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Сажетак: Квартарни период карактерише циклично смењивање хладних и топлих фаза. Истраживања алувијалних седимената на подручју изворишта за снабдевање града Београда спроводе се у циљу одрживог управљања и очувања изворишта и подземних водних ресурса. Овим истраживањима утврђен је утицај климатских промена на формирање алувијалних седимената у приобалном појасу реке Саве (савски рукавац, југоисточни део Панонског басена). У раду је приказана стратиграфска анализа квартарних седимената из две истражне бушотине на локацији бунара Београдског изворишта, методологија и резултати истраживања, као и хипотезе о пореклу и карактеристикама слојева у контексту плеистоценске климе и локалних тектонских услова. Резултати указују да су алувијална седиментација и особине тих седимената претежно условљене тектонским и геолошким карактеристикама, али и локалним условима самих објеката, уз утицај бочних токова и притока. 

Abstract: The Quaternary period was characterized by cyclic climate change, with alternating cold and warm stages. A case study of the alluvial sediments at water supply wellfield of the City of Belgrade shows how climate change has influenced the formation of alluvial sediments in the riparian area of the Sava River (Sava River ditch, in the southeastern part of the Pannonian Basin). A stratigraphic analysis of the Quaternary sediments of two boreholes on the location a BGS water well is presented in the paper, along with the methods, results, indications and hypotheses about their origin and the characteristics of the strata in the context of Pleistocene climate change and the local tectonic setting. The results indicate that alluvial sedimentation and the characteristics of these sediments are predominantly determined by the tectonic and geological setting, as well as local conditions of the area surrounding the object locations, supported by lateral streams and tributaries.
Kључне речи: pleistocenski aluvijalni sedimenti, reka Sava, Beogradsko izvorište, istražne bušotine, bunari
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INTRODUCTION 

The stratigraphic and lithological data on the alluvial sediments in the Sava River Valley near Belgrade were derived from two boreholes, drilled in 2016 and 2017 on the right bank of the Sava River, on the location of a radial collector well (Rb-1m) at the water supply wellfield of the City of Belgrade, commonly known as Belgrade Groundwater Source (BGS). Some of the results of this study, related to the determination of alluvial sedimentation cycles, have previously been published in [1].
There are two Quaternary alluvial formations at BGS, one overlying the other. The older formation comprises polycyclic sediments of the Pleistocene divisions, also known as “strata with Corbicula fluminalis”. [2, 3] The younger formation, which overlies these strata, consists of contemporary Holocene alluvial sediments of the SavaRiver. [4, 5]
This paper presents a stratigraphic analysis of the alluvial sediments from two boreholes at BGS. Investigation methods include grain-size, paleontological, geochemical, mineralogical, petrological and sedimentation analyses of the alluvial deposits. To explain the collected data and laboratory results, the local geological setting will be discussed in the context of sedimentation conditions and characteristics of the alluvial sediments.

This research has been conducted over the past several years with the aim of sustainable water resource management of BGS. To select the most promising wells for remediation and revitalization, the collected data are interpreted within the local geological context, focusing on sedimentation conditions and the specific features of the alluvial deposits.
2. METHODS 

Two boreholes were drilled on the location of BGS well Rb-1m (Fig. 1) using an auger and bailer tool (Rb-1m/p-1) in 2016 a rotary drill and bailer tool in 2017 (Rb-1m/p-3d). The cores were logged in situ and sampled for grain-size, paleontological, geochemical, mineralogical, petrological and sedimentological analyses.

Paleontological material was also collected from the boreholes. Based on the various analyses and core mapping, the lithological units of the two boreholes were identified and the lithological columns correlated. Mineralogical, petrological and sedimentology analyses were performed on two samples from borehole Rb-1m/p-3d.
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Figure 1. a) Location of well Rb-1m at BGS (Makiš Field); and b) Locations of boreholes Rb-1m/p-1 and Rb-1m/p-3d near well Rb-1m (white lines signify positions of laterals)
3. RESULTS   

3.1. Grain-size analyses 

The lithological units of the two boreholes were identified and correlated based on grain-size analyses.

A boundary was drawn between the Holocene and Pleistocene alluvial deposits. The Holocene sediments of the recent course of the Sava River were characterized by fine-grained material and poore sorting of the sediments. The Pleistocene strata revealed multiple sedimentation cycles, with grain-size increasing from younger to older cycles.

The Holocene boundary of the two boreholes was at 12.4 m and 13.1 m from the land surface. Four Pleistocene sediment cycles were identified in each borehole. A thin clayey interbed was detected in the Pleistocene sediment package at Rb-1m/p-1 (52 m above sea level).

This thin interbed was at 51 m a.s.l. in borehole Rb-1m/p-3d, and there was a thicker clay layer from 56 to 57 m a.s.l.

The results of the grain-size analyses are shown in Figure 2, in the form of depth profiles of typical diameters – d10, d15, d20, d50, d60 and d85 for borehole Rb-1m/p-3d. The identified sedimentation cycles are denoted by red horizontal lines..
3.2. Paleontological and lithological characteristics

The lithological profile and photos of core logs of borehole Rb-1m/p-3d are presented in Figure 2. Paleontological material is classified and shown at corresponding depths.

Index fossils were detected in both boreholes, at nearly the same depth:

•
Corbicula fluminalis was found in the core from borehole Rb-1m/p-3d at a depth of 19.40 m and in Rb-1m/p-1 at 19.10 m from the land surface.

•
Viviparus boeckhi in the core from borehole Rb-1m/p-3d was detected in the depth interval from 26.70 m to 27.20 m (a large number of shells) and in Rb-1m/p-1 at 27.0 m.

3.3. Petrological, mineralogical and geochemical characteristics

Two samples of sand (fraction 0.1- 0.16 mm) from the borehole Rb-1m/p-3d from depths of 18.5 to 18.8 m and 23.6 to 24.0 m were analyzed.

3.3.1. Separation by bromoform
The heavy fractions were separated by bromoform, whose density was 2.85g/cm3. The entire separation procedure included the heavy fraction (HF), floating light fraction (L1F) and lightweight fraction (L2F) – Table 1. 

3.3.2.. Magnetic separation
The heavy fractions were then subjected to separation by a hand magnet and electromagnet (Frantz magnetic separator), to differentiate magnetic from non-magnetic fractions. This included the following fractions: hand magnet (HM), magnetic field 0.25A (+0.25A), magnetic field 0.5A (+0.5A), magnetic field 1A (+1A), and magnetic field 2A (+2A), as well as the nonmagnetic fraction (-2A) – Table 2.
Table 1. Results of bromoform separation expressed in wt%
	Borehole
	Depth (m)
	Initial weight 
	HF
	L1F
	L2F

	Rb-1m/p-3d
	18.5-18.8
	170.62 g
	7.44 %
	2.80 %
	89.76 %

	Rb-1m/p-3d
	23.6-24.0
	79.87 g
	6.74 %
	5.02 %
	88.24 %


Table 2. Percentage of fractions after magnetic separation.
	Borehole
	Depth (m)
	(HM)
	+0.25A
	+0.50A
	+1A
	+2A
	-2A

	Rb-1m/p-3d
	18.5-18.8
	2.05 %
	5.91 %
	7.49 %
	31.05 %
	9.22 %
	44.29 %

	Rb-1m/p-3d
	23.6-24.0
	2.04 % 
	7.06 %
	14.85 %
	39.34 %
	17.47 % 
	19.24 % 


3.3.3. Qualitative and quantitative analyses of heavy fractions
The samples prepared by the above separations were subjected to qualitative and quantitative analyses. The fractions were tested optically, by a binocular loupe magnifier and a polarized light microscope. The qualitative and quantitative composition of each fraction was identified. Table 3 shows integrated results by sample.
Table 3. Heavy fraction: qualitative and quantitative composition of samples
	Sample
	Magnetite
	Metallic
	Garnet
	Amphibole
	Pyroxene
	Epidote
	Rock fragments
	Carbonates
	Coated grains
	Total

(%)

	Rb-1m/p-3d 

(18.5-18.8 m)
	2.82
	10.83
	1.54
	3.29
	12.81
	13.76
	12.86
	39.02
	1.15
	98.08

	Rb-1m/p-3d 

(23.6-24.0 m)
	3.09
	7.6
	4.31
	2.04
	22.75
	3.92
	12.87
	38.65
	2.74
	97.97


4. DISCUSSION

The percent content of heavy fractions of the tested samples was slightly elevated - 7.44% and 6.74%. In sands, heavy fraction is usually 1 to 2%. Heavy minerals are usually concentrated in sand fractions finer than 0.25 mm, so sand fractions finer than 0.25 mm have a higher concentration of heavy minerals than sand in total.

The percent content of the fractions identified by magnetic separation was determined by the mineral composition of the heavy fraction. The content of the hand magnet and +0.25 fractions, where Fe oxides were concentrated, was in regular range. In general, the total Fe oxides were 7.96 and 11.62%. The other fractions were dominated by pyroxenes and carbonates, determined by their broad range of magnetism.

The qualitative and quantitative analyses of the heavy fractions indicated that pyroxenes, rock fragments and carbonates are dominant. Their total content was 64.69% and 74.27%.

Spinels were among minerals of concentrations less than 1.0% (0.12% and 0.11%). They are dark brown or dark red in the heavy fraction. They are probably varieties with high presence of chromium or chromites. The spinels and chromites indicate basic and ultrabasic rocks origin of the material. Amphibole, garnet, epidote, coesite, distene, staurolite and andalusite (all in proportions of less than 1%) indicated metamorphic rock origin. Earlier studies reported that minerals originating from metamorphic rocks (garnet, staurolite and distene) were mostly found at BGS in Lower Quaternary sediments. [6] At borehole Rb-1m/p-3d, these minerals represent less than 1% because it was clear that in this zone material predominately came from the direct hinterland of Makiš Field.

The above finding is supported by the large proportion of rock fragments, which are usually found in clastic sediments of small alluvial systems. There deposits are deemed immature in terms of weathering (short transport/rapid deposition). Rock fragments were detected in almost all fractions. Rock fragment distribution by their magnetic characteristics depends on the quantity of carried magnetic minerals. Metamorphic rocks, clastic rocks and serpentinites were identified, but significant portion of the rock fragments could not be recognized.

The high concentration of pyroxene, which is an unstable mineral under surface conditions, could only be result of “parent rock” proximity and fast transport. The “parent rocks” are basic and ultrabasic rocks - gabbros, peridots and serpentinized peridots. Most of the serpentinite fragments were found in the lightweight fraction.

Carbonate rocks were generally dominant. Carbonate grains were either aggregated or monocrystalline. Their origin can be a carbonate complex of any age. Some of the limestones might be of local origin, organogenic or non-organogenic. The organogenic carbonates could have originated from mollusk shells, and non-organogenic might be result of cementation process.

Magnetite is an iron oxide that originates from igneous and metamorphic rocks. Under sedimentary conditions, it is created by iron sulfide oxidation and carbonate (siderite) weathering.

Heavy minerals like zircon, apatite, tourmaline, sphene and rutile were encountered in very low concentrations. They were practically diluted by high concentrations of pyroxene, carbonate rocks and rock fragments.
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Figure 2. Lithologic section of borehole Rb-31M/p-3d and results of grain-size and paleontological analyses
5. CONCLUSION
Research conducted over the past decades at BGS has been aimed at maintaining the capacity of production wells, and the obtained findings serve as a guideline for developing a methodology for selecting prospective wells for rehabilitation and remediation.

Previous studies have addressed factors such as climate and tectonics [7, 8], while this study places emphasis on local conditions in the immediate vicinity of individual wells, which also have a certain impact on well capacity and the aging of wells, depending on their specific micro-location within the wellfield.

This study focused on the influence of lateral streams, sediment transport, and deposition within the Sava River valley, demonstrating that pebbles originated from the catchments of smaller streams that once flowed through the Makiš Field area.

Investigations around the radial collector well Rb-1m indicated the influence of small lateral streams that discharged into the Sava during the Pleistocene, transporting material from the Belgrade uplands into the Sava Basin, specifically across the Makiš Field.

These conclusions are supported by grain-size analyses, paleontological findings, and mineralogical properties of the sediments. Depth profiles of characteristic grain diameters (d10, d15, d20, d50, d60, and d85) from borehole Rb-1m/p-3d showed a significantly higher proportion of coarse fractions compared to those from borehole Rb-1m/p-1. Macroscopically, the Pleistocene sediments from Rb-1m/p-3d contained larger grain sizes, suggesting that this borehole was likely situated within the zone of a former surface stream.

High concentrations of unstable pyroxene and rock fragments in all fractions indicate short transport distances and a pronounced influence of lateral streams in delivering material to Makiš Field. The abundant presence of Viviparus boeckhi species at borehole Rb-1m/p-3d further suggests that this location may have been within the zone of influence of a river channel or the paleo-flow of a Sava tributary.

Based on sediment characteristics, it can be concluded that braided river systems existed during the Pleistocene. These were marked by multiple shallow channels that frequently changed course, driven by intense tectonic activity, erosion, and sedimentation. As a result, the Sava valley was filled with slope-derived material, which reshaped the positions of both erosional and accumulative features and generated specific lithofacies reflecting the local geological background of each tributary’s catchment.

Low-resistance pyroxene was detected in all alluvial sediment fractions, indicating delivery via tributaries from terrains surrounding the BGS. A preliminary heavy mineral analysis of core samples from well Rb-1m showed a high content of rock fragments, typical of immature clastic sediments, pointing to short transport distances and rapid deposition.

Considering that the Makiš hinterland is composed mainly of Sarmatian limestones and sands (effective groundwater collectors and conductors) in tectonic contact with Pannonian clays and marls underlying the alluvial gravels and sands, which act as a barrier to groundwater flow, it is assumed that these older formations are a major source of recharge for the main aquifer. Although surface streams are no longer active in the area, hydrogeological interactions between the Quaternary deposits of Makiš Field and older sediments forming the southern margins of the wellfield likely exert significant influence on both the quantity and quality of groundwater. This is further supported by the large number of natural springs found on the northern slopes of Belgrade.

All these findings point to the conclusion that sedimentary-tectonic activity, which caused notable local elevation differences between the surrounding terrain and the Sava trench, played a key role in shaping sedimentation dynamics, hydrodynamic conditions, and the groundwater regime in Makiš Field. This is particularly evident in the locally intense influx of coarse clastic material into the river basin and the considerable thicknesses of certain sedimentary horizons (depositional cycles), resulting from the subsidence of the accumulation plain.
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