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Abstract

:

This study involves an investigation into the grain size distribution and provenance of the sand deposited near Zagreb (Croatia) in the riverbed of the regionally important, almost 1000 km long Sava River, which connects several SE European countries. Recent research in the study area has mainly focused on the deposits forming the Zagreb alluvial aquifer system, rather on the Sava River sediment deposited in its riverbed, which is the focus of this study. The grain size distribution results obtained by dry sieving and laser granulometry showed a predominately fine and medium sand deposition at riverbanks and sand point bars. Medium sand increased downstream towards the east, within the artificially more channelized riverbed in the urban area. Fine sand prevailed 50 km further downstream in a more meandering low-relief area, near the city of Sisak and Lonjsko Polje Nature Park. Provenance analysis showed predominately carbonate sand in the western part of the city of Zagreb, originating from distant (Alpine) and local (Medvednica Mt. and Samobor Hills) sources. More siliciclastic sand was deposited in the Sava riverbed in the middle and eastern parts of Zagreb, originating mainly from the Medvednica Mt. The prevailing siliciclastic sand further downstream of the Sava River is probably sourced from the Kupa River tributary. Although various studies of the Zagreb alluvial aquifer system have been conducted so far, this study represents a novelty in its investigation into the grain size distribution of the Sava riverbed sand itself, setting the foundations for investigations in the future.
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1. Introduction


Modern and ancient rivers are sedimentary environments with various amounts of sand, gravel and fine clasts deposited in riverbeds, bars, riverbanks and associated alluvial facies, differently distributed in braded and meandering rivers [1]. Depth and geometry, as well as the principal characteristics of sedimentary bodies [2] deposited in rivers depend on many facies-controlling factors, such as relief, climate, tectonics and sediment supply [3]. Grain size distribution along the river watercourse depends directly on water energy gradient and on sediment supply, with more finer clasts deposited as water energy vane due to meander development in low-relief areas [4]. Provenance of the clasts depends directly on the geological background of the drainage area, contributing to the mineralogic–petrographic composition of the sand deposits from the main river watercourse, as well as from its tributaries [5]. Research related to grain size distribution in modern rivers is often focused on a long watercourse and include contributions from the tributaries in a broad area [6]. Provenance studies from a broad area can show results on a larger scale, sometimes even including several provinces or states [7,8]. Modern rivers flowing partly through urban city areas are often channelized, and natural grain size distribution as well as the provenance of the clasts in their deposits is consequently under anthropogenic influence. Research results in confined areas can reflect these influences on the provenance of the sand grains from the surrounding area [9].



The Sava is a European river 946 km long, which flows from Slovenia in the west, throughout Croatia and its capital Zagreb, along the border with Bosnia and Herzegovina and finally enters the Danube in Belgrade (Serbia) as its right tributary. Its catchment area/drainage basin is about 95,835 km2, elongated along the N-W, and gently inclined towards the east. According to its hydrographic characteristics, it can be differentiated as: the Upper Sava River—from its source in the Julian Alps to the Sutla River tributary (in Slovenia), the Middle Sava River—from the Sutla River tributary to the Bosna River tributary (on the Croatia/Bosnia and Herzegovina state border), and the Lower Sava River—from the Bosna River tributary to the mouth in Danube (Serbia). This paper deals with the upper part of the Middle Sava River near the city of Zagreb, the capital of Croatia, aiming to present its granulometric and mineralogic–petrographic characteristics, as well as to interpret the provenance of the Holocene sand deposited in the riverbed. Recent research in the study area has mainly focused on the deposits forming the Zagreb alluvial aquifer system and its various aspects, rather on the Sava River sediment deposited in its riverbed. Various studies have been published, including those on the following topics: a conceptual model for groundwater status and risk assessment [10]; the identification of groundwater level decline [11]; the identification of River Sava temperature influence on groundwater temperature [12]; the relationship of the geological framework to the Quaternary aquifer system [13]; the influence of groundwater quality indicators on nitrate concentrations [14]; the application of the GIS Procedure for River Terrace extraction from LiDAR- based DEM [15]; and physical and chemical properties in relation to soil permeability in the area of the Velika Gorica well field [16].



The urban Zagreb City area developed mainly between the Medvednica Mt. and Sava River, and is bridged by several bridges and mainly channelized by embankments after a major flood in the year 1964. Natural grain size distribution in sandy sedimentary bodies as the parts of the previous river meanders is now confined only to several sites at the riverbanks, mainly near the bridges. Further downstream toward the Lonjsko Polje Nature Park area, the Sava River re-establishes its natural meanders and receives its major right tributary, the Kupa River. The provenance of sand grains in the Sava riverbed in the Zagreb City area is presumably sourced from the upstream area (the Upper Sava River in Slovenia) with some contributions from the Medvednica Mt. and Samobor Hills. This research is designed to investigate the main characteristics of grain size distribution and the provenance of these river sands for future urban planning and riverbed management purposes.




2. Materials and Methods


2.1. Geological Setting


The Pleistocene and Holocene deposits of the Zagreb alluvial aquifer system form the following lithostratigraphic units, summarized according to [17,18,19,20,21,22]: (1) the Pliocene to Lower Pleistocene unit—gravel, sand and clay; (2) the Middle to Upper Pleistocene unit—loess deposits and clayey silt, interlayered with sand and gravel, as well as peat and swamp deposits; and (3) the Holocene alluvial deposits of the Sava River—gravel, sand and silty clay. The surroundings of the Medvednica Mt. and Samobor Hills are mainly composed of various magmatic, metamorphic and sedimentary rocks of the Paleozoic, Mesozoic, and Cenozoic ages (see Figure 1) [23,24], also well documented by several studies, including those on the following topics: the mineralogical and petrological composition of the Sava River sediment [25]; the stratigraphy of Quaternary sediments [26,27]; lithological correlation and chronostratigraphic delimitation of Quaternary sediments southeast of Zagreb [28]; subsurface spreading and facies characteristics of Middle Pleistocene deposits west of Zagreb [29]; alternating lacustrine–marsh sedimentation and subaerial exposure phases during the Quaternary west of Zagreb [30]; and lithological composition and stratigraphy of Quaternary sediments east of Zagreb [31]. For the Holocene gravel from the Sava riverbed, a predominantly carbonate lithology of the Alpine provenance was determined [32], and well-correlated along the Sava River course near Zagreb and its surroundings. The mineralogical and petrological composition of the Sava River sediment [25] is the most relevant area of research for comparison with this study, since it is the only one dealing with riverbed sediment. Therefore, results will be further compared and discussed.




2.2. Field Work and Sampling


Several field and laboratory procedures were used to obtain reliable results of high quality. In the field, representative sites were chosen to sample riverbed sand, from the west towards the east of the city of Zagreb (see Figure 1, sites 1 to 5) along 30 km of traverse, as well as cca 50 km downstream near the city of Sisak, after the right tributary, the Kupa River, enters the Sava River (see Figure 1, site 6). Samples (see Table 1) were taken at the riverbanks (see Figure 2a–f) during low water levels and the low rain period in March and April 2022. Sampling sites in the urban Zagreb City area were chosen mainly under or near the main bridges because sand bodies suitable for sampling were exposed at these sites. Precautions for sampling non-lithified sediment [33] were considered, taking care that a suitable amount of the sample (cca 4 kg) was taken from the single sampling spot, and samples were packed and properly labelled and handled.



Sampling sites are shown in Figure 1. Samples were taken at riverbanks and from the inner (concave) sides of river meanders, reflecting the sedimentation at sandy point bars. In Table 1, the field marks and laboratory numbers of the samples, together with sampling sites’ geographic coordinates in HTRS96/TM, are presented. Chosen sampling sites represent similar riverbed environmental conditions, equally influenced by anthropogenic influence (channelized riverbed and bridge constructions). An exception is the site 6-Sisak, chosen for the comparison of grain size distribution deposited under different riverbed conditions, as well to compare the influence of the first right tributary to that of the provenance of the sand.



The following analytical procedures were performed on the collected samples: granulometric analysis by dry sieving (see Figure 3a), granulometric analysis by laser granulometry (see Figure 3d), magnetic separation (see Figure 3b) and heavy liquid separation [33,34,35,36,37,38,39]. Mineralogic composition in previously separated fractions was determined under a binocular stereoscopic lens (see Figure 3c). Main mineralogy was confirmed by X-ray powder diffraction analyses (XRD) performed on a powdered bulk sample. All analytical procedures were conducted in the Laboratory for Geological Materials (LaGeMa) at the Faculty of Mining, Geology and Petroleum Engineering, University of Zagreb.




2.3. Grain Size Distribution Determined by Dry Sieving


Samples were dried in the air, reduced by quartering to approximately 100 g, sieved manually through the set of sieves (0.016–0.032–0.064–0.125–0.25–0.5–1.0–2.0 mm) and each fraction was weighed, with an accuracy of >99%. All procedures were performed according to [33].



The results of dry sieving granulometry were presented separately for each sample by histograms of grain size distribution, cumulative frequency of grain size and cumulative granulometric curve.



Standard granulometric parameters were read directly from a cumulative granulometric curve, or calculated from standard equations:



(1) Median (Md)—grain size value on a cumulative granulometric curve at the 50th percentile (at 50%);



(2) Mean (M)—average grain size value, calculated from grain size values at the 16th (Φ16), 50th (Φ50) and 84th (Φ84) percentile (Equation (1)):


  M =     Φ   16   +   Φ   50   +   Φ   84     3    



(1)




where:



Φn—grain size at the nth percentile;



M—mean grain size.



(3) Mode is the value in the middle of the most represented class (class with the largest number of grains);



(4) Sorting (So) is the measure of standard deviation—width of the grain size distribution (Equation (2)). It shows the efficiency of the transporting media (river water) in separating various grain sizes.


  S o =     Φ   84   −   Φ   16     4   +     Φ   95   −   Φ   5     6.6    



(2)




where:



So—sorting coefficient;



Φn—grain size at the nth percentile.



(5) The asymmetry coefficient—Skewness (Sk) shows prevailing fractions in the sample (larger or smaller grains than the median value). It changes the cumulative granulometric curve toward the larger grains (Sk < 1) or toward the smaller grains (Sk > 1). It is calculated from Equation (3).


  S k =     Φ   16   +   Φ   84   −   2 Φ   50     2 (   Φ   84   −   Φ   16   )   +     Φ   5   +   Φ   95   − 2   Φ   50     2 (   Φ   95   −   Φ   5   )    



(3)




where:



Sk—coefficient of asymmetry;



Φn—grain size at the nth percentile.



All procedures were performed according to [33,34].




2.4. Grain Size Distribution Determined by Laser Granulometry


Laser diffraction is an efficient technique for analyzing grain size distribution in medium and fine sediments. It is rapid and non-destructive, applicable for a broad range of grain sizes, as well as highly automated. Laser granulometric analysis was performed with a Malvern Panalytical Mastersizer 3000 device (see Figure 3d), operating on the laser diffraction principle, giving the results in vol. % of the particles determined in the sample. Samples (10 g) were prepared by sieving (<2 mm), cleaning (soaking for 24 h in distilled water) and separating coalesced grains (treatment for 5 min in an ultrasonic bath). Particle shape were considered as predominately “non-spheric” by observation under a binocular magnifier lens and the device was setup accordingly. Finally, the predominant mineral composition was set up as “quartz grains” together with the belonging refractive index, absorption index and density. “Water” was set up as a dispersion medium parameter. Five consecutive measurements were made for each sample (with an error < 5%), and the average value was calculated. The device was cleaned after the measurement of each sample. The results are presented in the cumulative frequency of grain size curves.




2.5. Heavy Liquid Separation


To separate heavy and light mineral fractions from the samples, sodium polytungstate (SPT; s.g. = 2.89 g/cm3) was used. A fraction 0.5–0.25 mm obtained by dry sieving was taken for separation. Approximately 10 g of the sample was mixed in the cuvette with the 7 mL of SPT previously prepared with distilled water to s.g. = 2.7–2.8 g/cm3, centrifuged for 15 min, frozen for 24 h and finally separated in the funnels with the filter paper. All procedures were performed according to [33,34].




2.6. Magnetic Susceptibility Separation


Mineral grains (cca 10 g) in the samples were separated from the fraction 0.5–0.25 mm, based on their magnetic susceptibility, by an isodynamic magnetic separator designed by S. G. Frantz (see Figure 3b). Transverse and longitudinal channels in the separator were set up at 20°, and the current intensity varied from 0.4 A to 0.8 A and 1.2 A to obtain more precisely separated fractions for determination. All procedures were performed according to [33,34].




2.7. Mineralogic–Petrographic Composition


Mineral grains and rock fragments separated by magnetic separation and heavy liquid were observed by a binocular magnifier lens Leica MZ 75 (see Figure 3c) to determine predominant, subordinate and trace minerals and rock fragments, according to their physical characteristics (habitus, color, luster, cleavage). All procedures were performed according to [33].




2.8. X-ray Powder Diffraction Analysis (XRD)


X-ray powder diffraction analyses (XRD) were performed on a powdered bulk sample from all sites, to confirm main mineralogy, previously determined under a binocular stereoscopic lens. Analyses were made on a Panalytical Empyrean diffractometer with a PIXcel3D-Medipix3 1 × 1 line detector, under the following conditions: Cu–Kα radiation (Kα 1.541874 Å), U = 45 Kv, I = 40 mA, recording range 3–70° 2Θ, step 0.0131°, recording speed 0.041683 °/s and divergence of the primary beam 1/2°. The XRD patterns of the bulk sample were recorded after air drying. Recorded diffractograms were interpreted by High Score Plus 4.9 (2020) software, using the PDF-2 mineral database. All procedures were performed according to [33].





3. Results


The results of all the performed analyses (granulometric analysis by sieving and laser granulometry, as well as mineralogic–petrographic determination) are presented in graphics for each sampling site separately, from the west towards the east downstream of the Sava River. Minerals and rock fragments were determined as: (a) predominant; (b) subordinate; and (c) trace minerals/rock fragments. Microphotographs of some characteristic minerals were also taken.



The parameters read off and/or calculated from the cumulative granulometric curve for all samples are listed in Table 2.



The mineralogic–petrographic composition for all samples is shown in Supplementary File S1. The cumulative frequency of grain size distribution obtained by laser granulometry for all samples is presented in Supplementary File S2. Additional XRD analysis on the bulk sample was performed, which confirmed main mineralogy (calcite, dolomite, quartz, feldspar, plagioclase, muscovite). It was not possible to confirm all previously determined minerals, probably due to their small shares in a bulk sample. Interpreted XRD diffractograms are shown in Supplementary File S3.



3.1. Sample 9453—Zaprešić Bridge


The weight of the sample separated by quartering from the original sample was 115.6 g, which was taken for sieving. The results are presented on a histogram of grain size distribution (see Figure 4a) and a cumulative granulometric curve (see Figure 4b).



Carbonates (limestone and dolomite fragments) are predominant, while sandstone/silt and magmatic rock fragments are subordinately present. Dolomite is present in heavy mineral fractions and calcite is predominant in light mineral fractions. Both carbonates are also found in nonmagnetic fractions. Biotite, muscovite, quartz, epidote, chloritoid and chlorite are subordinately present. Oxide minerals (magnetite and ilmenite) and graphite are found in traces in magnetic fractions.




3.2. Sample 9451—The Podsused Bridge


The weight of the sample separated by quartering from the original sample was 97.79 g, which was taken for sieving. The results are presented on a histogram of grain size distribution (see Figure 5a), and a cumulative granulometric curve (see Figure 5b).



Carbonates predominate, while sandstone/silt and magmatic rock fragments are subordinated. Among the carbonates, dolomite and siderite are present in heavy mineral fractions, and calcite predominate in light mineral fractions Silicates and oxides are found in traces: micas, epidote, tourmaline, magnetite and ilmenite in magnetic mineral fractions, and quartz in nonmagnetic mineral fractions.




3.3. Sample 9452—The Jankomir Bridge


The weight of the sample separated by quartering from the original sample was 110.39 g, which was taken for sieving. The results are presented on a histogram of grain size distribution (see Figure 6a) and a cumulative granulometric curve (see Figure 6b).



Carbonates still predominate as in the previous samples, while siliciclastic, magmatic and metamorphic rock fragments are subordinately present. Among the carbonates, calcite predominates in light mineral fractions and dolomite in heavy mineral fractions. Epidote, barite and garnet are found in heavy mineral fractions. Magnetite and ilmenite are found in magnetic fractions.




3.4. Sample 9454—The Homeland Bridge


The weight of the sample separated by quartering from the original sample was 114.3 g, which was taken for sieving. The results are presented on a histogram of grain size distribution (see Figure 7a) and a cumulative granulometric curve (see Figure 7b).



Sandstone/silt and effusive rock fragments are increased and carbonates are decreased compared with the previous samples. Quartz and Fe-minerals are mainly covered by a limonitic crust. Chlorite, epidote and garnet are found in heavy mineral fractions, while quartz and muscovite are found in light mineral fractions. Pyroxene and amphibole, as well as epidote, garnet, tourmaline and chlorite are found in magnetic fractions.




3.5. Sample 9455—Ikea


The weight of the sample separated by quartering from the original sample was 125.7 g, which was taken for sieving. The results are presented on a histogram of grain size distribution (see Figure 8a) and a cumulative granulometric curve (see Figure 8b).



Siliciclastic and magmatic rock fragments are further increased, while carbonates, especially dolomite, are decreased. Amphibole, chlorite and zircon are found in heavy mineral fractions, and quartz, feldspar and muscovite in light mineral fractions.




3.6. Sample 9493—Sisak


The weight of the sample separated by quartering from the original sample was 111.0 g, which was taken for sieving. The results are presented on a histogram of grain size distribution (see Figure 9a) and a cumulative granulometric curve (see Figure 9b).



Siliciclastic and magmatic rock fragments are significantly predominant, while carbonates are sharply decreased. Rock fragments and siliciclastic grains are well-rounded and more spheric. Amphibole and garnet are found in heavy mineral fractions. Tourmaline is found in magnetic fractions.



Microphotographs of selected mineral grains from all samples are shown in Figure 10a–i.



Grain size distribution in all the analyzed samples is presented on a jointed graph showing cumulative granulometric curves (see Figure 11). Similar shapes for the 9453, 9451, 9452 and 9454 curves, steepened at fine and medium sand sections of the curves, indicate similar grain size distributions. Apart from that, curve 9455 shows an increase in coarse sand and gravel, while curve 9493 shows an increase of fine sand fractions.



The jointed histogram showing the distribution of granulometric fractions (see Figure 12) more clearly presents the described similarities and differences of grain size distribution—the prevailing medium sand fraction at the 9452, 9454 and 9455 sites, as well as the predominance of fine sand at site 9493.





4. Discussion


4.1. Significance of Grain Size and Provenance Research


Numerous studies of sand deposits in rivers within various geological and geomorphological settings have been designed and conducted all over the world [41,42,43,44,45,46,47,48,49,50,51,52]. They have investigated modern [6] and ancient [41] river systems, from meandering to more channelized rivers as well as their transition [42,43]. Fluvial sandbar deposition [44], morphodynamics and sediment transport at grain scales [45,46], as well as numerous estimating, quantifying or predicting modelling studies and empirical assessments [47,48,49,50,51,52] of river deposits have been investigated and elaborated on.



Comparing to those mentioned, this study is somewhat limited to simple sedimentary research techniques for the grain size distribution and provenance of the Sava River sand in the urban area of the City of Zagreb, as well as its downstream area in the Lonjsko Polje Nature Park. However, several useful conclusions can arise from the discussion of the obtained results.




4.2. Grain Size Distribution and Provenance of Sand Grains in the Study Area


Grain size distribution obtained by dry sieving (see Figure 11 and Figure 12) shows that, upstream of the Sava River at the western sampling sites (9453 and 9451), cumulative medium sand/fine sand fractions are predominant at both sites (89.4 wt.% and 86.15 wt.%, respectively for sites), and very fine sand fraction is subordinately present (6.09 wt.% and 11.21 wt.%, respectively). Cumulative shares of other fractions, fine and coarse, are <2 wt.%. The prevailing hydrodynamic properties of the Sava riverbed in this area allows the deposition of medium and fine sand particles.



Downstream of the Sava River towards the east, at the sampling sites 9452, 9454 and 9455, medium sand fraction increase (60.44 wt.%, 77.8 wt.% and 47.37 wt.%, respectively for sites). Fine sand fractions are subordinated, while coarse sand fractions are almost insignificant at sites 9452 and 9454. Such grain size distribution, with an increase of medium sand deposition downstream, probably reflects a more channelized riverbed due to artificial flood-preventing banks, consequently creating higher hydrodynamic conditions at these sites. On the other hand, a slight increase of coarse sand and gravel fractions is documented at site 9455, probably due to the sampling procedure, where some pebbles were also sampled together with the sand. This is also clearly visible from the calculated sorting coefficient values (0.71 < So > 2 for 9455, comparing with So < 0.35 for 9452 and 9454—Table 2) Apart from this anomaly, for sample 9455, So, M and Sk parameters are similar to those of other samples in Table 2, predominately reflecting the deposition of medium and fine sand.



At the sampling site 9493, some 50 km downstream, fine sand fractions predominate (69.39 wt.%; Figure 12) due to the low hydrodynamic conditions of the Sava River. It flows there through a low-relief area and enters the Lonjsko Polje Nature Park, becoming a non-regulated and more meandering river which deposits fine sand material in sandy point bar alluvial facies [3; 4]. Also, the inflow of the Kupa River immediately upstream from the 9493 site possibly influenced grain size distribution, but this still needs to be investigated.



The results of laser granulometry presented on the cumulative frequency of grain size curves (see Supplementary File S2) showed similar grain size distribution as the results obtained by dry sieving. However, some discrepancies are also observed, due to a more precise detection limit for silt and clay particles by laser granulometry. Two peaks are clearly visible: a large peak at the medium to fine sand fraction (125–500 μm) matching the same peak obtained by the dry sieving method in all samples, and a small peak at the clay fraction (4–16 μm) in samples 9453 and 9454. A smaller peak at the clay fraction probably appeared due to sample treatment before measurement, when the soaking in water and ultrasonic disintegration of the sample resulted in the release of clay coatings around some grains. The laser granulometry method was used in this study to better distinguish silt and clay fractions, and to compare them for all samples. However, apart from the two mentioned minor peaks, other significant differences were not detected.



The provenance part of this research is discussed according to mineral–petrographic determinations from separated mineral fractions. It is also compared with described geological settings upstream from the Sava River, as well as in the surrounding areas (Medvednica Mt. and Samobor Hills), as possible sources of sand grains.



Mineral grains determined in heavy and light mineral fractions, as well as in fractions separated by magnetic susceptibility (see Supplementary File S1 and Figure 10), indicate provenance from several possible sources. The main mineralogy (calcite, dolomite, quartz, feldspar, plagioclase, muscovite), confirmed by XRD analysis, could mainly derive from the upstream sources, but local contributions should also be taken into account. Subordinately represented minerals (chlorite, chloritoid, epidote, olivine, tourmaline, amphibole, pyroxene) could be significantly sourced from the Medvednica Mt., where the assemblage of various magmatic and metamorphic rocks has been extensively investigated [53,54,55,56,57,58,59,60,61,62]. Among rock fragments, carbonate and siliciclastic sedimentary rock fragments prevail, followed by effusive rocks. Again, the provenance of these grains is probably twofold: upstream of the Sava River, as well as contributed to by local sources. On the other hand, the significant absence of ore minerals, well-described in the surroundings of the study area (historical mining sites and drainage areas at the Medvednica Mt. [63,64,65,66], and in the Samobor Hills [67,68,69,70,71]) could indicate somehow limited local transport by streams into the Sava River. However, this is highly speculative and needs confirmation by a broader study.



Several provenance studies [72,73,74] have investigated the Quaternary sand composition of Dolomite Alps provenance deposited in the Po and Modena Plains in northern Italy. Their results and conclusions show the evidence of relatively lower resistance of carbonate grains transported by rivers, compared with siliciclastic, volcanic and metamorphic grains, as well as evidence that the sand composition of some major rivers in the plains has not changed during the Holocene.



Compared with the results obtained for the Sava River, carbonate grain (calcite and dolomite) content decreases downstream of the Sava River, away from its source in the Alpine regions. Moreover, it decreases even at a minor scale, away from the local carbonate grain source areas, the Samobor Hills and SW Medvednica Mt. As for eventual changes of sand composition during the Holocene in Sava River deposits, these cannot be concluded from the obtained results and compared with northern Italy, simply because of the different sampling techniques used (surficial sampling of riverbed sand vs. deep borehole sampling).



Mineralogic–petrographic composition is relatively similar at all sampling sites but with slightly different shares of siliciclastic and carbonate grains downstream of the Sava River (see Figure 13; Supplementary File S1). Carbonates prevail upstream, at the 9453—the Zaprešić Bridge and 9451—the Podsused Bridge sites, followed by sandstone and silt rock clasts, as well as fragments of magmatic and metamorphic rocks, silicate minerals and some oxide minerals. Well-rounded carbonate grains indicate their probably distant upstream sources (from the Alpine regions in Slovenia), but more local sources (the Samobor Hills and SW part of the Medvednica Mt.—see Figure 1) are also highly probable. Various magmatic and metamorphic rock fragments indicate a local source area, mainly from the middle part of the Medvednica Mt. Downstream, at sites 9452—the Jankomir Bridge and 9454—the Homeland Bridge, carbonate grains still prevail but sandstone/silt rock clasts and magmatic/metamorphic rock fragments constantly increase towards the site 9455—Ikea. They significantly prevail over carbonates 50 km downstream at site 9493—Sisak. Considering the position of the 9493 site downstream of the right tributary (the Kupa River inflow in the Sava), the area upstream of the Kupa River (Banovina and Gorski Kotar regions) is highly probable as a significant source of these grains. The Kupa River in its lower part flows through magmatic–siliciclastic (Banovina) terrain [19,20,21,22], and in its upper part through carbonate karst (Gorski Kotar) terrain [23,24]. Carbonate sand originating from karst carbonates is mainly deposited upstream, and siliciclastic sand possibly contributes downstream, at the 9493—Sisak site, in the Sava River.



Determined mineralogic–petrographic composition can be compared with the results of a previous study in the same area [25]. That previous study determined carbonate grains as predominant for sandy deposits of the Sava River in the area near the Slovenia/Croatia border (the Krško Polje in Slovenia, Zaprešić and Rakitje areas in Croatia). This area mainly corresponds with two western sampling sites from our study (sites 9453—the Zaprešić Bridge and 9451—the Podsused Bridge), showing also prevailing carbonate grain content. At sites downstream in study [25], in the abandoned chute (Jarun) and small lakes formed in cut-off meanders of the Sava (Novo Čiče), carbonate content is decreased, as in our study at sites 9452—the Jankomir Bridge and 9454—the Homeland Bridge. Consequently, a predominant source of non-carbonate sand grains is probably the Medvednica Mt., which is in its middle part mainly composed of metamorphic (i.e., greenschists, as the most prominent), as well as magmatic and siliciclastic sedimentary rocks. Several streams flowing from the Medvednica into the Sava River contributed to the increase of non-carbonate grain content in the Sava riverbed sand. Further downstream (near Dugo Selo, corresponding to our 9455—Ikea site), non-carbonate components prevail over carbonates, as in our study.



In the previous study [25], sand from the Sava riverbed and associated with the Holocene alluvial sand lithofacies in the Zagreb Alluvial Plain have been also compared with the riverbed sand 250 km downstream of the Sava River, near Slavonski Šamac. A significant absence of carbonates (especially dolomite) has been found there, together with variable contents of minerals and fragments of metamorphic, magmatic and siliciclastic rocks. Several tributaries downstream of the Sava River, between Zagreb and Slavonski Šamac (rivers: Kupa, Una, Orljava, Vrbas and Bosna), significantly contributed to the determined content. Our study detected a significant decrease in carbonates and an increase in other components just 50 km downstream (at site 94943—Sisak), after the inflow of the first major tributary, the Kupa River. The reason for that result could be the intensive weathering and limited transport of fragile carbonate sand grains downstream, due to their low hardness.



In a more recent study [32], the morphometric and petrographic characteristics of gravel pebbles from the Sava River near Zagreb were described, approximately in the same area as in our study. Limestone pebbles were found as predominant along the Sava watercourse near Zagreb and its surroundings. Their shapes were determined as spherical to discoidal, pointing to several source areas, distant and local. Other determined lithotypes in gravel pebbles of the Sava River were, as follows: dolomites, effusive rocks, conglomerates, sandstones, cherts/quartz, tuffs, marls and shales. As the main sources of carbonate pebbles, the distant Alpine Provinces in Slovenia as well as the local area (the Samobor Hills and SW part of the Medvednica Mt.) were indicated [75,76,77,78]. The same sources could also be associated with the carbonate sand grains in our study, especially with an increased content of carbonates at the western sites (sites 9453—the Zaprešić Bridge and 9451—the Podsused Bridge). Generally, the determined prevailing carbonate sands in the western and more siliciclastic content downstream in the eastern part of the investigated area showed a similar pattern as the distribution of gravel pebbles in study [32], which was somehow expected and now confirmed.




4.3. Shortcomings and Prospects of This Study


Some considerations regarding this study should also be accentuated. The study area was relatively confined, focusing on the part of the Sava River watercourse mainly in the urban city area, with significantly regulated riverbeds influencing natural grain size distribution. This study focuses on sand, a middle-coarse sediment deposited in the riverbed at a moderate water energy, which prevails in the observed area. Planned exclusion of the coarse (gravel) and fine (silt and mud) fractions inevitably influenced the sampling strategy. Available sites with similar depositional conditions were selected, but with one site (9455—Ikea) slightly different (including some gravel pebbles), which also creates difficulties when comparing results. The reported provenance of the sand grains should be considered as a trend and guideline for further studies, which can include sampling in the tributaries.



The results of this study of grain distribution and provenance of the Sava River sand could be interesting for research and comparison of the Zagreb alluvial aquifer system deposits, as well as for urban planning and environmental protection studies along the observed traverse. A study of grain size distribution and provenance can be also extended along the waterway of the Sava River and the tributaries as a regional study, but the sampling strategy should be re-designed according to the study area.





5. Conclusions


Several conclusions can be drawn from this study:




	-

	
Upstream, in the western part of the City of Zagreb, predominately carbonate sand of distant (Alpine) and local (Medvednica Mt. and Samobor Hills) provenance prevail. Downstream, in the middle and eastern part of the City of Zagreb area, more siliciclastic sand is deposited in the Sava riverbed, originating mainly from the Medvednica Mt.;




	-

	
More prevailing siliciclastic sand further downstream of the Sava River, near the city of Sisak, can be considered as a contribution from the Kupa River tributary;




	-

	
Moreover, grain size distribution of the Sava River sands near the city of Zagreb show predominately medium and fine sand deposition, with prevailing medium sand downstream, due to a more artificially channelized riverbed;




	-

	
Further 50 km downstream, near the city of Sisak and entering the Lonjsko Polje Nature Park, fine sand deposition significantly prevails, influenced by the lower hydrodynamic conditions and possible fine sand contribution of the Kupa River tributary;




	-

	
Although various studies of the Zagreb alluvial aquifer system have been conducted so far, this study represent a novelty in its investigation into the grain size distribution of the riverbed sand itself, setting the foundations for investigations in the future;




	-

	
Possible shortcomings of this study include the sampling strategy and the provenance aspects, which can be improved in future studies by broadening the scope of the study to near tributaries, as well as on the streams entering the Sava River. Since these streams mainly flow from the Medvednica Mt. through the urban city area, anthropogenic influence should be also considered.
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Figure 1. Geology of the study area. Red box within inlet (upper left) represents research area shown in geological map. Recent flow of the Sava River is marked with the blue curve. Sampling sites (green dots 1–6): 1—Zaprešić Bridge; 2—Podsused Bridge; 3—Jankomir Bridge; 4—Homeland Bridge; 5—Ikea; 6—Sisak; modified after [23]. Legend for geology after [24]: 5—ortho-metamorphic rocks (Paleozoic to Triassic; Pz, ?T), 6—para-metamorphic rocks (Paleozoic to ?Triassic; Pz, ?T), 10—permanently clastic deposits (Carbonian, Permian; C, P), 12—magmatics: quartz diorites, granodiorites (? Permian; χ P), 14—siliciclastics–carbonates (Lower Triassic; T1), 15—carbonates (Middle Triassic; T2), 20—dolomites (Norian to Rhaetian; T32,1), 21—limestones and dolomites (Lower Jurassic; J1), 31b—ophiolitic magmatic rocks (Middle to Upper Jurassic; J2,3), 36—carbonate clastics and “Scaglia“ limestones (Upper Cretaceous; K2), 37β—basalts (Upper Cretaceous, Paleogene; K2, Pg), 44—clastics and carbonates with clastics (Ottnangian to Carpathian; M2,3), 46—Lithothamnium limestones and clastics with volcanic rocks (Badenian; M4), 47—carbonate clastics (Sarmatian to Pannonian; M5,6), 48—clastics and coal (Pontian; M7), 50—Paludina clastic beds (Dacian, Romanian; Pl), 52—clastics (Plio-Quaternary; Pl, Q), 54a—loess (Pleistocene, Q1), 57b—marsh deposits (Holocene; Q2), 58b—alluvial deposits (Holocene; Q2). 
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Figure 2. (a–f). Sampling sites at Sava riverbanks: (a) Site 1—Podsused Bridge (9451); (b) Site 2—Jankomir Bridge (9452); (c) Site 3—Zaprešić Bridge (9453); (d) Site 4—Homeland Bridge (9454); (e) Site 5—Ikea (9455); (f) Site 6—Sisak (9493). 
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Figure 3. (a–d). Laboratory analytical methods used: (a) a setup of stacked laboratory sieves from 4 mm to 0.032 mm; (b) the Frantz isodynamic magnetic separator; (c) binocular stereoscopic magnifier Leica MZ 75; (d) the laser granulometry device Malvern Panalytical Ltd Mastersizer 3000, Malvern, UK. Available online: https://www.atascientific.com.au/principles-laser-diffraction/ (accessed on 25 April 2024). 
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Figure 4. (a,b) Histogram of grain size distribution (a) and a cumulative granulometric curve (b) for sample 9453—Zaprešić Bridge. 






Figure 4. (a,b) Histogram of grain size distribution (a) and a cumulative granulometric curve (b) for sample 9453—Zaprešić Bridge.



[image: Geosciences 14 00188 g004]







[image: Geosciences 14 00188 g005] 





Figure 5. (a,b). Histogram of grain size distribution (a) and a cumulative granulometric curve (b) for sample 9451—the Podsused Bridge. 
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Figure 6. (a,b). Histogram of grain size distribution (a) and a cumulative granulometric curve (b) for sample 9452—the Jankomir Bridge. 
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Figure 7. (a,b). Histogram of grain size distribution (a) and a cumulative granulometric curve (b) for sample 9454—the Homeland Bridge. 
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Figure 8. (a,b) Histogram of grain size distribution (a) and a cumulative granulometric curve (b) for sample 9455—Ikea. 
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Figure 9. (a,b). Histogram of grain size distribution (a) and a cumulative granulometric curve (b) for sample 9493—Sisak. 
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Figure 10. Selected microphotographs of analyzed samples: (a) heavy mineral fraction—sample 9493, (b) light mineral fraction—sample 9451, (c) heavy mineral fraction—sample 9452, (d) magnetic fraction at 0.8 A—sample 9452, (e) magnetic fraction at 0.8 A—sample 9454, (f) magnetic fraction at 1.2 A—sample 9454, (g) heavy mineral fraction—sample 9455, (h) heavy mineral fraction—sample 9493, and (i) magnetic fraction at 1.2 A—sample 9493. The scale for all microphotographs is 0.2 mm. Abbreviations (after [40]): Dol—dolomite, Bt—biotite, Qz—quartz, Ms—muscovite, Cal—calcite, Chl—chlorite, Ep—epidote, Px—pyroxene, Zrn—zircon, Amp—amphibole, Grt—garnet and Tur—tourmaline. 
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Figure 11. Cumulative granulometric curves for all samples. 
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Figure 12. Histogram of grain size distribution for all samples. 
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Figure 13. Histogram of mineralogic–petrographic composition for all samples. 
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Table 1. List of all samples collected for this study with associated geographical coordinates for the sampling sites (in HTRS96/TM).
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Samples

	
Coordinates in HTRS96/TM




	
Field Mark

	
Lab Number

	
Easting

	
Northing






	
1—Podsused Bridge

	
9451

	
448,079.93

	
5,075,186.58




	
2—Jankomir Bridge

	
9452

	
449,924.19

	
5,072,626.22




	
3—Zaprešić Bridge

	
9453

	
447,162.77

	
5,076,738.34




	
4—Homeland Bridge

	
9454

	
465,329.62

	
5,068,919.41




	
5—Ikea

	
9455

	
471,386.61

	
5,071,575.00




	
6—Sisak

	
9493

	
496,688.65

	
5,032,685.95











 





Table 2. Parameters measured and calculated from the cumulative granulometric curves for all samples.






Table 2. Parameters measured and calculated from the cumulative granulometric curves for all samples.





	
Parameter

	
Samples-Sites




	

	
9453

	
9451

	
9752

	
9754

	
9455

	
9493






	
Φ5

	
0.1135

	
0.0878

	
0.0878

	
0.1436

	
0.215

	
0.094




	
Φ16

	
0.14375

	
0.125

	
0.15

	
0.2

	
0.26

	
0.128




	
Md

	
0.25

	
0.225

	
0.2575

	
0.33

	
0.425

	
0.18125




	
Φ84

	
0.417

	
0.41

	
0.417

	
0.417

	
2.0

	
0.265




	
Φ95

	
0.46

	
0.45

	
0.455

	
0.455

	
4.5

	
0.615




	
Mode

	
0.5–0.25

	
0.25–0.125

	
0.5–0.25

	
0.5–0.25

	
0.5–0.25

	
0.25–0.125




	
M

	
0.27025

	
0.253

	
0.275

	
0.316

	
0.895

	
0.191




	
So

	
0.121 (<0.35)

	
0.126 (<0.35)

	
0.122 (<0.35)

	
0.101 (<0.35)

	
1.084 (<0.71; <2)

	
0.113 (<0.35)




	
Sk

	
0.217 (<1)

	
0.270 (<1)

	
0.135 (<1)

	
0.198 (<1)

	
0.856 (<1)

	
0.44 (<1)
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