reduces infiltration from the surface. However, detailed inspection of soil permeability should be done in future research. In the urban area, the soil and the unsaturated zone are mostly disturbed, making it difficult to interpret the results. The occurrence of low and high values of recharge from precipitation confirms emphasized heterogeneity caused by human activity in that area.




5. Conclusions


The main aim of this study was to determine and quantify the main recharge components of the unconfined alluvial aquifer, which is strongly hydraulically connected with the river, using water stable isotopes. The final outcomes can be summarized as follows:




	
Two- and three-component mixing models based on the isotopic mass balance are efficient tools for the quantification of groundwater recharge fractions. In the research area, these models showed that the Sava River, although spatially varying, is the dominating source of groundwater recharge.



	
The thickness of the unsaturated zone and soil permeability has large influence on the aquifer recharge. Evaluation of soil permeability can be crucial in quantification of the shallow alluvial aquifer recharge and data interpretation.



	
Water stable isotope composition of groundwater, precipitation, and the Sava River water confirmed strong connection between the alluvial part of the Zagreb aquifer and the Sava River.



	
The Sava River presents the main recharge factor of the Zagreb aquifer. In general, more than 70% of the Zagreb aquifer recharge is related to the Sava River.



	
Future research in the area of the Zagreb aquifer should be focused on detailed inspection of soil permeability in order to define the difference in percolation through different types of soil.



	
The water management of the Zagreb aquifer should be focused on groundwater level stabilization by regulation of the Sava River.



	
The identified pattern of groundwater–surface water interaction in the study area will enable the development of better monitoring networks as well as determination of aquifer areas that need better protection.
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Figure 1. The location of the Zagreb aquifer system. 
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Figure 2. Maximum thickness of the unsaturated zone and soil types of the Zagreb aquifer. 
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Figure 3. The water table contour map of the Zagreb aquifer during dry and wet periods (equipotentials in meters above sea level (m a.s.l.)) [47]. 
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Figure 4. Comparison of the water isotopic composition of precipitation from Zagreb and Ljubljana with average values of observation wells from the Zagreb aquifer and the Sava River. 
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Figure 5. Average deuterium excess (d-excess) values in samples of the Sava River, precipitation, and groundwater. 
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Figure 6. Spatial recharge fractions of the Zagreb aquifer from the Sava River. 
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Figure 7. The conceptual illustration of groundwater recharge of the Zagreb aquifer system through the unsaturated zone with different thickness and surface covers in two-component mixing model. 
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Table 1. Hydrogeological, pedological, and water stable isotope data (average values of δ18O, δ2H, and d-excess) used in the analysis (minimum and maximum water levels registered between 2000 and 2014).
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	Observation Well
	Inflow Area According to Figure 2
	Soil Type
	Minimum Water Level

(m a.s.l.)
	Maximum Water Level

(m a.s.l.)
	δ2H (‰)
	δ18O (‰)
	d-Excess (‰)
	n





	D-6
	CPCZ
	Urban
	106.6
	107.9
	−62.3
	−9.1
	10.2
	4



	D-3
	CPCZ
	Urban
	108.0
	109.2
	−62.6
	−9.1
	10.1
	4



	Ph-12
	CPCZ
	Urban
	110.4
	112.8
	−62.6
	−9.1
	10.3
	4



	B-5
	CPCZ
	Urban
	109.5
	111.8
	−63.2
	−9.1
	9.7
	4



	V-3
	CPCZ
	Urban
	109.2
	110.3
	−62.7
	−9.2
	10.6
	4



	B-15
	CPCZ
	Urban
	110.4
	111.2
	−63.3
	−9.2
	10.4
	4



	Čp-8
	Kosnica
	Fluvisols
	98.6
	103.5
	−60.7
	−9.1
	12.0
	12



	Pkb-1/1/3
	Kosnica
	Fluvisols
	99.0
	102.1
	−61.2
	−9.1
	11.8
	12



	Čdp-13/1
	Kosnica
	Fluvisols
	98.9
	103.2
	−61.0
	−9.2
	12.3
	12



	Čdp-12/3
	Kosnica
	Fluvisols
	98.8
	103.9
	−61.3
	−9.2
	12.2
	12



	Pkb-3/1/3
	Kosnica
	Fluvisols
	99.1
	102.0
	−61.4
	−9.2
	12.2
	12



	Pkb-5/1/3
	Kosnica
	Fluvisols
	98.6
	101.9
	−62.3
	−9.2
	11.6
	12



	Mp-5
	Kosnica
	Fluvisols
	100.0
	103.1
	−62.0
	−9.2
	11.9
	12



	Čp-101
	Kosnica
	Fluvisols
	99.6
	103.1
	−61.9
	−9.3
	12.2
	12



	A-2-1
	Kosnica
	Fluvisols
	99.9
	101.5
	−62.3
	−9.3
	12.1
	12



	Čdp-8/2
	Kosnica
	Fluvisols
	99.3
	104.1
	−62.6
	−9.3
	11.8
	12



	Mm-49
	Mala Mlaka
	Fluvisols
	106.4
	108.1
	−60.0
	−8.9
	10.5
	4



	Mm-325
	Mala Mlaka
	Fluvisols
	102.0
	104.9
	−60.5
	−9.0
	11.2
	4



	Mm-311
	Mala Mlaka
	Eutric Cambisols
	101.5
	105.0
	−61.0
	−9.0
	11.1
	4



	Pzo-8
	Mala Mlaka
	Fluvisols
	109.0
	111.0
	−62.1
	−9.1
	10.5
	4



	Mm-333
	Mala Mlaka
	Fluvisols
	109.0
	111.0
	−61.9
	−9.1
	10.7
	4



	Mm-320
	Mala Mlaka
	Fluvisols
	102.5
	105.4
	−62.2
	−9.1
	10.9
	4



	Mm-322
	Mala Mlaka
	Eutric Cambisols
	107.9
	109.5
	−62.2
	−9.2
	11.3
	4



	Mm-330
	Mala Mlaka
	Eutric Cambisols
	108.8
	111.0
	−63.1
	−9.3
	10.1
	4



	Mm-319
	Mala Mlaka
	Fluvisols
	101.1
	104.6
	−63.1
	−9.3
	11.4
	4



	Mm-32
	Mala Mlaka
	Fluvisols
	100.4
	103.8
	−63.7
	−9.3
	11.1
	4



	Pp-18/30
	Petruševec
	Fluvisols
	100.8
	103.9
	−61.0
	−9.1
	11.7
	12



	Pp-19
	Petruševec
	Fluvisols
	100.5
	103.8
	−60.7
	−9.2
	12.9
	12



	B-5A
	Petruševec
	Fluvisols
	99.8
	103.8
	−61.0
	−9.2
	12.8
	11



	Pp-23/5
	Petruševec
	Fluvisols
	100.9
	104.7
	−61.2
	−9.1
	11.3
	12



	Ž-8
	Sašnjak and Žitnjak
	Urban
	104.5
	107.6
	−62.0
	−8.9
	9.3
	4



	Z-7
	Sašnjak and Žitnjak
	Urban
	101.7
	104.1
	−62.1
	−9.0
	9.6
	4



	Z-4
	Sašnjak and Žitnjak
	Urban
	101.1
	104.6
	−62.0
	−9.0
	9.8
	4



	Sk-18
	Sašnjak and Žitnjak
	Urban
	100.4
	104.1
	−61.8
	−9.0
	10.2
	4



	Sk-16/2
	Sašnjak and Žitnjak
	Urban
	99.9
	103.6
	−62.0
	−9.1
	10.8
	4



	Z-10
	Sašnjak and Žitnjak
	Urban
	99.9
	103.5
	−61.9
	−9.3
	12.1
	4



	Z-13
	Sašnjak and Žitnjak
	Urban
	101.0
	103.4
	−61.8
	−9.4
	13.1
	4



	Vg-4
	Velika Gorica
	Eutric Cambisols
	99.5
	102.3
	−62.1
	−9.0
	9.7
	4



	Vg-11
	Velika Gorica
	Fluvisols
	101.0
	104.1
	−62.5
	−9.3
	11.5
	4



	Vg-10/2
	Velika Gorica
	Eutric Cambisols
	99.6
	102.2
	−64.3
	−9.3
	10.3
	4



	Vg-9
	Velika Gorica
	Eutric Cambisols
	100.4
	103.2
	−63.5
	−9.4
	11.4
	4



	Čp-23
	Velika Gorica
	Eutric Cambisols
	99.4
	102.0
	−64.1
	−9.5
	11.6
	4



	Pz-11
	Zapruđe
	Urban
	106.4
	110.2
	−62.2
	−9.3
	11.8
	12



	Pz-26
	Zapruđe
	Urban
	105.5
	109.8
	−61.0
	−9.2
	12.3
	12



	Pz-33
	Zapruđe
	Urban
	106.9
	110.8
	−60.4
	−9.1
	12.6
	12
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Table 2. Granulometric composition of the most common types of soils in the area of the Zagreb aquifer (modified according to [29,30]).
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Type of the Soil

	
Soil Horizon

	
Depth (m)

	
Sand (%)

	
Silt (%)

	
Clay (%)






	
Fluvisols

	
A

	
0–0.19

	
24.56

	
65.27

	
10.17




	
AC-C

	
0.19–0.68

	
13.79

	
76.69

	
9.52




	
2C/Cl

	
0.68–1.1

	
56.33

	
38.23

	
5.44




	
3Cl

	
1.1–1.4

	
43.29

	
47.43

	
9.28




	
4Cl/Cr

	
1.4.–1.9

	
37.21

	
50.50

	
12.29




	
5Cr

	
1.9–2.1

	
55.62

	
38.45

	
5.93




	
Eutric Cambisols

	
A

	
0–0.2

	
2.42

	
87.43

	
10.15




	
Bw

	
0.2–0.4

	
1.8

	
89.54

	
8.65




	
0.4–0.6

	
1.46

	
87.59

	
10.95




	
0.6–0.8

	
2.72

	
84.97

	
12.32




	
C

	
0.8–1

	
4.77

	
82.00

	
13.23




	
1–1.2

	
3.84

	
89.78

	
6.37
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Table 3. Results of two- and three-component mixing models.
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Observation Well

	
Two-Component Mixing Model

	
Three-Component Mixing Model




	
Recharge from Precipitation (%)

	
Recharge from the Sava River (%)

	
Recharge from Precipitation (%)

	
Recharge from the Sava River (%)

	
Recharge from Groundwater (%)






	
D-6

	
34.03

	
65.97

	
32.89

	
62.73

	
4.38




	
D-3

	
33.19

	
66.81

	
32.04

	
63.53

	
4.43




	
Ph-12

	
30.88

	
69.12

	
29.69

	
65.72

	
4.59




	
B-5

	
30.04

	
69.96

	
28.83

	
66.52

	
4.65




	
V-3

	
26.68

	
73.32

	
25.42

	
69.72

	
4.86




	
B-15

	
22.27

	
77.73

	
20.93

	
73.92

	
5.15




	
Čp-8

	
31.93

	
68.07

	
30.76

	
64.72

	
4.52




	
Pkb-1/1/3

	
29.72

	
70.28

	
28.50

	
66.83

	
4.67




	
Čdp-13/1

	
26.47

	
73.53

	
25.20

	
69.92

	
4.88




	
Čdp-12/3

	
23.74

	
76.26

	
22.42

	
72.52

	
5.06




	
Pkb-3/1/3

	
22.13

	
77.87

	
20.79

	
74.05

	
5.16




	
Pkb-5/1/3

	
19.96

	
80.04

	
18.58

	
76.12

	
5.30




	
Mp-5

	
19.12

	
80.88

	
17.72

	
76.92

	
5.36




	
Čp-101

	
16.95

	
83.05

	
15.51

	
78.98

	
5.51




	
A-2-1

	
14.29

	
85.71

	
12.80

	
81.52

	
5.68




	
Čdp-8/2

	
14.92

	
85.08

	
13.45

	
80.92

	
5.63




	
Mm-49

	
45.38

	
54.62

	
44.43

	
51.94

	
3.63




	
Mm-325

	
42.65

	
57.35

	
41.65

	
54.53

	
3.82




	
Mm-311

	
38.66

	
61.34

	
37.59

	
58.33

	
4.08




	
Pzo-8

	
33.82

	
66.18

	
32.67

	
62.93

	
4.40




	
Mm-333

	
33.61

	
66.39

	
32.46

	
63.13

	
4.41




	
Mm-320

	
28.15

	
71.85

	
26.91

	
68.32

	
4.77




	
Mm-322

	
24.37

	
75.63

	
23.06

	
71.92

	
5.02




	
Mm-330

	
17.44

	
82.56

	
16.01

	
78.52

	
5.47




	
Mm-319

	
12.82

	
87.18

	
11.31

	
82.92

	
5.77




	
Mm-32

	
10.50

	
89.50

	
8.96

	
85.12

	
5.92




	
Pp-18/30

	
31.93

	
68.07

	
30.76

	
64.72

	
4.52




	
Pp-19

	
22.66

	
77.34

	
21.32

	
73.55

	
5.13




	
B-5A

	
20.10

	
79.90

	
18.72

	
75.98

	
5.30




	
Pp-23/5

	
34.03

	
65.97

	
32.89

	
62.73

	
4.38




	
Ž-8

	
46.64

	
53.36

	
45.71

	
50.73

	
3.56




	
Z-7

	
42.44

	
57.56

	
41.44

	
54.73

	
3.83




	
Z-4

	
41.18

	
58.82

	
40.16

	
55.93

	
3.91




	
Sk-18

	
39.08

	
60.92

	
38.02

	
57.93

	
4.05




	
Sk-16/2

	
31.09

	
68.91

	
29.90

	
65.51

	
4.57




	
Z-10

	
18.49

	
81.51

	
17.08

	
77.52

	
5.40




	
Z-13

	
8.61

	
91.39

	
7.04

	
86.91

	
6.05




	
Vg-4

	
41.60

	
58.40

	
40.58

	
55.53

	
3.88




	
Vg-11

	
18.07

	
81.93

	
16.65

	
77.92

	
5.43




	
Vg-10/2

	
11.55

	
88.45

	
10.03

	
84.12

	
5.85




	
Vg-9

	
9.24

	
90.76

	
7.68

	
86.32

	
6.00




	
Čp-23

	
0.84

	
99.16

	
-0.87

	
94.32

	
6.55




	
Pz-11

	
18.07

	
81.93

	
16.65

	
77.92

	
5.43




	
Pz-26

	
25.70

	
74.30

	
24.42

	
70.66

	
4.92




	
Pz-33

	
29.41

	
70.59

	
28.19

	
67.12

	
4.69
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Table 4. Recharge fractions in the spatially different areas of the Zagreb aquifer.
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	Grouped Observation Wells
	Recharge from the Precipitation (%)
	Recharge from the Sava River (%)





	Central part of the City of Zagreb
	29.52
	70.48



	Area of well field Kosnica
	21.92
	78.08



	Area of well field Mala Mlaka
	28.74
	71.26



	Area of well field Petruševec
	27.18
	72.82



	Area of well fields Sašnjak and Žitnjak
	32.50
	67.50



	Area of well field Velika Gorica
	16.26
	83.74



	Area of well field Zapruđe
	24.39
	75.61
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Table 5. Average recharge in different soil types in the area of the Zagreb aquifer.
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	Soil Type
	Number of Observation Wells
	Recharge from the Precipitation (%)
	Recharge from the Sava River (%)





	Fluvisols
	21
	25.65
	74.35



	Eutric Cambisols
	8
	19.75
	80.25



	Urban area
	16
	29.86
	70.14
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