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Abstract

The long-term relationship between climate change, vegetation change and soil development, is a
highly complex process. Findings of multiproxy (sedimentological, MS, geochemical (AAS, XRD),
micromorphological, anthracological, phytolith and malacological) studies from a loess/paleosol
sequence in northeastern Hungary highlighted the transformation of a reddish-brown fossil soil layer
(cambisol) to a podzolic soil with signs of iterative wildfires during the terminal part of MIS3.
According to our findings, a Scots pine (Pinus sylvestris) dominated open parkland emerged on the
northern slopes during the second phase of MIS3 hosted by a special reddish-brown soil. Then the
last phase of MIS3 was marked by the development of spruce (Picea) dominated open parkland.
Results further suggest that vegetation change passed a critical threshold leading to an unusually
rapid expansion of spruce (within ca. 100 yr). This rapid expansion of spruce, changing the
geochemistry of the litter to a more acidic state likely caused the initiation of podzolization and the
transformation of the original soil. The opening of MIS2 marked not only intensive dust accumulation
but a steady decline of arboreal elements as well leading to the emergence of a cold tundra on top of
the podosol with charcoal remains.

Keywords: polygenetic soil development; podsolization; vegetation and climate change; MIS 3;
Pleistocene; NE Hungary

1. Introduction

Understanding paleosol genesis and development under changing climatic conditions is a key
issue of Quaternary research [1-4]. Soil formation is a complex process controlled by various factors
such as parent material, water availability, temperature and vegetation development [3,5]. Paleosols
documenting past soil formation provides us with a view into how these factors interacted [2,6-8].
Changes to soil forming factors often leads to the transformation of original soil properties leading
to the emergence of polygenetic soils. However, the types and exact order of past responses under
changing climates are relatively less understood [2,3]. Does climate change directly influence soil
development simply by deteriorating microbial activities through decreasing temperatures, altering
water availability and changing the intensity and type of weathering through temperature and
precipitation changes? Or does the transformation of the vegetation primarily control soil
functioning? The present work aims to unravel these aspects via multiproxy sedimentological,
geochemical and paleoecological analysis of a Late Pleistocene polygenetic paleosol from Tokaj, NE
Hungary. Based on available radiocarbon dates, transformation of a cambisol into a podosol [9-13]
occurred during the final stages of MIS 3 and first half of MIS 2 (ca. 28 ky) [10,14,15-17]. Numerous
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paleoclimatic and paleoecological studies implemented in the region have so far pointed to higher
humidity values during MIS 3 compared to MIS 2 [9-12,15-19]. A recent study [17] presented
paleotemperature and paleoprecipitation data for a stratigraphically correlative paleosol and the
overlying loess unit from a near site at Tokaj Patko quarry. However, all referenced works provided
paleoclimate information at a much coarser resolution, i.e. at the scale of the entire paleosol and the
overlying loess. The present study exclusively focuses on the polygenetic soil complex at the site of
Tokaj-Csorgokut II and the time of soil transformation from a cambisol to a podosol to reveal fine-
scale processes controlling pedocomplex formation (soil properties as well as humidity, vegetation
changes).

Studied profile

Litho-,
pedostratigraphy
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mAst (Csorgokat I1.)
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Figure 1. Location, stratigraphy of the Tokaj Csorgokt valley II profile after Stimegi [10] and the study site. The
position of the original profile of Stimegi [9] is also marked in addition to the new subprofile of the upper
paleosol. Red squares on the photo in the right mark the position of blocks sampled.

2. Geological Setting

The study site is situated in a valley (Csorgodkut valley) on the NE side of Tokaj Kopasz Hill, NE
Hungary (Figure 1). The site Tokaj-Csorgokut Il itself exposes a Late Pleistocene sequence at a length
of ca. 50 m [9-12]. This sequence consists of three loess layers and two intercalated paleosols having
an average thickness of ca. 14 m, reaching 20 meters in the easternmost edge of the valley (Figure 1)
[9,10]. The bedrock of the loess/paleosol sequence (LPS) is Miocene volcanics overlain by loess dated
between ca. 60 ka and 17 ka [9,10,14,16] (Figure 1). The loess embeds two dark brown paleosol
horizons. The lower one probably formed between 60 and 55 ka, while the upper one was dated
between 40 and 26 ka [9,10,14-17]. The upper paleosol is covered by a charcoal bearing burnt white
layer indicating the occurrences of extensive forest fires at the end of its formation [9,10,20-22]. This
paleosol is overlain by yellowish-brown loess deposited between 27 and 21 ka [10,12,15,16]. The
present work focuses on the upper paleosol horizon.

3. Material and Methods

3.1. Litho-Pedostratigraphic Description and Sampling

As the formerly sampled profile of Stimegi [9,10] was destroyed by erosion, a new exposure was
opened a couple of meters to the NE of the original (48° 8'23.16" N, 21°23'49.43" E) (Figure 1). Here,
the upper paleosol was located at a depth of 495-600 cm below the modern surface. Field observations
indicate that the paleosol is a reddish brown cambisol with signs of podsolization in its upper 20 cm
[10, 20-22] (Figure 1). The paleosol was covered by a 10 cm-thick charcoal bearing white layer which
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was interpreted to be an outcome of extensive forest fires following the cessation of pedogenesis due
to emerging drier conditions [10,14,20-22]. It is overlain by yellowish-brown (10 YR 7/5) loess giving
the uppermost unit of the loess/paleosol sequence.

The sampling focused on the transitional zone (40 cm) between the upper part of the paleosol
and the overlying loess horizon also including the podzolized horizon. Two adjacent block samples
have been taken with the dimensions of 20*20*20 cm (Figure 1), which was later subsampled for
further analysis to overlapping blocks of 2 cm.

3.2. Numerical Chronology

A published *C date was available from the top charcoal-bearing horizon of the upper paleosol
exposed in the original profile of Stimegi [9,10] which was used in our study as well [10,12,14] (Fig.1).
To further constrain the age of this upper pedocomplex a single gastropod shell of autochthonous
preservation from the base of the upper paleosol (bw. 590 and 600 cm) of the original profile of
Siimegi [9,10] was submitted for radiocarbon analysis (Figure 1). Certain herbivorous gastropods are
known to yield reliable ages for dating deposits of the past 40 kyr with minimal error on the scale of
perhaps a couple hundred years [14, 23-27]. The preparation of the shell carbonate sample and the
actual steps of the measurement followed the methods of [28-30]. Shells were ultrasonically washed
and dried at room temperature. Surficial contaminations and carbonate coatings were removed by
pretreatment with weak acid etching (2% HCI) before graphitization. Measurements were done in
the AMS laboratory of ICER Hungarian Academy of Sciences, Debrecen, Hungary. Conventional
radiocarbon ages were converted to calendar ages using the Intcall3 calibration curve [31]. Calibrated
ages are reported as age ranges at the 2-sigma confidence level (95.4%). Calibrated ages bracketing
the pedocomplex were compared to previously published quartz OSL and polymineral IRSL ages
recorded in a corresponding stratigraphic unit at a nearby site of Tokaj-Patké Quarry (Figure 1) [15-
17].

3.3. Rock Magnetism

Environmental magnetic analyses were implemented on bulk paleosol and the overlying loess
samples [1,32-34] Crowther, 2003; Harvey et al. 2003; Zhou et al. 2004). Prior to the start of the
measurement, all samples were crushed in a glass mortar. Then samples were cased in plastic boxes
of 10 cm3 and dried in air in an oven at 40°C for 24 h. Afterwards, magnetic susceptibilities were
measured at a frequency of 2 kHz using an MS2 Bartington magnetic susceptibility meter with a
MS2E high resolution sensor [35]. All of the samples were measured three times, and the average
values of magnetic susceptibility are reported.

3.4. Grain-Size Composition

Grain-size composition was determined using the Mie method. Samples were pre-treated with
1 M HCl and H202 to remove CaCO3 and organic matter, respectively. For a more detailed
description of the pre-treatment process, see [36]. All the samples were measured for 42 size intervals
between 0.0001 and 0.5 mm using a Laser Particle Size Analyzer type Easy Sizer 2.0 and Fritsch sieves
at the Department of Geology, University of Szeged, Hungary. Grain-size classes were determined
in accordance with the Wenthworth scale of grain-size distribution. However, for the clay fraction
the upper boundary of 4.6 ym was considered in accordance with the general practice used in laser
particle size analysis [37].

Grain-size distribution was characterized using the indices of U-ratio defined as the ratio of 16—
44 and 5.5-16 um size classes [37], as well as the Grain Size Index (GSI) [38-40](Antoine et al., 2002,
2009a,b). This is defined as the ratio of coarse silt (20-50 um) to fine silt+clay (< 20 um). The U-ratio
index ignores both the secondary formed clay minerals and the sands deposited at the site. To
consider the influence of the sand fraction the fine sand/fine silt ratio was adopted [41]. Median size
(MD) parameters as well as the main univariate statistical parameters of skewness and kurtosis have
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also been calculated. In addition, percentages of selected grain size classes of clay (< 4.6 um), coarse
silt (22.6-63 um) and sand (> 63 um) have been determined and graphed in accordance with the
literature [36, 38-40, 42]. To assess the similarity of information recorded by the mentioned
parameters and indices statistical correlations (Spearman rho) have been calculated.

3.5. Mineralogical Composition

The X-ray diffraction (XRD) measurements were carried out on a Rigaku Ultima IV XRD (x-ray:
CuKa, 40 mA, 50kV, slit: 3-600 20, interval: 0.05 o, velocity of goniometer 1 o /min) at the Department
of Geology of the University of Szeged. Air-dried samples were ground to 50um in an agate mortar
before the analysis. Minerals were identified primarily by the position of their basal reflections.
Specific values were used for characterization of mineral types. Semi-quantitative mineralogical
composition was calculated via integral intensity calculations of areas under the diagnostic peaks.
Diagrams of selected air-dried samples, where the presence of unique minerals or structures was
noted, were also included.

3.6. Geochemistry

The pH of the samples was determined via potentiometry in KCl solution with an error of +/-0.2
pH units. CaCO3 was measured gas volumetrically with an error of +/-10%. Total inorganic carbon
content (TIC) was then calculated according to the method presented in Schatz et al. [17]. Plasticity
analysis helped determine the Arany type plasticity index (KA) (+/- 3 KA units). The total organic
content was determined via UV/VIS photometry. Concentration of nitrite-nitrate based nitrogen as
well as sulphates in soil samples after water extraction was determined using photometric and
turbidimetric methods in the Soil Laboratory of Kecskemét.

Chemical composition of the samples for selected major and trace elements (Na, K, Ca, Mg, Fe,
Mn, Sr, Ba, Al, Ti) was recorded via the flame AAS technique in a Perkin-Elmer 100 AAS spectrometer
using conventional standards of known concentrations. Preparation of acid leachates followed the
method presented in Daniel [43]. In addition, X-ray fluorescence was also employed to assess bulk
chemistry using a Horiba wavelength dispersive spectrometer (Tube 3 kW Cr anode, 50 kV, 50 mA)
Major elements (MgO, A1203, S5i02, K20, CaO, Ti20, Fe203) were determined on fused beads of
samples mixed with lithium tetraborate (ratio sample/flux 2:1). Trace elements measured were Cr,
Cu, Zn, St, Rb, Zr. Scattered radiation was used for matrix correction [44,45]. Reproducibility is better
than 2%. In the case of major elements, the accuracy of the measurements, as determined by using
international standards, is 0.8-1.5 rel. % and around 5-8 rel. % for trace elements. All samples were
measured twice, and the arithmetic mean was used for data analysis. Major element concentrations
are expressed as wt%, volatile-free. Loss on ignition (LOI) was obtained by weighing after 10 hours
of calcination at 900 °C.

Simple ratios of bulk element compositions as well as chemical weathering indices are widely
used to examine past weathering and pedogenesis, and to reconstruct paleoenvironmental and
paleoclimatic conditions at the time of paleosol formation [46-49]. Weathering indices (WI) are
usually based on the enrichment of Al and depletion of base cations (Na, K, Ca, Mg). There are
multielement based Wis, [50] in addition to those which focus on the weathering of the feldspar group
(see [47] for a detailed review). In our work element ratios, such as Al20s/SiO2, Al203/Naz0,
K20/Ca0, K2O/Naz0 as well as MgO/TiO2 were calculated [51]. The Chemical Index of Alteration was
calculated by using the formula CIA = (A2O3/(Al205+Na20+CaO*+K20))*100; where CaO* is silicate
CaO [52], as well as the Chemical Proxy of Alteration (CPA = (Al205/(Al205+Na20))*100) [47]. In
addition to CPA, the index introduced by Feng [53] was also used as these two indices factor out
problems related to the calculations of feldspar bound Ca and K. The WI of Yang et al. [54] using Ti
instead of Al as a refractory element specifically developed for loess/paleosol sequences was also
used here. Moreover, the Ba/Sr ratio was calculated as indicator for immobile (Ba, bound to
clay)/mobile (Sr, similar behavior as Ca and mainly associated with Ca) elements (see [47] and
references therein). Additionally, an A-CN-K diagram [52] plotting the concentrations of AlOs,
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Na:0+CaO*, and K20 was used as well to assess type of weathering. The ratio of Ca/Sr capturing the
degree of calcification or decalcification has also been calculated [46,55,56].

3.7. Phytolith Analysis

All samples were investigated for its phytolith content. A modified version of the heavy-liquid
extraction developed at the Department of Geology; University of Szeged was adopted in the analysis
[57-60]. Five g of the sample was air dried and shaken with the addition of Calgon solution to remove
the organic matter and the carbonates from the sample. It was followed by the removal of the clay
fraction and those of with a grain size higher than 250 um. A flotation with a heavy liquid of 2.3
g/cm3 enabled for the separation of plant opals (phytoliths) from other non-vegetal quartz grains.
The retrieved phytoliths were sorted into an Eppendorf tube in glycerine for further study. For
determination process individual slides were prepared and opals were counted line by line at a
magnification of 500 X under a biological stereomicroscope type Nikon Eclipse. All identified
phytolith types of the studied sample were also photographed. Altogether 200 counts were made and
double-checked preceding final quantification of the results. Besides the general morphological
characterization, secondary features of the identified phytoliths have also been documented
following the works of Golyeva [61].

3.8. Paleotemperature and Paleoprecipitation Estimations

Estimates of mean annual precipitation as well as mean annual paleotemperature were made
using the formerly described weathering indices [49, 62,63]. Mass-specific magnetic susceptibility
(MS) has also been used [64]. These estimates used by Schatz et al. [17] in their study enabled a
comparison between the two sites. Calculations are present in Appendix A.

4. Results

4.1. The Assumed Interval of Soil Formation

Radiocarbon dates taken from the top charcoal layer and base of the soil in the original profile
of Stimegi yielded ages of 27758 +- 932 cal BP [10,12] and 40,007+-737 cal BP (Table S1). Based on the
dates an age range between c. 40 ka and ca 28 ka; i.e. the later stages of MIS 3 can be assumed for the
time of deposition and soil formation. These are in line with published data for a stratigraphically
corresponding paleosol unit located at a nearby site (Tokaj-Patké quarry) using 14C (27,683 +/- 962 y
cal BP) and luminescence methods (27 +/- 2 and 39 +/- 3 ka (OSL), 30 +/- 3 and 39 +/- 4 ka (pIRIR290),
28+/-3 and 40+/-4 ka (IR50), respectively) [16].

Magnetic
susceptlblllly
- Depth Fine silt Coarse 5'“ Sand Fme sand/
(em) (<4, 53 v'"l (4.63-22.6 um) (> 63 um) (20- 5om/ zo m) (15‘4um |es5um) Fine silt
492 (263 m/ 4,63-22.6 m)

N

nuuuz“uusnsz u:z 4 uss 4 112114150 nwuszssusseeumumuuozzuzn z 22 24 26 u 4 a4 48 52 us 12 16 2 24
10%g" *m* % % %

mﬂ]]]m]]m]] Loess -Paleosol El Charcoal

Figure 2. Mass-specific magnetic susceptibility and grain-size distribution of the studied samples.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1309.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 May 2026 d0i:10.20944/preprints202605.1309.v1

6 of 21

4.2 Rock Magnetism

Magnetic susceptibility of the studied blocks ranged between 37 and 72 *10¢ m*kg! with an
average of 46.2*10-% m**kg1. The highest value (72 *10® m*kg™") confined to the burnt charcoal bearing
horizon is a clear outlier in the sequence marking the transformation of magnetic minerals under
extreme heat (Figure 2). Lower values between 37 and 52 are similar in range to paleosols of the LGM
documented from other parts of the basin as well [18,19,26, 41, 65, 66]. Fluctuations in MS values
display a good correlation with the clay content of the deposits. The lowest values are recorded in
the eluviation zone of the podosol horizon marking intensive leaching of organics and iron-bearing
minerals. While increased values are confined to zones of clay accumulation (bBt). The transitional
horizon to the overlying loess is also characterized by higher values compared to normal baseline
loess values of 22-25 *10 m®kg-'characteristic of the Carpathian Basin. It may be an artefact of
bioturbation leading to the mixing of the horizons.

4.3 Grain-Size Properties

The clay content of the studied samples varies between 2.6 and 6.5% with an average of 4.3%
(Figure 2). The distribution of clay is relatively even in the lower part of the sampled profile and seems
to show a good correlation with magnetic susceptibility (r?=0.6). Clay is minimal in the top loess. In
addition, the upper eluviation zone of the podzolized horizon (bBtf1) is also characterized by the
lowest concentration of clay. All this indicates a pedogenic origin of clay. In addition, it signals a
pronounced leaching and downward displacement of clay into the Bt horizon (bBtl). Coarse silt is
the prominent component of the studied material giving 60-67%. There is a general upward decrease
in the concentration of coarse silt. A similar pattern is noted for fine silt with ranges between 11-17%.
The sand content varies between 12 and 25% with relatively uniform values throughout the paleosol
horizon and the peak value of 25% restricted to the overlying loess horizon. It is interesting to note
that the charcoal-bearing horizon is characterized by an increase in the concentrations of silt
compared to the underlying horizon accompanied by a minor drop in the sand content. It may hint
to a larger accumulation of dust perhaps under a more open vegetation created by forest fires.
However, a significant sand input either due to increased wind speed and/or erosion rates is
constrained to the overlying loess. GSI with values between 2 and 2.6 tends to follow an upward
decrease having two peaks at the bottom of the profile and in the horizon just below the charcoal-
bearing one. In contrast U-ratio (3.7-5.2) and the ratio of fine sand/fine silt (0.6-2.4) is characterized
by a slight upward increase with peaks confined to the horizons, where GSI was also higher. The
highest values are observed in the top loess. The mentioned trend clearly indicates an increased input
of the coarser fraction towards the top of the studied profile.

4.4  Mineral Composition

The mineral composition of the paleosol samples is dominated by quartz (Figure 3, Table S2 ),
which is present with relatively uniform high intensities. In addition, the presence of albite, calcite,
chlorite and muscovite-illite as well as kaolinite was determined. Lowest intensities of all identified
minerals are observed in the overlying loess. The appearance of 27.6 o 2@ peaks next to the albite
peak of 27.93 0 20 in samples in the middle part of the paleosol (507.5 cm) as well as the base of the
profile (527.5-530 cm), refers to the presence of microcline (Figure 4). Among clay minerals kaolinite
and muscovite/illite are always dominant in all samples.

An obvious difference can be found in the relative abundance of kaolinite between the upper
and lower part of the studied paleosol complex (Figure 3). The lowermost part is characterized by
lower amounts of kaolinite. Within the upper part there is a marked increase in the intensities of
kaolinite in the bBtl horizon compared to that of the bBtfl horizon. The widening of the kaolinite
peak (25,16) in the bBt1 horizon is a clear indication of the presence of mixed structured clay minerals
with higher intensities present in the lower part (Figure 5). The strong increase in kaolinite reflects
intensive weathering and soil production. These minerals also develop via the leaching and
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degradation of precursor illite (Chamley 1967, 1989) or smectite during pedogenesis (Robinson and
Wright 1987). There is an upward decrease in the intensities of calcite reaching a minimum in the
loess (Bw) covering the studied pedocomplex (Figure 3). A minor peak at a depth of 5 m indicate the
accumulation of carbonates in the upper member that were leached from the overlying loess horizon.
Peak intensities are noted in the uppermost part of the lower member (bBw1) reflecting leaching and
downward movement of calcite from the bBtf1 unit of the upper member (Figure 3).

Kaolinit ite-illite Chlorite Calcite Albite Quartz
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Figure 3. Semi-quantitative mineralogical composition of the studied samples.
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Figure 4. Typical XRD patterns of selected samples from the Bt horizon of the upper podsolic horizon.
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Figure 5. Typical XRD patterns of selected samples from the Bt horizons of the upper paleosol horizon (a.) and

the Bw horizon of the lower paleosol unit (b. and c.).

4.5 Geochemistry

The pH is generally high in the topmost loess horizon (7.5-7.6) (Figure 6). Concentrations of
calcium carbonate (3.6 %), nitrates (7.8%) and sulphates (7.5 %) are in their maxima here as well. The
humic content is close to the overall minimum displaying a downward increase towards the
transitional zone to the underlying pedocomplex. While the former components of carbonate,
sulphate, nitrate undergo a rapid then gradual downward decrease. There is a major drop in the pH
to ca. 6.9-7.1 in the uppermost part of the upper member of the pedocomplex corresponding to the
zone of eluviation. Downwards from the zone of illuviation of the upper paleosol member the pH
goes back to its normal higher values of 7.5. The humic content is generally low in the entire studied
profile (0.1-0.2 %) apart from a peak value (0.7%) corresponding to the burnt, charcoal rich horizon.
Once this outlying value is filtered out, a generally downward increasing trend can be noted with
peak values recorded in the lowermost part of the lower dark brown paleosol member marking an
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accumulation of organics in this horizon as a result of podsolization induced leaching in the upper
member. Plasticity is the lowest in the top loess while somewhat higher values characterized the
underlying pedocomplex. Highest values above 40 correspond to the burnt white horizon of the
upper soil member.
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Figure 6. pH, humus, carbonate, phosphate, nitrate, sulphate content of the studied samples.

The carbonate content is generally low (Figure 6) ranging between 1.6 and 2.8% in the paleosol
and slightly higher values of 3.2-3.6% in the overlying loess. Similar values (1.77%) were reported
for the stratigraphically corresponding paleosol of Tokaj Patkd quarry [17]. There is a gradual
downward decrease of the carbonate content with lowest values recorded in the upper podzolized
member between the depths of 500 and 513 cm indicating leaching. The highest values are confined
to the directly underlying horizon marking the accumulation of carbonate here after downward
displacement due to podzolization. Concentrations of sulfates and nitrates display a similar
downward decreasing trend similarly to CaCOs. The highest values of plasticity are confined to the
upper podzolized horizon of the studied paleosol. Its distribution seems to follow that of kaolinite in
the samples (Figure 7).

Loss on ignition (LOI) ranges from 4.27-6.18% with an average of 5.49 % (Figure 7, Table 53.).
Schatz et al. [17] noted only slightly higher values for the uppermost loess and underlying upper
paleosol samples from Tokaj Patké quarry: 6.56 and 6.25%, respectively. LOI shows a strong, positive
statistically significant correlation with total CaO (r?=0.75 p<0.05) implying that it is primarily
associated with carbonate minerals, but clay minerals and organic matter must have played some
role as well in the LOI budget. This pattern was noted for several Hungarian LPS as well so far
[17,26,51,66,67].
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Figure 7. Bulk geochemical composition of the studied samples (all components are expressed as wt %).

The dominant mineral is quartz throughout the profile as was seen in the previous section, which
is the main source of Si in the sediment (48-51 %) (Figure 7, Table S3.). Highest values of SiO: are
confined to the Bt horizon of the upper soil member (510-513 cm) indicating a leaching and
downward displacement of silica as a result of podsolization from the overlying eluviation horizon
(500-508 cm). The SiO2 content is much lower compared to the data presented for loess and the
underlying paleosol by Schatz et al. [17] for the Tokaj Patké quarry site; 73.08% and 74.31 %,
respectively most likely as a result of silica leaching due to the podzolization.

The AL:Os content has a very narrow range (10.81-11.37%) with an average of 11.08% (Figure 7,
Table S3.), which is lower than the one recorded in the nearby Bodrogkeresztur loess/paleosol
sequence (bw. 10-18%) [18,19], but comparable to the results from Tokaj Patké quarry; 11.92% for
loess, 12.88% for paleosol, respectively [17]. Values are generally high in the upper 10 cm representing
the transition from the upper member into loess. The lowest values of ca. 10.8% are confined to the
upper eluviation zone of the upper paleosol member marking intensive leaching of this component
too similarly to SiO2. The corrected CaO* varies between values of 6.3 and 8.3 % (Figure 7, Table S3.)
having an average of 7.5%, which is much higher than those recorded for paleosols in the nearby site
of Bodrogkeresztur [18,19] or Tokaj Patké quarry [17]. CaO has a strong, negative statistically
significant correlation with SiO: (r>=-0.83 p<0.05). Uncorrected CaO has also strong, negative
statistically significant correlation with CaO based weathering indices such as K2O/CaO (r?=-0.67) and
CIA too (r?=-0.85). This can indicate that CaO is strongly dependent on CaCOs and needs correction.
However, correlation remains strong and negative in case of CaO* as well for both indices: r?=-0,66
and -0,78, respectively. Nevertheless, a similarly strong statistically significant correlation of both
CaO and CaO* with Rb (r>=-0.5 p<0.05) points to the influence of CaCOs on CaO values as well. The
highest CaO values are confined to the topping loess horizon. The upper podzolic soil member has
lower values of CaO and CaO* compared to the lower member. There is another peak of CaO in the
middle part of the lower soil member, corresponding to the zone where higher carbonate
concentrations were noted (Figure 6) deriving from downward carbonate displacement via leaching.
This further corroborates the assumption of carbonate dependent CaO values.

Fe20s content of the samples is relatively high (average of 14.6%) again compared to the 4-5%
reported for the neighboring site of Tokaj Patkd quarry [17]. It increases downwards with overall
minima present in the uppermost eluviation zone of the upper soil member (Figure 7, Table S3.). There
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are two peaks in the underlying illuviation zone of the upper soil member marking the accumulation
of iron in this horizon. TiOz is unusually high (2-2.47%) in our samples (Figure 7, Table S3.) compared
to other loess/paleosol sequences from Hungary (0.8-09%) [18,19,26, 51, 65,66] as well as the nearby
site of Tokaj Patko quarry [17]. It has a weak positive correlation with CaO* (r2=0.22) and Fe20s
(r>=0.13) and a moderate negative correlation with Al20s (r2=0.41) and a weak negative with SiOz (r>=-
0.25).

Samples have low NaxO between 0.81 and 1.14% (Figure 7, Table S3.) similarly to other
documented SW Hungarian LPSs [18,19,51,67]. Schatz et al [17] reported much higher Na:O
concentrations for both the upper paleosol and the overlying loess from Tokaj Patké quarry; 1.78 and
1.87 %, respectively.

The concentration of K20 however is significantly higher (5.53-5.91%) at our site (Figure 7, Table
53.), almost triple of the mentioned other LPS samples. It has a strong statistically significant positive
correlation with Rb (r2=0.66), Ba (r2=0.56) and a moderate correlation with Sr and Fe20s (r?=0.2 and
0.25, respectively) implying a control of various K-bearing minerals (K-feldspars, muscovite, illite).
Charred plant remains can also contribute to higher values of K in the sediment. MgO is generally
low (1.35-1.65%) in the pedocomplex (Figure 7, Table S3.), similar in range to the Tokaj Patké quarry
site (1.29-1.66% for the paleosol and 1.66-2.09% for loess, respectively), compared to the overlying
loess implying influences of pedogenic leaching.

MnO is generally low throughout the entire profile (0.29-0.54%) with highest values restricted
to the uppermost loess (Figure 7, Table S3.). Yet these are much higher than the ones reported for Tokaj
Patké quarry (0.09-0.1%) [17]. Within the pedocomplex low values are generally confined to the
leached horizons, while peaks appear in the underlying accumulation zones. A major peak was
recorded in the charcoal bearing zone as well marking transformation of Mn. Concentrations of P is
low in the zone of eluviation of the upper soil member with a major increase in the Bt horizon again
marking downward displacement of this element via leaching (Figure 7, Table S3.). Concentrations of
Cl are relatively high (120- 260 ppm) compared to the nearby site of Bodrogkeresztur [18,19]. It
follows a highly variable pattern with minor peaks most likely representing the presence of
redeposited material to the site of varying provenience rather than accumulation of tephra.

Figure 8 depicts the geochemical ratios and weathering indices. The ratio of Al2Os and SiO: is
low in the upper podzolic soil horizon having higher values in the underlying soil. This is in line with
the selective removal of aluminosilicates and accumulation in the underlying horizons because of
podsolization. The ratios of Al:O3/Na20 as well as K2O/Na:O are much higher in the sampled
pedocomplex than the overlying loess also indicating increasing silicate dissolution. Both values are
higher than the threshold (12.2 and 2) suggested by Tao et al. [68] corresponding to samples deposited
under a moist climate. There is an upward increase in both WI-s in the profile with higher values
confined to the upper podzolized horizon. K20/CaO displays a similar trend highlighting a more
intense carbonate dissolution in the upper part. The ratio of MgO/TiO: is the highest in the top loess
with significantly lower values in the underlying soil complex. This index is lower in the upper
podzolized horizon again referring to increased silicate dissolution.
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Figure 8. Changes in the intensity of various types of weathering indices used in this study.

CIA and CPA might preferentially reflect Ca and Na removal by plagioclase and feldspar
weathering [ 46,47,56]. However, due to previously mentioned carbonate dependence of Ca in our
profile CPA and other Ca free indices are preferred for evaluating the degree of silicate weathering.

CIA has generally low values ranging between 42 and 47 peaking in the Bt horizon of the upper
soil member. These values are lower than the ones reported by Schatz et al. (2014) for the
corresponding paleosol at Tokaj Patké quarry (57-67). CIA reported from other Hungarian and
Vojvodinian sites [26, 46, 47, 51, 56, 66,67] is also higher compared to our site. CIA is also higher in
the upper podzolized horizon seemingly hinting to increased silicate dissolution from this zone
similarly to other WI. However, it is significantly influenced by increasing dust input to the site [51].
Values below 50 generally indicate the presence of unweathered Na-, Ca- and K-bearing feldspars
[46,47,52,56]. Profe et al. [56] reported low CIA values between 54-56 for the sand layer in the Siitt6
profile. As there is a moderate correlation of CIA with upward increasing sand content (r2=0.32) at
our site, this factor cannot be fully ruled out either from the interpretations.

CPA is high with an average of 92 and seems to be relatively uniform with minor fluctuations in
the pedocomplex. This is again higher than the average of 81 reported for Tokaj Patké quarry [17] or
any other sites from SW Hungary [26,51,66,67] or Vojvodina [47]. All this may indicate a higher rate
of silicate dissolution most likely attributable to intensive podzolization in the final stage of paleosol
evolution. The overall low is confined to the top loess horizon. YANG and XBases/Al weathering
indices have generally low values in the paleosol compared to the overlying loess. An opposite trend
can be noted for FENG.

Carbonate weathering indices of Ba/Sr with an average of 2.4 as well as Rb/Sr (average of 0.86)
also display an upward decreasing pattern. Low values are generally confined to the eluviation
horizon.

The ratio of bulk kaolinite/illite was proposed to be another good indicator of weathering, while
that of kaolinite/quartz may carry information on the degree of physical weathering [51]. Both indices
seem to follow a similar trend with peak values observed in the upper podzolized horizon. This may
again hint to the fact that besides intensive weathering, higher input of dust to the site seen in high
CIA and sand content values towards the top may have been a factor as well in soil evolution
parallelly with the intensified podzolization.
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Figure 9. A-CN-K ternary plot of the studied samples displaying type of weathering. Location of samples from
the nearby sites of Tokaj Patkd quarry [17] and Bodrogkeresztir [18] is also marked for regional comparison.

The A-CN-K ternary diagram (Figure 9) reveals the typical pattern of weathering of Ca- and Na-
bearing feldspars parallel to the A-CN join in case of our samples [47,52, 56,67,69]. However, our
samples score closer to the CN corner than the paleosol samples of the nearby sites. The position of
our samples along the A-CN joint is closer to the loess samples of Tokaj Patkd quarry [17]. This again
may indicate a higher input of unweathered material to our site as stated previously in connection
with the anomalously low CIA values, high CaO values and good correlation of the two with upward
increasing sand content of the samples. The lower position on the A-K joint must be attributed to the
intensive leaching of aluminosilicates from our sampled podzolic horizon. Along the CN-K joint our
samples are placed closer to the K corner because of much higher K20 concentrations again most
likely attributable to intense podzolization on the one hand as well as potential contribution from the
charred vegetation cover as stated before.

4.6. Phytolith Analysis

All samples yielded a minimum of 50 phytoliths apart from the uppermost loess horizon.
Among morphotypes the elongate psilate LC types clearly characterize grasses (Poaceae). Several
other morphotypes (trapeziform, tabular ovate, cuneiform) has also been identified from the samples
but they can equally be connected to grasses as well as coniferous trees due to a minimal difference.
Phytoliths characteristic of spruce (Picea) and Scots pine (Pinus) have also been noted in various
abundance along the profile in additional to those of mosses inhabiting the undergrowth of
coniferous woodlands.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1309.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 May 2026 d0i:10.20944/preprints202605.1309.v1

14 of 21

Litho-, Depth

pedostratigraphy (cm) Grasses Scots pine Spruce Mosses Ba*
i 490 — "

Bw

500
bBtf1

bBt1

=

510

IIIllIIllllllIllIIllIIllI

bBw1

0 80 0 10 20 30 40 50 0 4 8 121620 o 8 12 166400 7200 8000 8800

ppm
T T | o— |
| | Loess - Paleosol |m m m| Charcoal

Figure 10. Abundances of identified major phytolith types and concentration changes of acid-leached Ba in the
studied samples.

Grasses are present continuously in our profile (Figure 10), however with lower proportions (20-
30%) in the lower horizon of the pedocomplex. This part is clearly dominated by phytoliths of Scots
pine (40-45%) containing elements of spruce (8-16%) indicating the presence of a mixed taiga at the
time with a lush undergrowth containing mosses as well (4-16%). The dominance of Scots pine in this
zone also indicates warmer and drier conditions emerging on the NE slopes of the hill. There is a
gradual upward decrease in the abundance of Scots pine phytoliths accompanied by the
disappearance of mosses. At the same time a parallel minor increase can be noted in the abundances
of spruce marking an increase in humidity and decreasing temperatures. In the upper part of the
pedocomplex at around the depths of 503 cm there is a slight increase in the abundance of grass
phytoliths parallel with a drop in Scots pine phytoliths but a continuing increase in spruce phytoliths.
It was this zone where trichoms of grasses of forest steppe habitats was also recorded, marking an
opening up of the previous denser woodland and the emergence of an open parkland type
vegetation. This zone is again followed by an expansion of both arboreal elements and a drop-back
of grasses in the topmost part of the paleosol. Grasses are peaking in the overlying loess with the
complete disappearance of arboreal elements indicating the development of a treeless steppe as a
result of intensified cooling. It is interesting to note that concentrations of Ba in the samples seem to
show a good correlation with abundances of Scots pine and later spruce as well marking the
importance of litter in Ba sourcing.

4.8. Paleotemperature and Precipitation Rates

Figure 11 depicts the values of reconstructed mean annual precipitation (MAP) and temperature
(MAT) values using different approaches and equations. MAP (XRF1) ranges between 620 and 700
mm/y with the lowest values confined to the top loess. These values are somewhat lower than the
ones reported for the stratigraphically corresponding paleosol (785 mm/y) and the overlying loess
(697 mm/y) from Tokaj Patké quarry. They may though be overestimated as noted by Schatz et al.
[17] too. MAP (XRF2) ranges between 510 and 555 mm/y again with lowest values confined to the
loess. These are significantly lower than the ones reported by Schatz et al. [17] for Tokaj Patké quarry
but are much closer to the current MAP rate of the area around Tokaj (546 mm/y) (1991-2000 average,
Miskolc, World Data Center for Meteorology, 2011). In addition, they are also in the range given by
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MS based models (bw. 465-520 mm/y). MAP (XRF3) values are even lower than the ones yielded by
the first two XRF and the MS-based models, ranging from 395-445 mm/y. Schatz et al. [17] reported
even lower MS-based values of 224 mm/y for loess and 325 mm/y for the paleosol.
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Figure 11. Reconstructed mean annual precipitation and temperature values along the profile compared to
inferred vegetation changes and temperature and dust records of Greenland [70-72] for the assumed period
captured by the samples of this study (ca.29-26 ka).

MAT (XRF1) values of 14.1-15.1°C are comparable to those reported by Schatz et al. [17] though
using a different transfer function (XRF3). The other two methods yielded much lower temperatures
of 5.6-6.6°C (MAT (XRF2) and 2.8-4.4°C (MAT (XRF3) compared to the first one. Both values are also
lower than the ones reported by Schatz et al. [17] for the Patké quarry site (8.5-8.8 °C for loess and
8.9°C and 9.9°C for paleosol). Stimegi and Hertelendi [14] have reconstructed mean July temperatures
of 12-16 °C related to topographical and aspect differences for Tokaj. Thus, mean annual
temperature ranges between 6-7 °C at our site may be acceptable or somewhat low for the transitional
period from MIS 3 to MIS 2. MAT at the southern Hungarian site of Katymar ranged between 7-9 °C
during MIS 3/MIS 2 transition [73]. Considering the inferred 2-3°C difference between the northern
and southern Hungarian sites by Siimegi et al. [74,75] the reconstructed 6-7 °C temperature seems
realistic.

MIS 3 is generally agreed to have been more humid than MIS 2 in the region [10,12,19, 20,74-77].
This agrees with our data and that of the nearby sites of Tokaj Patké quarry and Bodrogkeresztur as
well [17,19]. Temperatures were higher and the relative humidity was lower in the southern
Carpathian Basin, suggesting steppic, forest steppic environmental conditions and soils [13,41,65,73-
75,78,79]. Frenzel et al. [80] suggested MAP values around 250-450 mm/y for SE Europe. Similar MAP
values of 400 mm/y [81] and 450-850 mm/y [7] was reported for Germany as well. Taking these reports
into account, MAP (XRF2, XRF3) and MAP(MS) reconstructed for our samples may seem realistic.

Looking at the temporal pattern of precipitation changes it can be clearly noted that all MAP
reconstructions follow a similar trend with somewhat drier conditions in the lower unit and more
humid conditions in the upper podzolic unit with a slight drop in the middle (Figure 11). The overall
minimum is confined to the top loess. The recorded changes in the vegetation discussed above seems
to show a good correlation with the reconstructed fluctuations of paleoprecipitation. Namely, humid
periods mark the expansion of boreal arboreal elements. In the zone corresponding to the middle
part of the upper podzolic soil horizon a slight drop in the precipitation rates roughly coincides with
the transition into an open parkland seen from phytolith records. The final emergence of grassy
vegetation on the other hand at the top of the profile is coeval with a marked drop in the precipitation.
It is also worth noting that according to our data, the first phase of boreal forest just preceding the
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transition to an open parkland was characterized by higher precipitation rates than the second
younger one.

Temporal changes in MAT (XRF1) and MAT (XRF2) seem to be similar, both indicating
significantly cooler temperatures in the zone of the upper podzolic soil horizon compared to the
lower one. Within this zone however, there is an upward increase in the temperature from the
reconstructed minimum confined to the bottom part of the podzolic soil towards the charcoal-bearing
horizon with a slight drop in the middle. An opposite trend can be noted on the curve of MAT(XRF3)
yielding the overall lowest temperatures of all reconstructions.

The generally observed trend of change from warmer to cooler conditions between the two
major paleosol units, as well as the changes in warmer to cooler and again warmer conditions in the
podzolic unit (Figure 11) seem to follow the temperature changes recorded in the Greenland ice core
as well (GI 4, GI3) [70-72].

5. Concluding Remarks

Based on our findings, a Scots pine (Pinus sylvestris) dominated open parkland emerged on the
northern slopes of Tokaj Hill during the second phase of MIS3 (ca. 37 ka) hosted by a reddish-brown
soil. The last phase of MIS3 hallmarked the development of spruce (Picea) dominated open
parkland. Results further suggest that the rapid expansion of spruce, changing the geochemistry of
the litter to a more acidic state led to the initiation of podzolization and the transformation of the
original soil. The opening of MIS2 marked not only intensive dust accumulation but a steady decline
of arboreal elements as well as the emergence of a cold tundra on top of the podzol with charcoal
remains. An increase in the burnt charcoal concentrations suggests that iterative wildfires occurred
in the spruce open parkland system during the last phases of MIS3. Nevertheless, the timing in
increases of non-arboreal elements concomitant with declines of coniferous arboreal elements seem
so rapid in our records that it almost hints to the emergence of a single event being responsible for
the dramatic transition during a dry climatic phase at the beginning of MIS2. Correlative charcoal
bearing (Scots pine and birch) pale brown paleosols are present at the base of some southern
Hungarian profiles at Madaras and Katymar [73-75, 78,79] as well as Szeged-Othalom (Scots pine and
silver fir) [82]. A correlative forest steppe soil present at the NW Hungarian site of Basaharc was
likewise rich in Spruce charcoal fragments [83]. All this hint at the development of intense regional
forest fires in a boreal forest steppe during the MIS3/MIS2 transition [20-22]. As seen in our records,
the strong and rapid climatic fluctuations characterizing stages MIS3 and MIS2 were the main drivers
of the observed unique vegetation and soil development changes in the analyzed region of Tokaj.
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Appendix A

Appendix A.1

Climate parameter

XRF-based

XRF1-MAP =-259.3In(IBases/Al)+759 [63]
XRF2-MAPa = -130.9In(Ca/Al)+467 [63]
XRF3-MAP = 221.1€0.0179(CIA-K) [63]
XRF1-MATD = 46.9(Al/Si)+4 [62]
XRF2-MAT =-18.5 - [(K+Na)/Al]+17.3 [63]
XRF3-MATc = -2.74In(PW1)+21.39 [84]
MS-based

MS1-MAPd = 222+1991og(XB-C) [64]

a mollisols-specific

b inceptisol-specific

c forest soil-specific

d XB-C = [(mean MS of B horizon)-(mean MS of loess)], MS [10-* m? kg]
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