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Abstract

:

The loess-paleosol profile near the settlement of Pécel has a notable size among the loess-paleosol sequences of the Northern Carpathian territories. Therefore, comprehensive sedimentological examinations were performed to understand the profile and the information preserved in it. The past periodicity and intensity of winds were showed by particle composition studies (GSI, U-ratio). At least two source areas can be presumed based on geochemical indices (CIA, CIW, Rb/Sr, Zr/Rb). Based on the characteristics of the chemical composition of sulphide minerals (P, S, Pb, Ni, As sulphides), the lower 10 m of the profile was supposed to be transported from the NW direction (Buda Thermal Karst, Börzsöny, Cserhát). Sufficient information is not yet available in order to determine the source area of the upper 10 m. By using the mentioned indexes, major developing and weathering horizons also could be identified.
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1. Introduction


The complex investigation of loess-paleosol profiles aims at the detection of paleoclimatic and paleoecological changes of the Quaternary period [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16]. The sedimentological (particle size composition) and geochemical analyses of loess-paleosol sequences can reveal environmental factors like the prevailing wind direction [17,18,19], wind intensity [20], precipitation intake [21] and weathering conditions and parameters [22,23]. The high-resolution sampling of the profiles supported by a sufficient amount of age data allows the examination with the resolution of decades and centuries. Our sediment samples cover a relatively short time interval because of the resolution of the sampling (4 cm), which provides the detection of so-called microcycles [14,15,24].



The graphical interpretation of grain size distribution could supplement the investigations with relevant information. One of these is the identification of loess and paleosol levels by the analysis of grain size fractions in the diagrams. Since loess predominantly comprises medium and coarse silt [20], a relatively high sand or clay content indicates a change in the accumulation conditions [20]. The high clay content could be the result of postgenetic processes, while an increased sand content suggests a change in the energy of the transport medium (in this case, rivers and wind) [20]. Weathering has a prominent role in the postgenetic processes, which causes an increase in the proportion of the fine fraction by the disintegration and fragmentation of larger sediment particles [20].



The loess-paleosol section of Pécel is situated in the western area of the Gödöllő Hills. These hills, with an area of 550 km2, are rich in natural and landscape values. The elevation of the area ranges between 130 and 344, with a gradual decrease towards SE [25]. The dominant geomorphological forms are the two NW-SE lines of Valkói and Úri ridges (remnant ridges) and the Isaszegi Passage, a wind furrow, eroded by deflation [26]. On the surface of the ridges, loess-paleosol series up to the height of 40 m were developed, while Isaszaegi Passage area is covered by sand (sand dunes, sand sheets [26].



Since no previous research has been carried out on the loess-paleosol profile of Pécel, the authors aim to reconstruct the sedimentological conditions, processes during and following the deposition, and assume the degree of the weathering by the preliminary particle composition and geochemical investigations. This section can be a new area available for further paleoenvironmental and paleoclimatic research. Quaternary studies in Hungary can be supplemented with additional information with the 20–30-m-high profile of Pécel. It has a unique location in contrast to the loess-paleosol profiles of lowland (e.g., [12,14,15,27,28,29]) and foothill (e.g., [11,19,30,31]) regions of Hungary. Because of it, the North Hungarian Mountains and Buda Hills could play a role in the origin of the sediment of the Pécel profile.



A further aim of the research primarily could be the malacological examinations [32,33,34,35] or the radiocarbon/OSL dating of the profile. Moreover, age-depth models [15,27,36,37] can be constructed, accumulation rate can be calculated [17,18,37], and paleoenvironmental reconstruction can be carried out [11,12,27,31,35] by using these additional pieces of information. Furthermore, our data can be correlated with other profiles [8,38,39].




2. Materials and Methods


The loess-paleosol profile of Pécel (47°29′47” N and 19°21′12” E (Figure 1)) was sampled in 2019. The section with a height of approximately 18.72 m was created by using nine continuous sub-sections. All sub-sections were sampled with a resolution of 4 cm (468 samples). The preliminary particle composition and geochemical analyses were carried out at the University of Szeged.



2.1. Grain Size Analysis


The determination of grain size composition was based on Bokhorst et al. [43]. Air dried samples were pre-treated in hydrogen peroxide (30% H2O2) and hydrochloric acid (10% HCl) bath to remove organic materials and carbonate from the sediment. Then, 30 mL of Calgon (Na2P6O18) solution was added to 0.7 g of the sample to separate the individual granules. Immediately before the measurement, the samples were treated in an ultrasonic cleaner for 20 min to prevent the adhesion of the particles. The grain size composition was carried out with an Easysizer 20 laser sedigraph at the Department of Geology and Paleontology, University of Szeged. The source used is a 2 MW of energy, 0.6328 μm wavelength He-Ne laser [14]. The laser sedigraph measured 42 particle size ranges between 0.0001 and 0.5 mm using 54 built-in detectors based on the Mie scattering theory. Frequency and cumulative values were calculated by using the measured values. The results were arranged into particle size ranges based on the Wentworth scale [44] and plotted on separated line diagrams.




2.2. Grain Size Indices


The U-ratio and GSI values were calculated based on the particle composition results to determine the energy of the transport medium [45,46,47]. The U-ratio gives the ratio of coarse silt with medium and fine silt     16 − 44    µ m    5.5 − 16    µ m     . It can be used to distinguish glacial periods with significant aeolian transport (high U-ratio) and high wind speed and warm, wet interglacial periods of weak winds (low U-ratio). This is based on the observation that the predominant particle size of aeolian sedimentation in warmer interglacial periods is <16 µm, while in cold glacial periods it is >16 µm [46,48]. Clay (<5.5 µm) and fractions <44 µm are not taken into account in the calculation of U-ratio. Thus, information cannot be obtained about clay minerals that formed during secondary, postgenetic processes, as well as fine sand transported by saltation [46,49]. The “Grain Size Index” (GSI), introduced by Rousseau et al. [21], is quite similar to the U-ratio. The most significant difference between them is that clay fraction is also taken into account in the calculation of GSI     20 − 50    µ m    < 20    µ m     . GSI values make possible the estimation of sedimentation, sediment transport and accumulation, which are closely related to the changes in wind speed [50]. High GSI values indicate increased frequency and intensity of wind storms in parallel with a higher sedimentation rate [18,50].




2.3. Geochemical Analysis


Samples (44) were chosen representatively and measured with a XRF instrument at the Department of Mineralogy, Geochemistry and Petrology, University of Szeged. After the homogenization of the selected samples, pellets were formed from 4 g of a sample with the addition of 1.5 g of Cereox adhesive under a pressure of 20 tons. For the evaluation of the measurement results, the data must be corrected with the 1100 °C “loss on ignition” (LOI—[51]) results of the samples. The following parameters were used: 50 kV excitation voltage, 40 mA anode current, palladium X-ray tube, LiF, PET monochromators, proportional and scintillation detectors, EZ Scan mode, 1200 s measurement time, semi-qualitative analysis in a vacuum. The cooling of the system was allowed by an argon/methane gas mixture.




2.4. Geochemical Indices


The examined major and trace elements are presented in percentage and ppm (mg/kg) respectively. Several geochemical indices were used to get information about the weathering conditions of the profile. Most of these are based on the mobility and exchangeability of water-soluble elements (e.g., [30,52,53,54,55,56,57,58,59,60,61,62,63,64]), which are caused by the ionic potential of alkali metals and alkaline earth metals [65,66]. Ca, Mg, and Sr are common alkaline earth metals in silicate minerals that are susceptible to weathering [52,64].



The indices used are the following: chemical index of alteration (CIA—[53]), chemical index of weathering (CIW—[67]), Rb/Sr ratio [56], Zr/Rb ratio [68,69]. The two major element indices (CIA and CIW) are widespread weather indices in the fields of loess investigations, paleoclimatical, and paleoenvironmental reconstructions [30,52,53,58,61,62,64]. The Zr/Rb ratio has become important because of the extremely high Zr content, which is an excellent indicator of weathering horizons because of its high ionic potential as an insoluble, immobile element [64,66].





3. Results


The stratigraphic units and their boundaries were identified during the field sampling, while the lithostratigraphic description and separation were already performed in the laboratory. It includes the determination of the wet and dry color of each sample based on the Munsell color scale. The notations of Chinese loess sections [2,70,71,72,73] were used for the description of the lithological horizons.



3.1. Grain Size Composition


A well-developed paleosol complex (S3) can be identified between 1784 and 1872 cm (Figure 2), which can be divided into two parts. The proportion of the coarser particle size is constantly increasing with the decreasing of the finer ones. The predominant grain size fractions are medium and coarse silt with a high clay content of around 20%.



A homogeneous loess layer (L3) can be observed between 1540 and 1784 cm with no change in its color. The change in particle size continues from the finer to the coarser fractions, thus coarse silt and very fine sand become predominant. A slight change was detected between 1680–1700 cm, where the proportion of fine and medium silt increases in contrast with the decreasing proportion of very fine sand.



Above the loess layer, between 1416 and 1540 cm, another paleosol layer lies (S2), which was divided into two parts, a lighter part between 1452–1540 cm and a darker bet-ween 1416–1452 cm. In the transition zone of the lower part and the L3 loess layer, the amount of very fine sand increases (26%), then decreases upwards. The clay content declines on the boundary of the lower and upper part (1540 cm) with a slight increase in the proportion of coarse silt and very fine sand.



A well-developed homogeneous loess layer (L2) can be found above S2, between 1256 and 1416 cm, with carbonate concretions between 1350 and 1408 cm. The low proportion of very fine sand (10%) in the S2/L2 transition zone reaches its maximum at 1344 cm with almost 24%. From that point, it decreases back to 10% to the L2/S1 transition. It predominantly comprises coarse (24–28%) and medium (22–26%) silt. The clay content is the opposite of the sand content, shows its minimum (7%) at the maximum of the sand proportion. By the L2/S1 transition, its proportion gradually increases to 20%.



A diverse paleosol layer (S1) can be found between 884 and 1256 cm above the L2 loess layer, which can be divided into 6 parts based on its color. The first part, between 1180 and 1256 cm, is a light-colored section with a rhythmically changing proportion of very fine sand content between 1236 and 1256 cm (increasing from 9 to 30%, then decreasing to 10% again (1216 cm)). In 1200 cm, a minimum can be observed again, then to 1180 cm it increasing to 26%. The clay and very fine silt fraction follow the same trend with an inverse relation. Since outstanding values cannot be observed in geochemical indices, the reasons for this can be the changes of the source area, or the changes in the wind direction, or the drastic relapses in the energy of the transport medium several times. Such a notable trend cannot be observed in the cases of the other fractions. Above, between 1124–1180 cm, a darker part can be found, in which the latter trend continues up to 1160 cm. The proportion of the very fine sand decreases to 5%, while the proportion of clay and very fine silt fractions increase to 28% and 17%. The different grain size fractions in the next part of the paleosol level are characterized by only a few percent of oscillation. Between 1044–1124 cm, the clay, and medium and coarse silt become dominant, but the difference between the minimum and maximum values of each fraction is less than 5%. Between 1000–1044 cm, the trend of the lower parts reappears. The proportion of very fine sand decreases from 17 to 6% (1016 cm) and unlike before, the proportions of fine, medium and coarse silt increase. The presence of a weathering horizon was assumed here, which is also supported by the geochemical indices. Between 932 and 1000 cm, the proportion of fine sand is low, varying between 6–15%. The clay content is between 19–26%, the fine and medium sand are between 20–25% and 20–23%. The uppermost part of the S1 paleosol level can be found at 884–932 cm. The clay content decreases continuously up to a minimum of 16%, the average proportion of medium and coarse silt is 24–24%, with 9–12% of very fine sand. Carbonate concretions can be identified at 1248 cm and between 1188 and 1176 cm.



The next layer between 884–1044 cm consists of two loess layer with a buried paleosol between them. The lower loess layer (L1L2) is between 568–884 cm. The grain composition is gradually fining upwards. A significant change can be observed at 752 cm, where the proportion of fine silt increases, while coarse silt and very fine sand decreases and the clay content stagnates. The refining tendency of the sediment continues upwards. The abovementioned pattern reappears at 652 cm except for the slighter decrease in fine sand and clay content.



The intervening paleosol (L1S1) can be found between 300–564 cm. This part continues to roughen upwards in terms of grain size distribution. A change can be seen between 392 and 456 cm, where the average clay content of 16–20% decreases to 5% as well as coarse silt, meanwhile, all the other fractions increase significantly. The proportion of very fine sand also increases further to the L1S1-L1L1 boundary.



The same color as the L1L2 layer characterizes the uppermost part of the loess body (L1L1) between 44 and 300 cm. The very fine sand fraction in the layer is around 30% but decreases to 20% for 40 cm. Its proportion is constantly increasing from 216 cm and reaches a maximum of 36% at 80 cm. The opposite trend can be observed in the changes of the clay fraction. The proportion of very fine and fine silt ranges between 5–8%. Considering the averages, the very fine sand content becomes predominant with its 28% with 25% coarse silt and 18% medium silt proportions.



The top of the profile is the S0 recent soil layer, which was divided into two parts, a lower (20–44 cm) and an upper (0–20 cm). The clay fraction in the lower part is continuously decreasing from 14% to 6%, and the fine silt fraction increases by 1–2%. The average of the very fine sand proportion is 32%. The dominance of medium and coarse silt (24–28%) and the practically complete absence of clay fraction (2–6%) characterize the upper section. Besides, the proportion of very fine sand drops to 22% from 29%.




3.2. GSI/U-Ratio


GSI values (Figure 2) increase from 0.87 to 1.14 between 1600–1872 cm, and fall back to 0.9 between 1436–1448 cm. From this point, it rises and reaches 1.75 at 1336 cm. The lowest value of the entire profile is at 1156 cm with 0.69 and remains below 1 up to 904 cm. Below 60 cm, GSI values rise to 1.5, then decrease back below 1 for the next 90 cm. Up to 544 cm, it ranges between 0.9 and 1.4. A significant peak with the highest value (2.12) of the profile can be observed between 364–508 cm. Another peak (1.7) appears at 192–200 cm. Then it continuously decreases to 1.4 at 76 cm, from where it starts to rises again and reaches a value of 1.97 on the surface. The larger fluctuations in U-ratio can be explained with the consideration of the clay content in the calculation [45,46,47]. The movement of the trendlines is uniform, although the L3 layer (1540–1784 cm) indicates a positive protrusion. The most conspicuous ones are between 364–509 cm and 0–75 cm where the values differ from the trend. These anomalies can be explained by the extreme decrease of the clay fraction.




3.3. Geochemical Analysis


It can be concluded for the lithological change of S3 level (Figure 3), that Mg content gradually ceases and Mn content is quadrupled. The same pattern can be observed in the case of trace elements as Zr, Sr, Rb, Ni. A significant increase is detected in the values of As (from 0 ppm to 48 ppm) at the S3/L3 boundary. In L3, the amount of Ca gradually increase, while Mg, P, S elements show high variability. Pb, Cu and As significantly increase, but the other trace elements show a decreasing trend overall.



Several changes can be observed in the L2/S2 boundary. The amount of Ca and S halved while Mg increases to 6% from 0. Zr, Pb, Rb and Ni values also increase. Pb reaches its maximum (255 ppm).



S2 can be divided into two lithological layers. At their boundary, the major elements like Fe, Ca, Mg and S and trace elements like Sr, Pb, Cu increase, moreover Rb gradually increases up to S2/L2 boundary, where Na content also rises from 0 to 7%.



The highest p values of the profile were detected (0.5–0.6%) in the L2 loess body and the S1 paleosol layer above where Zr, Pb, Ni values decrease, and in the middle of the loess body Sr, Cu, Rb increase. S1 is divided into six lithological parts, however, it cannot be detected based on the geochemical results. The Fe content gradually decreases up to 1000 cm and reaches a maximum of 27% in the S1/L1L2 boundary zone. Mg, P, S, Zn, Pb, Ni, As is detected with a significant amount up to this zone, from this point Ca, K, Na and Zr elements become predominant. This general change is not significant in the case of Si, except for the decrease from 16% to 4% and the peaks (to 32%) in the upper part of the L1L1 and S0.



Significant changes cannot be seen in the L1L2 loess body except for the smaller peaks of Na, Sr and Ni. The highest Zr content (1781 ppm) is detected in the L1L2/L1S1 boundary. Fe and Ca decrease, while Si and K increase and a slight increase can be observed in Zr and Cu trace elements in the lower part of the L1S1 paleosol (492–496 cm). Rb content continuously increases from 73 to 106 ppm up to the boundary of L1L1, and a peak of Ti is detected (increases from 1–2 ppm to 7.5 ppm).



In the L1L1 loess body, Si, Mg and Al start continuously increase and Fe, Ca, Na (with a maximum of 9.3%) and Mn-and all trace elements- decrease from 172–176 cm. The Al content reaches its maximum at this level: between 0–56 cm ranges between 4.5–5.3%.




3.4. Geochemical Indices


The examined geochemical indices suggest a weathering horizon if CIA [47], CIW [67] indices and Zr/Rb ratio [68,69] increase while Rb/Sr ratio [55] decreases. These characteristics are caused by the high mobility of Rb, and moderate mobility of Sr and immobility of Zr element [55,64,68,69].



Nine major parts were distinguished within the profile based on the selected geochemical indices. The first layer is between 1780–1862 cm, where a peak of Zr/Rb (1844–1848 cm) and Rb/Sr (1812–1816 cm) can be found. The next level is between 1496–1604 cm, characterized by the positive shift of all examined indices. Above, between 1376–1456 Rb/Sr ratio is doubled, while a slight decrease of Zr/Rb and smaller fluctuation of CIA and CIW indices can be seen. The next level is between 1256–1320 cm, is characterized by a significant Rb/Sr ratio (2–3x value), a minor decrease of Zr/Rb and unchanged CIA, CIW ratios. It is followed by a larger part (804–1088 cm) with varying values of the different indices. The first major change appears between 1020–1024 cm, where the Rb/Sr ratio decreases and Zr/Rb increases. Then, up 932–936 cm, Rb/Sr ratio more than quadruples (0.89), Zr/Rb ratio decreases to nearly 0 (996–1000 cm) and then ranges between 3–6. CIA, CIW indices slightly drop at 964–968 cm, then increase to 904–908 cm and decrease again, which persists until the next part (556–644 cm). The highest protrusion of the Zr/Rb ratio in the entire profile (19) can be found here caused by the Zr value of 1781 ppm. Between 296–496 cm, CIA and CIW values do not show significant change except for a slight increase. In contrast, high Rb/Sr is associated with a low Zr/Rb ratio at 428–432 cm. In this and the next part, the latter two ratios show the opposite. The Zr/Rb ratio increases because of the presence of over 1000 ppm Zr and the Rb/Sr decreases.



Both CIA and CW indices decrease sharply in the penultimate part between 100–344 cm. Both indices reach their minimum value of 40 and 47, respectively. The Rb/Sr ratio also has a negative peak here, while Zr/Rb ratio increases.



The uppermost part can be observed from 56 cm to the surface (0 cm). At the boundary of L1L1/S0, the CIA and CIW indices reach their maximum within the entire profile (50 and 60, respectively), while the two other indices are at their minimum (0). Following this point, the CIA and CIW slightly decrease, Rb/Sr and Zr/Rb increase from zero to 0.3 and 12, respectively.



A weathering horizon occurs (Figure 4) between 1844–1848 cm within the S3 paleosol layer, which is characterized by high Zr content of 1209 ppm (Figure 3). The next weathering horizon is at the transition of L3-S2, where the Rb/Sr ratio moves in a positive direction. Its explanation can be the higher Rb content (115 ppm). The next weathered zone occurs in the upper part of the S2 paleosol. Rb/Sr and Zr/Rb ratios have an opposite trend than the indices because of the high Rb content (Rb: 149 ppm, Sr: 186 ppm, Zr: 92 ppm; Figure 3). The high Sr (228–255 ppm) and Zr (325–659 ppm) contents suggest the existence of another weathering horizon between 1316–1380 cm within the L2 loess body. In contrast, based on the grain size composition (Figure 2), the high GSI and high U-ratios, the development of a loess body deposited by intensive wind and dust storms are supposed. The proportion of the finer fractions increases again by the weakening of the assumed storms. Rb reaches a maximum of 151 ppm at 1300 cm, which causes a high Rb/Sr ratio. A paleosol developmental stage can be observed within the diverse S1 paleosol layer, which is characterized by a low concentration of Rb (44–58 ppm). Zr also reaches its minimum in the profile (13 ppm). A definite weathering emerges in the upper part of this paleosol between 904–908 cm, yet below the L1L2/S1 boundary.



Above a weak weathering horizon in the L1L2 loess body between 640–644 cm, a more significant one also can be observed. However, the highest Zr concentration value (1781 ppm) of the profile occurs at 568–572 cm, the weathering horizon appears only above, at the boundary of L1S1/L1L2 with a moderate Zr (98 ppm). Similar results were obtained in the case of L1L1/L1S1 boundary (296–308 cm) with the Zr values of 1023 ppm and then 60 ppm. Despite the weak weathering within the loess body of L1L1, a more intensive sediment accumulation and the intensified wind is assumed based on the GSI and U-ratio. The complete absence of Rb suggests intense weathering in the L1L1/S0 boundary.





4. Discussion


Based on the sedimentological results, it can be noted that the complete section is characterized by a high proportion of very fine sand fraction (5–36%). It indicates increased transport energy [20] or the sediments of the surrounding sand dunes and sand sheets. In consistent with previous studies, among all the examined grain composition indices, U-ratio is the one, which indicates cold periods and strong winds with higher values in loess bodies, and warmer periods in paleosols [18,46,48,49]. In addition, the positive peaks of GSI values indicate increased sedimentation rate and frequent powerful dust storms [18,50]. In the case of our profile, two significantly increased and several elongated sections can be observed. The two peaks are detected in the L2 loess body and the L1S1 paleosol. Both parts were characterized by the high proportion of coarser fractions and sharply decreased clay fraction (5%) (Figure 2). Non-significant peaks can be observed in the whole L3 loess body, in the initial parts of the S1 and L1L2, and above the weathering horizon in the L1L1 loess body.



A significant change can be observed in the section at the height of 10 m based on the elemental composition and particle size indices. This can be explained by the complete termination of the supply of dust, rich in sulphide minerals. Under 10 m the values of Mg, P and S major elements are relatively common, even if with small percentages (Mg < 6%, P and S < 0.6%). Trace elements as Zn, Pb, Ni, As are significant below 10 m. Considering the mineral composition of the surrounding areas, the origin of the dust, which presumably consists of sulphide minerals and igneous rocks, could have been the Buda Thermal Karst, the Börzsöny or the Cserhát. Thus, NW as the prevailing wind direction can be assumed. However, further research is necessary for the more precise determination of the exact source area of the sediment.




5. Conclusions


The foothill/hill-situated loess-paleosol profile of Pécel is located in the Gödöllő Hills in the northern part of the Carpathian Basin. The preliminary sedimentological and geochemical investigations have shown that the profile merits conducting further research, as no significant erosion or intensive weathering could be detected. It carries a wealth of data, which can perfectly complement the results of the surrounding profiles investigated so far and could provide data for the study of the climate changes in the Quaternary. The origin of flying dust and the prevailing winds are also can be examined. The change at about 10 m is an evidence of the change of the source area of the accumulated dust. The seemingly opposite results within the L2 loess body may be explained by the further transport of finer fractions (and a sharp decrease in the proportion of clay) because of the increased transport energy and the deposition of larger particles. Similar fluctuations can be seen in the case of GSI in the L1S1 paleosol layer, where the geochemical indices also indicate soil development. Considering the entire profile, weathering horizons occur at the loess-paleosol transition zones. As this is a preliminary examination of the profile, further research will be conducted. Radiocarbon and OSL/IRSL data will be suitable for the determination of the actual age of the profile, age-depth models will be built for the estimation of the volume and the rate of sediment accumulation. Besides, malacological examination of the remaining snail shells of the sediment will provide more accurate information about the paleoecological factors. Finally, magnetic susceptibility results will be applied to correlate the paleosol levels and the MIS stages and that will allow us the correlation of the Pécel profile with similar profiles.
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Figure 1. Location of the loess-paleosol sequence of Pécel in the Carpathian Basin ((A) figure: 1. Buda Thermal Karst, 2. Börzsöny, 3. Cserhát [40], (B) figure: surface formations [41], (C) figure: orthophotomap [42], (D) figure: selfmade site photo). 
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Figure 2. Grain size compositions plotted on separated line diagrams, GSI and U-ratio line diagrams [12,14,15,19,22,26,27,28,29]. 
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Figure 3. Highlighted geochemical results from XRF (major elements above, trace elements below). 
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Figure 4. Geochemical indices used to explore weathering in the loess-paleosol sequence. 
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