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ARTICLE INFO ABSTRACT

Keywords: The geomorphological characteristics of the loess succession at Mala nad Hronom (Slovakia) mean that it pro-
Sedime“taﬁon vides a valuable opportunity for the investigation of differences in soil formation in various topographic posi-
Pe;j"genes‘s ol tions. Along with the semiquantitative characterization of the paleosols (on the basis of physical properties,
E;uiggfgforp 008y texture, the characteristics of peds, clay films, horizon boundaries), high-resolution field magnetic susceptibility
Heaniap Y measurements and sampling were carried out along four different sections of the profile. Samples for lumines-

cence dating were also taken, in order to establish the chronostratigraphical position of the paleosols studied.
The comparison of various proxies revealed the differences in soil formation in a dynamic aggradational
microenvironment for the same paleosol horizons located in various positions along the slope. Contrary to
expectation, paleosols developed in local top or slope topographical positions did not display significant dif-
ferences in e.g. in their degree of development, nor the characteristics of their magnetic susceptibility curves. In
the case of paleosols in positions lower down the slope, signs of quasi-permanent sediment input could be
recognized as being present as early as during the formation of the soil itself. This sediment input would seem to
be surpassed in the case of pedogenesis strengthened by the climate of the last interglacial (marine isotope stage -
MIS 5). Pedogenesis seems to be sustained by renewed intense dust accumulation in the Late Pleistocene, in MIS
3, though compared to MIS 5, the climate of MIS 3 did not favor intense pedogenesis. Despite the general belief
that loess series formed in plateau positions can preserve terrestrial records without significant erosion, in the
case of the Mald nad Hronom loess this is not so. Compared to the sequence affected by erosional events in the
local top position, the sequence affected by quasi-continuous sediment input in the lower slope position seems to
have preserved the soil horizons intact.

Principal component analysis

1. Introduction

There are many applications of paleosol horizons in geology. For
example, paleosols can be used in stratigraphic studies as marker hori-
zons for the local and regional correlations; they can be used to interpret
and reconstruct paleogeomorphology via the analysis of
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paleosol-landscape associations; and paleosols are also helpful in the
reconstruction of paleoclimate (Kraus, 1999).

On the local scale, lateral changes in the characteristics of paleosols
formed on clastic sediments reflect the grain size of the parent material
and, indirectly, the geomorphology (topography). At the regional level —
so, say, in the case of a sedimentary basin — paleosol properties reflect
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local differences in clastic sedimentary characteristics (grain size),
topography, climate and subsidence/accumulation rates (Kraus, 1999).

A vast amount of knowledge concerning paleosol horizons and their
significance in the reconstruction of interglacial climate is available — for
useful summaries of paleosols in loess, see e.g. in Muhs and Bettis (2003)
and Mush (2007a, b). Here the focus is on those studies, considerably
fewer in number, which go beyond this, attempting to map the influence
of paleogeomorphological variation and the differences in sedimenta-
tion rate (i.e. the local variation of paleosol horizons) in the develop-
ment of what are considered to be the same paleosol units in loess-
paleosol sequences.

Although most studies of loess-paleosol sequences focus on so-called
plateau loess (e.g. Markovic et al., 2015), in which the likelihood of
erosional hiatuses and redeposition is minimal, research revealing the
potential of non-plateau loess in complex environment reconstructions
does exist — it should be noted that here, ‘non-plateau’ refers to any type
of loess succession formed in non-plateau paleotopographical position,
such as Veroce, Hévizgyork, and Siitt6 (see below).

On the basis of the characterization of a loess-paleosol sequence
formed on a paleoslope, Bradak et al. (2011) and Bradak-Hayashi et al.
(2016) were able to describe complete climate cycles. The model pre-
sented involved redeposited loess horizons as a marker of the transition
environment between pedogenic (interglacial) and sedimentary
(glacial) phases. The studies also used the redeposited loess to charac-
terize the paleoenvironment of such transition periods.

One of the most complex studies of loess profiles influenced by slope
processes was conducted on the Late Pleistocene Krems-Wachtberg
succession (e.g. Handel et al., 2009a, b; Hambach, 2010; Terhorst
et al., 2014). The Krems-Wachtberg loess succession is famous for a
complex formation influenced in particular but not exclusively by slope
processes: besides the dominant aeolian activity and stable and short
periods of pedogenesis, erosional processes contributed to the forming of
the sequence, while in the course of the reduced phases of aeolian
sedimentation, the formation of Cryosols and permafrost processes
became dominant. What is more, some parts of the sequence were
affected by solifluction and erosional processes on slope (for a summary,
see Terhorst et al., 2014). However, in the case of the Krems-Wachtberg
loess succession, “there is evidence that erosional phases/events were
not so strong or prolonged, because the sequence reveals a fast sedi-
mentation” (Terhorst et al., 2014, p. 81).

Further studies of Austrian loess from MIS 3-2 demonstrate that
“geomorphodynamic processes” (erosion and colluvial processes) exer-
cised a significant influence on the character of sedimentation and
polygenetic paleosol formation in those profiles (Terhorst et al., 2015).

The superposition of paleosols in paleoslope positions has been noted
in the Hévizgyork profile (Hungary), as well (Csonka et al., 2020). In this
case, the erosional periods and the intermittent nature of the dust
accumulation and pedogenic periods caused significant hiatuses in the
record, in contrast to the Krems-Wachtberg loess.

In some cases, the influence of paleotopography on soil development
can be clearly identified in the loess profiles. Paleosols appear as a
paleovalley infill in Siitt6 (Hungary) (Novothny et al., 2009); the buried
reddish-brown, clayey soil horizon does not appear as a continuous
horizon in other parts of this outcrop, though it can also be found in the
lower part of the quarry, in a (paleo)slope position. In the case of the
Siitt6 sequence, the paleosol complex found in the paleovalley repre-
sents a soil complex which had not been observed previously in Hun-
garian loess profiles. The remains of the same soil horizon found in a
paleoslope position, together with and the absolute age results, suggest
that intense erosion during the last interglacial (MIS 5) might have
played a significant role in the disappearance of the soil horizon.

In another case similar to the Siitt6 profile, a well-developed paleo-
sol, appearing as a paleovalley infill, was identified in the abandoned
brickyard of Veréce (Hungary) (Braddk et al., 2014). Further examina-
tion of the profile identified two similar paleosol horizons in slope and
local top topographic positions. The absolute age dating of the
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succession verified that the soil horizons represent the same warm,
humid period, namely, the MIS 5 interglacial; this, in turn, provided a
unique opportunity for the comparison of the characteristics of pedo-
genesis from the same paleoclimatic period, but in different paleo-
geomorphic positions.

Ghafarpour et al. (2016) studied the Mobarakabad and Aghband
loess (Iran). In the Mobarakabad succession “the pedocomplex sequence
splits into five different paleosols that are intercalated in the loess with
anticlinal shapes” (Ghafarpour et al., 2016, p. 97). The relation of
paleosol horizons may suggest the influence of tectonic activity (e.g.
Machette, 1978), but since no tectonic activity is to be expected in the
area (Ghafarpour et al., 2016, referring to Kehl et al., 2005), the anti-
clinal shape of the loess-paleosol sequence was interpreted as the result
of the mantling of a pre-existing land surface (Ghafarpour et al., 2016).
The influence of tectonic processes may well require reconsideration
following the study by Motavalli-Anbaran et al. (2011), which suggests
tectonic activity in the region (in the Alborz Mountains): as indicated by
various (magnetic) proxies, the different slope position in the Iranian
successions in those studies might cause different levels of exposure to
climatic components (e.g. precipitation) during the forming of paleosols
(Ghafarpour et al., 2016). In a precursor to the Iranian loess studies, Kehl
et al. (2005) had studied and characterized paleosols and soil forming
environments in the Basin of Persepolis via the study of sequences
consisting of loess, loess-like sediments (redeposited loess) and paleosol
horizons in various stages of development.

The above examples show how variable the characteristic of the
development of a loess succession in a non-plateau position can be.
Although the application of such successions as a key profile in strati-
graphic correlation can be called into question due to the possible hia-
tuses (Markovic et al., 2015), they may play a significant role in the
description of paleoenvironments. Along with various methods (e.g.
micromorphology), the study of the relationship between sedimentation
and pedogenesis may provide essential information about the environ-
ment in which the soil was formed. Due to the paleotopographical
characteristics of the Mala nad Hronom loess profile (a succession
developed on a paleoslope; Szeberényi et al., 2020), the study of pale-
osols may provide a valuable opportunity for the description of the
processes of soil formation in aggradational (micro)environments
(suggested by Kraus, 1999 and references therein).

The goal of the present study is to characterize the relationship be-
tween sedimentation and pedogenesis during soil formation in paleosols
in similar chronostratigraphic positions, but in paleo-topographic posi-
tions which are varied, and from this to elaborate a model of soil for-
mation from loess in a dynamic aggradational environment. It may help
to understand and provide significant information about soil develop-
ment in “non-ideal” conditions, in which there is interference from
erosion and/or quasi-permanent sediment accumulation (e.g. soil for-
mation on a slope instead of on a plateau). Knowledge of soil develop-
ment on slopes may then be applied to paleosol horizons developed in
other non-plateau positions.

2. Site and sampling

2.1. Geological and geomorphological characteristics of the vicinity of
Mala nad Hronom section

The abandoned brickyard is located on the western side of a
dissected fluvial terrace of the River Hron, one of the tributaries of River
Danube in the vicinity of Mald nad Hronom (130-155 m.a.s.l;
N47°49'46.0", E19°02’ 33.6", Slovakia) (Fig. 1a and b).

The lowland Danube Basin (or Danube Lowland) represents a
depositional area filled in with various marine, brackish, limnic and
fluvial sedimentary sequences of Miocene, Pliocene and Quaternary age
(Kovac, 2000; Vass, 2002). Among the pronounced landforms of the
easternmost part of the Danube Lowland, Bajtava Gate is a subhorizontal
plateau, a remnant of the Middle-Pleistocene fluvial terrace of the Hron
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Fig. 1. Location of the Mala nad Hronom loess outcrop (a, b), and the basic geological and geomorphological features of its surroundings (c). Fig. 1a and b are after
Szeberényi et al. (2020). The digital elevation model was developed using Surfer 8 software (Golden Software) based on the digital geological map (at scale 1:50 000;
https://apl.geology.sk/gm50js/) and the digital topological map (at scale 1:10 000; https://zbgis.skgeodesy.sk) of the Slovak Republic. The red arrow with the circle
indicates the location of the loess profile studied here. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

at the SE edge of the Danubian Hills. The eroded fluvial terrace is
covered by loess to a thickness of more than 20 m, in some locations
sharply rising ~40 m above the present day river floodplain. The loess
plateau extends eastwards and reaches the foothills of the North Hun-
garian Mountains (Halouzka, 1966; Minarikova, 1969; Maztrova, 1978)
(Fig. 1b and c).

The Mald nad Hronom loess profile is located on the erosionally
dissected slope of the plateau, within the Bajtava Gate (between the
Burda Hills and Kamence Hill) descending from the top of the plateau
surface (the Ipelska Pahorkatina upland, elevation interval ~270-150 m
a.s.l., mean inclination ~5°) (Fig. 1c). In the lowermost part of the slope
of the plateau, the gentler slope abruptly turns into a small steep scarp
formed by the lateral erosion of the Hron (~150-120 m, mean incli-
nation ~18°). The upper section of the slope is composed of a near-shore
geological facies of the so-called Bajtava Formation (Fm). The Bajtava
Fm is a basal Miocene (Lower/Middle Badenian) marine sedimentary
sequence of the Danube Lowland. Generally, it is represented by coarse
transgressive breccia, conglomerates and sandstones with a higher
content of andesite volcaniclastics, all being firmly cemented by CaCO3
(Senes et al., 1970; Vass 2002). In the studied site, this formation ap-
pears in the form of grain-supported, gravelly limestone conglomerate
rocks including well-sorted, fine-grained pebbles (Szeberényi et al.,
2015) (Fig. 1c). Weathered, redeposited debris from the Bajtava Fm.
forms a significant component of extensive Quaternary colluvial regolith
on the lowermost parts of the gentle slope segment. This colluvial
sediment can be found in the (topographically) lowermost part of the
outcrop at Mald nad Hronom, along with loess, in the upper section of
the abandoned brickyard (Fig. 1c).

3. Methods
3.1. Proxies used in relation to sedimentary and pedogenic environment

In the course of the field description of paleosols, the method of
semiquantitative analysis introduced by Harden (1982) was employed
to determine the degree of soil development. On the basis of this, soils
can be described using basic properties such as color on the Munsell
scale, texture, both dry and moist, appearance of clay films, boundaries
between the pedogenic horizons, and the characteristics of peds (ag-
gregates of soil particles). For each soil horizon, points are assigned

according to the amount of change in a given soil property relative to its
original state in the parent material. Following the normalization of the
various points, the horizon index (HI), that is, the sum of points after
normalization divided by the number of properties, can be calculated.
The results of each horizon are summed along the profile to obtain the
profile development index (PDI) (i.e. the degree of development of the
soil profile) (Harden, 1982). Besides its application to, for example, the
estimation of the duration of soil formation, the Harden index can be
used to compare the degree of development of a paleosol in various
geomorphological positions (as seen in, for example, Bradak et al.,
2014). (Raw and calculated data for HI and PDI indices can be found in
Suppl. Mat. 1).

The low field magnetic susceptibility (xIf) measurement was made
on the cleaned surface of the profile using a Kappameter KT-5 portable
field susceptibility meter (Geofyzika Brno, now ZH Instruments, Czech
Republic). The measurement interval was 5 cm, which in practical terms
provided a quasi-continuous record. In every 5 cm, 3-5 measurements
were carried out and the average of the results was calculated. The
average klf of two measured horizons (i.e. every 10 cm) was then used in
the mathematical-statistical comparison of the proxies.

Field «If measurement is able to characterize and compare the ratio
of the bulk magnetic mineral components rapidly, including ferro, para
and diamagnetic components, and their vertical change in the succes-
sion under examination. In general, loesses from the European Loess Belt
(ELB) are characterized by low «lf, whereas paleosols are characterized
by high «lf (Markovic et al., 2015 and references therein). The differ-
ences between the «lf of loess and paleosols can be described in terms of
the different amount of authigenic pedogenic magnetic contributors.
The magnetic enhancement of loess by pedogenic processes, such as the
production of ultrafine (of the order of nanometers) magnetic compo-
nents e.g. magnetite, by biogenic activity and the formation of maghe-
mite or hematite by various weathering processes has been described in
various studies (e.g. Heller et al., 1993; Evans and Heller, 1994; Maher
et al., 1994, 2002, 2003; Geiss and Zanner, 2007; Geiss et al., 2008;
Balsam et al., 2011; Long et al., 2016) and it is known as the pedogenic
enhancement model (e.g. Evans, 2001). Therefore, klf was employed in
this study to identify pedogenic activity and pedogenic horizons as well
as in the role of an indicator of the degree of pedogenesis. Nevertheless,
this method has its own limitations. As mentioned above, the mea-
surements indicate the relative, “bulk” amount of any magnetic
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contributors, but the type of magnetic minerals cannot be detected in the
field examination.

The grain size distribution of samples taken from every 10 cm of the
studied successions was measured using a Horiba Partica LA 950V2 laser
diffraction particle size analyzer (Laser Diffraction Particle Size Distri-
bution Analyzer Laboratory, Eotvos University, Hungary). Before the
analyses, samples were treated with 30% hydrogen peroxide (H202),
and the carbonate content was removed with the use of a 10% solution
of hydrogen chloride (HC]). Grain size classes were assigned in accor-
dance with Konert and Vandenberghe (1997), as follows sand content
(>63 pm), coarse sand content (>160 pm) and clay content (<5.5 pm).

Along with the various sediment classes, used mainly during the
mathematical-statistical analysis, the U-ratio (the ratio of coarse silt to
fine silt: 16-44 um/5.5-16 pm) was applied as a proxy for changing
sedimentary environments. As suggested by Vandenberghe et al. (1997),
the clay fraction was disregarded to avoid any influences from authi-
genic clay formation in soils. The U-ratio can therefore be used as a
general proxy for changing sedimentary environments. An increasing U-
ratio indicates an increasing coarser silt component and sedimentation
(e.g. during glacial periods); in contrast, a lower U-ratio is characteristic
of pedogenic (interglacial) periods (Vandenberghe et al., 1997).

The bulk calcium carbonate content was measured at a vertical res-
olution of 10 cm (78 samples) using a Scheibler calcimeter (Laboratory
for sediment and soil analysis, Geographical Institute, Research Centre
for Astronomy and Earth Sciences, Budapest, Hungary) and approxi-
mately 1 g of material. The mass-specific calcium carbonate content
(CaCOs in grkg) was calculated with respect to air temperature and
pressure. CaCO3 content was used as an indicator of vertical (hydro-
logical) processes in the body of the paleosols such as leaching and
precipitation (Shaetzl and Anderson, 2005), and as an important indi-
cator of (vertical) water migration depth in the profile (e.g. Zhao et al.,
2020 and the references therein).

3.2. Statistical methods

A heatmap is a correlation matrix combined with a color code indi-
cating the strength of the statistical relationships between variables. The
heatmap shows the Pearson's correlation coefficient (r) between the
variables under investigation. In this study, r was interpreted in the
following way. If r = (-)1, there is a perfect positive or negative linear
relationship between the two variables under investigation. A strong
positive or negative linear relationship is indicated by r = (-)0.99-0.7.
When r = (-)0.69-0.5, the statistical relationship between the two var-
iables is moderate. In the case of r = (-)0.49-0.3, there is a weak uphill or
downhill relationship between the variables. And if r falls into the range
between —0.29 and 0.29, the statistical relationship between the two
variables is insignificant.

Principal component analysis (PCA), a multivariate method, was
employed to reduce the dimensionality of a data set consisting of a large
number of interrelated variables (here xlf, CaCO3 and grain size infor-
mation, Suppl. Mat. 1), while retaining as much as possible of the
variation present in the data set (Jolliffe, 2002). The reduction is ach-
ieved by transforming the data set into a new set with fewer variables
(the so-called principal components) using orthogonal transformation.
These new variables correspond to a linear combination of the originals.
In other words, PCA reduces the dimensionality of multivariate data to
two principal components (PCs) with minimal loss of information. The
principal components may be supposed to preserve the essential part of
data in which more variation is present and remove the data with fewer
variations.

Along the PC1 - PC2 plot, the results of PCA can be characterized by
the explained variance, explained variance ratios and their sum.
Explained variance is used to measure the discrepancy between the
actual data and the model (here PC1 and PC2). Higher percentages of
explained variance indicate a stronger strength of association (Rosenthal
and Rosenthal, 2011). In the case of PCA, the amount of data preserved
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during the reduction of the dimensionality of multivariate data can be
shown by the “explained variance ratio” and “sum of explained variance
ratio”. In addition, the analysis of “loadings” provides information about
the contribution of original variables (e.g. «lf, CaCOs and grain size
information; Suppl. Mat. 1) in PC1 and PC2.

All the statistical analysis was done using the Matplotlib, Numpy,
Pandas, Sckit-learn and Seaborn modules of Python (https://www.pyth
on.org/).

3.3. Luminescence dating method

Optically Stimulated Luminescence (OSL) is a trapped charge dating
method suitable for dating young Quaternary sediments. Luminescence
dating is able to determine the burial age of the samples, chiefly by
measuring the quartz and feldspar in the samples. The age limit that can
be determined for feldspar is higher (~200-250 ka) than that of quartz
(~100 ka for Hungarian loess sediments), although the Infrared Stim-
ulated Luminescence (IRSL) signal of feldspar can be affected by
anomalous fading (Wintle, 1973), which results in the underestimation
of age. The post-Infrared Infrared Stimulated Luminescence (pIRIR)
method (Buylaert et al., 2009; Thiel et al., 2011) was therefore used in
this study to determine the equivalent dose (De) of the samples, as it is
not to any great extent affected by fading and its age limit is higher than
that of the standard IRSL protocol. Five samples were collected from the
cleaned loess wall of the MnH1 and MnH3 successions (Fig. 2b) to
determine their luminescence age. Their exact position is shown in
Fig. 2.

The polymineral fine-grain fraction (4-11 pm) was prepared for the
samples. All samples were treated using 0.1 N hydrochloric acid, 0.01 N
sodium-oxalate and 30% hydrogen peroxide to remove carbonate, clay
coating and organic matter, respectively, from the samples. All prepa-
rations were conducted under subdued red light.

All luminescence measurements were carried out at the lumines-
cence laboratory of the Research and Instrument Core Facility at the
Eotvos Lorand University (Budapest, Hungary), using an automated Risg
TL/OSL-DA-20 reader. IRSL stimulations were performed for 200 s first
at 50 °C and subsequently at 290 °C. The D, value of the samples was
obtained by integrating the initial 2.5 s region of the pIRIR@290 decay
curves and subtracting the background, the final 50 s of the stimulation.
A single saturation exponential function was fitted to the dose points to
obtain the D, of the aliquots (Suppl. Mat. 2a) and the mean of the D,
values was calculated for the age determination.

Preheating at 320 °C for 60 s was done before the IR stimulations. An
extra illumination step (IRSL stimulation at 325 °C for 100 s) was used to
reduce recuperation (Murray and Wintle, 2003). For all samples and
aliquots recycling was within 5% of unity, and recuperation below 2%.

As the pIRIR@290 signal bleaches more slowly than the OSL signal of
quartz and the IR-50 signal of feldspar, a residual test was performed to
assess the amount of the residual dose after bleaching. After a three-day
daylight bleach, the aliquots were measured using the same protocol.
The observed residual dose ranged between 9.9 + 0.5 Gy (SK-MNH-3)
and 23.1 + 2.1 Gy (SK-MNH-2) and increased with the De of the sample,
as shown in Suppl. Mat. 2b. Similar observations have been reported by
Buylaert et al. (2012), Yi et al. (2016) and Novothny et al. (2019), and
the value of the interception (7.25 Gy) of the fitted linear function was
therefore subtracted as a residual dose from each the De-value for the
age calculation, as suggested by Buylaert et al. (2012).

Dose rates were obtained from the potassium, uranium and thorium
content, as measured by gamma spectrometry in the laboratory at the
Leibniz Institute for Applied Geophysics, in Hannover. These samples
were collected from the surroundings of the luminescence sampling
tubes, dried at 50 °C in the laboratory, then homogenized and packed
into Marinelli containers for gamma spectrometry measurements. The
prepared samples were sealed and stored for one month to avoid
radioactive disequilibrium between the 222Rn and 22°Ra isotopes. In the
present study, the dose rate conversion is based upon the factors of
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Fig. 2. The sketch of the studied loess outcrop in the Mala nad Hronom abandoned brickyard (a) and the graphic log and lithostratigraphical subdivision of the
studied profiles (b). Fig. 2a and b have been modified after Szeberényi et al. (2020).

Guérin et al. (2011). An average a-value of 0.08 + 0.02 (Rees-Jones,
1995) was used for the calculations. The cosmic radiation was corrected
for altitude and sediment thickness (Prescott and Hutton, 1994),
assuming a water content of 15 + 5% for all samples (Stevens et al.,
2011).

4. Results

4.1. Characterization of the lithostratigraphical units of the studied
succession

Four profiles were cleaned and sampled in the loess outcrop of the
Maléd nad Hronom brickyard. In terms of observations concerning the
recent geomorphology of the neighborhood of the outcrop and the dip of
the units under consideration, profile MnH1 is located at the edge of the

Fig. 3. The loess-paleosol section at the Mala nad Hronom outcrop. a) the location of MnH2a and b; b) the excavated P2 Luvisol-like (that is, brown forest soil)
paleosol horizon at MnH2a and b profile (A, AB, Bt, BC/Bk, Ck represent the characteristic soil horizons); and c) profile MnH3.
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local top. MnH2a and b, which were a part of a quasi-composite section
including a well-developed soil (MnH2b) and the overlying sediment
unit with a poorly developed soil (MnH2a), are located in a slope po-
sition (Fig. 3a, b). As with MnH2a and b, MnH3, the thickest succession
of all, is also located in a slope position (Fig. 2a and b; Fig. 3c). There is a
decreasing tendency in the dip from the lowermost layers (e.g. SL:
15-17¢ dip) through the 5-7° dip of the characteristic P2 soil horizon to
the lowest 4-5° dip of the poorly developed uppermost P1 paleosol.

The main stratigraphic units of the profiles under consideration can
be described as follows (Fig. 2b and 3).

L4 appeared as a thick (>2 m), grey/greyish yellow, loose, homo-
geneous, sandy loess basal unit in section MnH3 (below ca. 770 cm). L4
was characterized by a secondary carbonate-rich horizon (concretion in
1-2 cm diameter size), biogalleries (maximum 10 cm in diameter,
possibly formed during (sub)recent biogene activity) and redox phe-
nomena (manganese patches and dots).

A thin (around 30 cm) SL sandy unit with coarser grains, charac-
terized by a laminated and cross-bedded sedimentary structure, overlay
the homogeneous layer L4 (ca. 770-720 cm). An SL unit could only be
found in profile MnH3, lying between L4 and the overlaying layer L3.

The characteristics of the L3 loess was very similar to those of L4: a
grey/greyish yellow colored, homogeneous fine-grained silt with sec-
ondary carbonate cementation. L3 appeared in MnH3 (ca. 570-720 cm)
and as a lowermost horizon in MnH2b (below ca. 210 ¢cm) and MnH1
(below ca. 400 cm).

P2 is a well-developed Luvisol-like paleosol layer formed on L3 loess
(Fig. 2b and 3b, c). A well-developed ped (aggregate with characteristic
shape) structure and different soil horizons were identified in P2. The
lowermost horizon of P2 was a well compacted, light yellow/white,
well-cemented secondary carbonate-rich horizon (carbonate which is
formed during/after the diagenesis of loess and/or by pedogenic pro-
cesses), identified as Ck (Fig. 3c-Ck). A brown/reddish brown paleosol
horizon with weakly developed ped structure overlay the carbonate-rich
horizon (Fig. 3c-BC/Bk). The lower boundary of the reddish-brown
horizon was abrupt, and the upper boundary was gradual. It was fol-
lowed by a deep brown colored, clayey pedogenetic horizon (Fig. 3c-Bt).
The deep brown horizon had a well-developed blocky soil structure with
evidence of ‘slip and slide’ phenomena on the surface of the peds. The
biogallery-rich horizon, overlaying the deep brown subunit, is charac-
terized by biogalleries (around <3 cm diameter) with orange/orange
brown clayey silt infill (Fig. 3c-AB). A gradual, irregular upper boundary
was observed between the P2 paleosol and the overlying thin L2 loess
layer (Fig. 3c-A). The P2 paleosol appeared in all the profiles and could
be followed through the entire area of outcrop under consideration
(MnH1: ca. 240-380 cm, MnH2a: below ca. 250 cm, MnH2b: ca. 80-210
cm, MnH3: ca. 370-570 cm; Fig. 2b).

L2 was a slightly altered, homogeneous, yellowish silt with second-
ary carbonate. The boundary between L2 and the weak paleosol P1,
developed on L2, was barely detectable macroscopically. L2 appears in
all of the studied profiles (MnH1: ca. 185-240 cm, MnH2a: ca. 180-250
cm, MnH2b: ca. 40-80 cm, MnH3: ca. 320-370 cm; Fig. 2b and 3a, c).

The poorly developed Regosol-like paleosol P1 was characterized by
a granular ped structure. The uppermost horizon of P1 was a light/
middle brown horizon with a grainy ped structure. The boundaries of
the horizon were gradual. The thickness of P1 increased from the upper
part of the courtyard (about 70-90 cm; MnH1) through MnH2a (ca. 170
cm) to the lower part of the outcrop, where the thickness of horizon P1
reaches about 220 cm (Fig. 2b and 3a, c).

Two different kinds of lithostratigraphic structure were identified in
the section overlaying paleosol P1. The recent soil and loess were
identified in the uppermost part of profile MnH1. The overlying loose
mixture contained different achaeological finds (the possible remains of
a fireplace and some fragments of ceramic) and materials of anthropo-
genic origin. A different sediment sequence was identified in the lower
part of the courtyard. In profiles MnH2a and MnH3, the P1 paleosol
layer was covered by a well-cemented, homogeneous L1 (uppermost)
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loess layer. A carbonate concretion horizon was identified in the upper
part of layer L1.

Following Schmidt (1968), the whole loess succession of the outcrop
may be dated to the Middle/Late Pleistocene transition and the Late
Pleistocene and the well-developed P2 paleosol represents the marine
isotope stage (MIS)5 (last interglacial) period.

To compare the parameters of the paleosols of MnH profiles, the
results were compared with the parameters of the paleosols from the
Paks loess profile (Hungary). The Paks loess profile is located in the
Middle Danube Basin region of the European Loess Belt and plays an
important role in pan-European loess stratigraphy and terrestrial
palaeoclimate reconstruction (Markovic et al., 2015). In a recent sam-
pling session, started in 2014, a 16-m thick loess/paleosol sequence was
investigated, containing paleosols dating back to a period between
MIS19 to MIS10 (Ujvéri et al., 2014). In this study, only the magnetic
susceptibility and profile development index of the paleosols were used
as a comparison. For a detailed characterization of the so-called Mende
Base (MB) paleosol horizon, the Paks sandy soil Complex (Ph1 and Ph2),
hydromorphous soil at Paks (Mtp), Paks Double 1 (PD1) and 2 (PD2)
paleosols, the parameters of which were used in this study, please see
Ujvari et al. (2014), Bradak et al. (2018 and 2019) and Supplementary
Material 1.

4.2. Vertical distribution of the proxies

The vertical change of grain size distribution (GSD) can be described
as follows (Fig. 4 and Suppl. Mat. 1):

o GSD indicates well-sorted material, with a dominance of silt. Among
the records examined, the average silt component is highest in MnH3
(73%) (MnH1: 67%, MnH2a and b: 67 and 69% respectively).

e The amount of fine sand and coarser grain size components seems
insignificant in all the records.

e Along with the highest silt component (see above), the MnH3 suc-
cession generally contains significantly less clay (14%) than the
others (MnH1: 23%, MhH2a and b: 24 and 23%, respectively).

e Compared to the P2 soil in profile MnH1, no characteristic increase

of clay content can be observed in P2 soils from the records MnH2a, b

and 3.

In P1 a slight increase in clay content can be recognized in every

section studied.

Fluctuating clay and silt content can be observed in the P2 and P1

soils in section MnH3.

Compared to the low klf of sediment units (~0.3-0.4 x 1073 SI), a
significant increase in «If can be observed in P2 paleosol horizons in
profiles MnH1, 2b and 3 (~1.0-1.2 x 1073sD (Fig. 5). Compared to the
relatively sharp lower transition, the upper transition of MnH2b and
MnH3 shows a step-like feature and gradualness. While a clear klf peak
is observable in the P2 paleosol, the P1 horizon is only represented by a
slight increase in kIf (~0.5-0.6 x 1073 SI), which is difficult to recognize
on the upper part of the successions (MnH1, 2a and 3).

The U-ratio shows quite a different pattern to the klf. Generally, the
sediment units are indicated by a higher U-ratio (~1.5) and the paleo-
sols by a lower (~1). This general observation does not, however, apply
to the P2 horizon in MnH3, where the paleosol is marked by a fluctu-
ating U-ratio with high peaks (~1-2.5). An irregular case among the P1
soils can be observed in MnH3, where a high peak (~1.5) appears in the
middle part of the soil horizon (Fig. 5).

The vertical change in CaCO3 content displays the opposite trend to
that of the «xlf. Higher values (20-30%) are associated with sediment
units, while paleosols, both the P1 and P2 units, have a lower (~10%)
CaCOj3 content. Sharp peaks of ~30-40% CaCOs3 content with a gradual
decrease downward can be observed at the lowermost pedogenic hori-
zon of the P2 paleosol units (Fig. 5).
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4.3. Connection between the proxies

A correlation matrix was used to characterize any connections be-
tween the trends and reveal the driving forces behind them observed in
the vertical change of the proxies. Pearson’s correlation coefficient (r)
shows a strong and moderate negative relationship between the pedo-
genic (xIf) and hydromorphic (CaCOs) proxy in the MnH1 (r = —0.78)
and MnH3 (r —0.64) profiles, consisting of the P1 and the well-
developed P2 pedogenic horizons. In MnH2a and MnH2b, which only
contain P1 or P2 paleosols, only a weak negative (r = —0.32) relation-
ship was observed, with no statistical significance (r = 0.09) (Suppl.

Mat. 3).

A moderate negative relationship was observed between the «lf and
U-ratio in MnH1 (r = -0.56), and a moderate positive relationship in
profile MnH2b (r = 0.65); a weak positive relationship was noted in
MnH3 (r = 0.39) (Suppl. Mat. 3).

A strong positive relationship was observed between the U-ratio and
CaCOs content in the MnH1 (r = 0.76) and 2a (0.74) successions. No
statistical relationship could be found between the U-ratio and CaCOs3
content in MnH2b (r = —0.17) and 3 (r = —0.05).

Along with the correlation of the «lf, U-ratio and CaCOg proxies, the
relationship between the parameters and various grain size classes was
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also investigated (Suppl. Mat. 3).

A strong and moderate positive relationship was found between the
klf and clay content of the units in the MnH1 (r = 0.59) and 2a (r =
0.74), 2b (r = 0.56) profiles, respectively, but in MnH3 the correlation
coefficient indicates only a very weak connection (r = 0.27). Along with
the increasing «lIf (and clay content), decreasing sand content was
indicated by the correlation coefficient in MnH1 (lf vs very fine sand, r
= —0.7 and fine sand = —0.57) and MnH2b (xIf vs very fine sand, r =
—0.58 and fine sand = —0.45). In MnH2a and 3 only a weak negative
relationship was found between «lf and coarser grain components (r =
—0.5 to —0.34) (Suppl. Mat. 3).

The U-ratio may be significantly influenced by the change of pro-
portion in clay and sand components in MnH1, as indicated by the
correlation coefficient (MnH1: U-ratio vs. clay r = —0.69, U-ratio vs.
very fine sand r = 0.64). Such a strong or even a moderate relationship
cannot, however, be found between the U-ratio and clay or sand con-
tributors in MnH3 (U-ratio vs. clay r = —0.38, U-ratio vs. very fine sand
r = 0.12). In MnH2a and 2b weak and moderate negative statistical
relationships were identified between the U-ratio and clay content (r =
—0.31 and —0.53), respectively, and a moderate positive relationship
between the U-ratio and very fine sand (r = 0.58) in MnH2a, with a
negative relationship (r = —0.45) in MnH2b (Suppl. Mat. 3).

4.4. Principal component analysis

Through the use of principal component analysis (PCA), the infor-
mation contained in the dataset was reduced to two variables (Principal
Components 1 and 2; Fig. 6). In the case of the data originating from the
four studied successions, the “explained variation per principal
component”, is 45.6% in the first principal component and 22.5% in the
second principal component (Suppl. Mat. 4). On the basis of the analysis
of “loadings”, three parameters, namely, the CaCO3 (PC1), clay and silt
(PC2) content of the samples, played the most important roles in the
determination of the principal components.

Based on the distribution of the data in Fig. 8, the well-developed P2
paleosol horizons (from all sequences studied) are clearly separated by
the sediments and the weakly developed P1 paleosols by their charac-
teristics, as represented by the principal components. Although two
recognizable groups, representing the less developed P1 and sediment
units, may be discerned the similarities between the two groups are
greater, as indicated by the intermixing of the data (Fig. 6). As shown in
Table 1, PC1 and 2 were formed on the basis of the three original var-
iables, and do not preserve reliable amounts of information from all of
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Fig. 6. The similarities and differences between the stratigraphic units. Prin-
cipal components 1 and 2 represent the magnetic susceptibility, carbonate
content and grain size parameters, summarized in Supplementary Material 1.
P1 and P2 refer to the P1 and P2 paleosol units in MnH1 (0.1), MnH2 (.2a and
.2b) and MnH3 (0.3) records, respectively. 1 indicates the loess units in all
profiles; SL indicates the sandy loess horizon in MnH3 and “Mixed” data related
to the uppermost reworked unit (further information on the stratigraphic units
can be found in Fig. 2).
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Table 1
The results of luminescence dating. Sample positions can be found at Fig. 2.
Layer (sequence) Sample Dose rate Equivalent dose pIRIR age
code [Gy/ka] [Gyl (ka)
P1, upper (MnH3) SK-MNH- 4.10 £ 0.19 99.1 £ 2.0 24.2+1.2
3
L2 (MnH3) SK-MNH-  3.79 +0.18  220.8 + 4.3 58.2 + 3.0
4
L3, below P2Ck SK-MNH- 2.87 £0.15 406.8 + 8.0 142 + 8
(MnH1) 1
L3 (MnH3) SK-MNH- 3.02 £0.16 478.4 £ 12.6 158 £ 9
5
L4, bottom SK-MNH- 3.37 £0.17 569.1 + 10.6 169 +£9
(MnH3) 2

the parameters under consideration, and cannot therefore provide sig-
nificant material for further interpretation.

4.5. Determination of luminescence ages

The measured U-, Th-, and K-contents and the calculated dose rates
are shown in Suppl. Mat. 5. All calculated dose rates, equivalent doses
and pIRIRygp ages are presented in Table 1. Samples collected from
MnH3 (SK-MNH-3,4,5,2) show an age increase with depth. The lower-
most two samples are taken from below the P2 soil. A pIRIRyg age of
158 + 9 ka was obtained for sample SK-MNH-5 and 169 + 9 ka for
sample SK-MNH-2, clearly indicating dust deposition during MIS 6.
Sample SK-MNH-1 originates from the underlying loess layer of the P2
soil from profile MnH-1. The pIRIRy9) measurement yielded an age of
142 + 8 ka for this sample, which alse shows that this loess was also
deposited during MIS 6 and further confirms that the P2 soils and the
underlying loess are identical in both profiles. Sample SK-MNH-4 was
taken from the loess between the two paleosol horizons and gave an age
of 58.2 + 3.0 ka. The deposition age of the uppermost transitional ho-
rizon is 24.2 + 1.2 ka (sample SK-MNH-3).

5. Discussion

5.1. The age of the studied units and their connection to the loess
stratigraphy in the ELB (Middle Danube Basin and surroundings)

The youngest loess-paleosol succession, deposited between the
Penultimate Glacial (MIS 6) and the end of the Last Glacial (MIS 2), is
frequently exposed along the Danube and those tributaries connected to
the Danube Bend (e.g. Basaharc, Siittd, Verdce, in the neighborhood of
Mala nad Hronom). At Basaharc the uppermost 5-6 m of the succession
was deposited between MIS 6 and MIS 2 and contains a thick double-
paleosol, the lower part of which was formed during MIS 5 and the
upper part during MIS 3 (Frechen et al., 1997, Novothny et al.,, in
preparation). In the same time interval much thicker and detailed se-
quences were deposited and formed at Siitt6é (~20 m) and Veréce (~12
m) (Novothny et al., 2009, 2011; Bradak et al., 2014; Barta et al., 2018),
where the MIS 5 and 3 paleosols also appear separately and the MIS 5
pedocomplex contains the paleosol which formed during MIS 5e. This
latter, reddish brown paleosol is usually missing from the loess se-
quences exposed in the Middle Danube Basin and is preserved only at
these two profiles, as far as is known.

Judging by its thickness (5-10 m) and appearance of the included
paleosols, the loess profile at Mala nad Hronom, represents a transition
between the well-developed and preserved profiles at Siitt6 and VerGce
and the less well preserved profile at Basaharc. In contrast to the Basa-
harc profile, the dust deposited during MIS 4 is retained here in a
thickness of 0.5 m. This might indicate either more significant dust
deposition during that time or less intensive erosion subsequently,
compared to Basaharc. However, the thickness of the MIS 4 loess here is
still minor compared to Siitt6. Granulometry results (higher sand
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content of this sediment) also indicate higher wind speeds (or coarser
source material) at Siitt6 compared to Mala nad Hronom during MIS 4.

On the basis of the pIRIRygg ages the P1 paleosol was formed during
MIS 3. The thickness and development of this paleosol are similar to
those profiles where the MIS 3 paleosol is preserved as an independent
layer, such as at Albertirsa, Bodrogkeresztir, Dunaszekesé and Siitt6 in
Hungary (Bosken et al., 2019; Novothny et al., 2009, 2011, 2002; Ujvéri
et al., 2014), various profiles in Austria (Terhorst et al., 2015 and the
references therein), at Nussloch in Germany (Antoine et al., 2009a), in
the Zeméchy and Dobsice sections in the Czech Republic (Hosek et al.,
2015), at in numerous sections in Poland and Ukraine (e.g. Jary and
Ciszek, 2013) and in Serbia (Antoine et al., 2009b; Markovic et al., 2015
and the references therein). In the neighborhood of Mala nad Hronom, a
very detailed MIS3 is represented in the Bina loess section, where a
unique soil complex was preserved in a paleochannel and a soil horizon
was formed in a paleoslope position (Hosek et al., 2017). Although the
thickness and development of such paleosol horizons make the units a
significant stratigraphic marker horizon, there are differences in their
pedogenic character due to the differences in the pedogenic environ-
ment (e.g. paleoclimatic differences) between the regions studied. MIS 3
is represented by a weakly developed Bw horizon of Cambisol in Serbian
loess (e.g. Antoine et al., 2009a), but appears as variations of a subartic
brown, gleyey soil in the loess sections in Poland (Jary and Ciszek,
2013). In the Middle Danube Basin and the Central European region of
the European Loess Belt, Cambisol seems to be one of the most common
soil types, representing MIS 3 (e.g. Bradak et al., 2014; Hosek et al., 2015
and some study cited above). As suggested by Terhorst et al. (2015), the
characterization and comparison of MIS 3 paleosol horizons may play a
key role in future regional level environment reconstructions.

The pIRIRggg age (24.2 + 1.2 ka) of the transitional horizon above
the P1 paleosol at MnH3 indicates that soil formation was competing
with sedimentation during the early part of MIS 2, at least for the lower
slope position, which resulted in the extraordinary total thickness of this
soil.

5.2. Relationship between sedimentation and pedogenesis

Given the moderate to strong relationship between «If and CaCOs,
and the fact that in most of the studied successions CaCO3 content is
lower in paleosol units, this suggests the operation of vertical hydro-
morphic processes during and/or after pedogenesis. The presence of
such vertical processes is supported by the characteristic CaCOs-rich
horizons observed below the P2 units and defined as Ck (or Bk) pedo-
genic horizons. Ck pedogenic horizon can be observed in “forest soils”
(Luvisols; 1USS Working Group WRB, 2015), indicating high precipita-
tion and humid climate during the development of the paleosol. These
factors may then, in turn, cause an increase in the intensity of weath-
ering, as indicated by the increasing clay content in the well-developed
P2 paleosol in profiles MnH1 and MnH2b but not in MnH3. The mod-
erate or strong relationship between «lf and clay content parameters in
MnH1, 2a and b tends to confirm the correctness of the use of the
pedogenic enhancement model in relation to the magnetic susceptibility
signal of the paleosols, i.e. the neoforming and enrichment of magnetic
contributors by pedogenic processes (weathering and bacterial activity)
during humid and warm (moderate) periods of the Pleistocene (e.g.
Evans, 2001 and the references therein). The P2 paleosol, formed during
MIS 5e, represents an interglacial period characterized by humid and
moderate/warm climate in the region. Along with the increasing clay
content, a decrease in coarser grain (sand) components was notified in
MnH1 and 2b. This suggests the weathering of coarser grained compo-
nents and/or the decreasing of the activity of surface processes which
carry coarser grains during periods of soil formation.

The connection between the U-ratio (i.e. the increasing or decreasing
intensity of dust sedimentation; Vandenberghe et al., 1997) and the
change in clay/very fine sand components may indicate the influence of
changing  pedogenic/sedimentary  environments during the
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development of the succession. In MnH1 and 2b the change in the U-
ratio is significantly influenced by the strengthening of pedogenic pro-
cesses during warmer, humid periods, as indicated by e.g. the increasing
klf and clay component parameters (Fig. 5 and Suppl. Mat. 3a, c). The
moderate/strong positive relationship between the U-ratio and e.g. very
fine sand in MnH1 and 2a may be interpreted as the mark of the influ-
ence of increasing sediment input and intensification of sedimentary
processes during colder and drier glacial periods. Such influences are not
so clearly visible in MnH3. The weak and modearate statistical rela-
tionship between the U-ratio and clay/(very) fine sand components and
the irregular trends, increasing klf and U-ratio in the P2 unit of MnH3,
suggest that pedogenic and sedimentary processes may have appeared in
parallel during the development of MnH3 succession (Fig. 5 and Suppl.
Mat. 3d).

The behavior of various proxies (with the focus on «If and the U-
ratio) in MnH1 follows the trend as reported for various loess succes-
sions from within the vicinity of the profile in the ELB. A «lf peak
associated with a low U-ratio has been described in the well-developed
MIS 5 paleosol (complex) at Siitté (Hungary) (Novothny et al., 2011), in
the lowermost MIS 3 paleosol at Bodrogkereszttir (Hungary) (Bosken
et al., 2019), and also in the lowermost paleosol of the Sand Pit loess
series in Susak (Croatia) (Wacha et al., 2018). As with the Late Pleis-
tocene examples previously mentioned, the “Basal soil complex2” (MIS
5) and “Middle Soil complex” (formed in MIS 3 and/or 2) in the Surduk
loess profile (Serbia) are characterized by increasing susceptibility
associated with fine grain components (Antoine et al., 2009b). The same
phenomenon has been observed in the well-developed MIS 5 paleosol in
the Mosorin and Titel loess profiles (Serbia) (Bokhorst et al., 2011).

The relationship between «If and the U-ratio in these loess profiles
clearly reflects the relationship between sedimentation and pedogenesis
in glacial and interglacial periods. Glacial periods are characterized by
increasing coarser grain (sandy loess, fine sand) input and a growing
sedimentation rate without significant pedogenesis and the formation of
(relatively) well-developed paleosols. In contrast, it is believed that
paleosols are formed during periods characterized by reduced sedi-
mentation in a more humid climate. Such a theory applies especially to,
for example, so-called plateau loess, “where loess deposition was a
relatively stable process and preservation potential highest” (Markovi¢
et al., 2015, p. 231) and the development of the sequence is not influ-
enced by significant erosion or an unusual rate of sediment accumula-
tion due to slope processes or geomorphological position (e.g. Terhorst
et al., 2014). On the basis of the parameters examined here (Figs. 4 and
5), the MnH1 section represents first and foremost a plateau loess-like
succession characterized by well separable pedogenic and sedimentary
periods around the first part of the Late Pleistocene.

In the case of the P2 paleosol in MnH3 and also in profile 2b, the
parallel increase in klf and the U-ratio (Fig. 5) suggests the appearance of
pedogenic processes and increasing sediment input at the same time,
accompanied with strong lessivage (leaching), as indicated by the
change in CaCOs content and the Ck (Bk) accumulation horizon. A
similar feature can be observed e.g. in the upper part of Bodrogkereszttr
foothill loess succession, where a parallel increase in xIf and the U-ratio
is discernable in the poorly developed paleosol/weathered horizon
(Bosken et al., 2019).

5.3. Influence of various environmental factors on pedogenesis

The development of the P2 and P1 paleosols during continuous
sediment input can be described by a model of soil formation in an ag-
gradational sedimentary environment. The formation of paleosols can
be described as the balance between the sediment accumulation and the
rate of pedogenesis (from various geological periods and facies: Morri-
son, 1978; Bown and Kraus, 1981; Marriott and Wright, 1993; Wright
and Marriott, 1996; Kraus, 1999). In cases of insignificant erosion and
rapid, unsteady sedimentation, so-called compound paleosols can form
(sed. > ped.). When the rate of pedogenesis and sedimentation are close
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to each other, composite paleosols may form (ped.x sed., unsteady
sedimentation). In addition, if there is no or only insignificant erosion
and the sedimentation rate is steady, cumulic soils can develop (ped. >
sed, steady sedimentation).

In MnH3 and 2a and b, pedogenic processes might have kept working
in parallel to increasing sedimentation during the transition period be-
tween interglacial and glacial phases (P2) and during a moderate, humid
period which interrupts the dry, cold glacial phase (P1). Together with
increasing aeolian sedimentation, pedogenesis may form compound/
cumulative paleosol horizons. As shown by the relation between the
pedogenic (xIf) and the sedimentation proxy (U-ratio) in P2 from MnH3
and 2b, the cumulative character of a paleosol might not only be limited
to the transition period, but may extend over the entire phase of pedo-
genesis due to the quasi-permanent sediment input during the last
interglacial. The discussion of dust accumulation during pedogenic
(interglacial/interstadial) periods is not common in literature concern-
ing loess successions, but there are some studies which describe its po-
tential influence in pedogenesis (see below).

In the case of “The Palouse loess region” (United States), which is the
downwind region of the Channeled Scabland, and is strongly influenced
by repeated floods from Glacial Lake Missoula, both climate cycles and
catastrophic events affected the characteristics of sedimentation and
pedogenesis during warmer periods of Quaternary (Busacca, 1989).
Changes in the characteristics of pedogenesis have been reported in
Holocene soils in Alaska (Matanuska Valley), influenced by the
increasing dust influx in locations closer to the sediment source (silts are
produced through grinding by the Matanuska and Knik glaciers) (Muhs
et al., 2004, 2016). The unmixed nature of grain size distribution curves
from a loess succession on the Tibetan Plateau revealed the deposition of
fine-grained loess component (medium silty loess) during interglacial
periods and has been defined as background sedimentation (Vriend and
Prins, 2005). The observation concerning the constant flux of fine-
grained components (background sedimentation) during interglacials
has also been expanded to the region of the Chinese Loess Plateau
(especially its central and southern parts) (Prins et al., 2007). Almond
and Tonkin (1999) and Eger et al. (2012) report accumulative (up-
building) pedogenesis as a response to an active loess flux in a humid
environment in New Zealand loess.

In the European Loess Belt, the mark of interglacial dust accumula-
tion was identified in Middle Pleistocene soils from the Paks loess profile
(Hungary) by Varga et al. (2016). Increasing sedimentation was iden-
tified in the Dunaszekesé profile during MIS5 soil formation, as well
(Ujvziri et al., 2019). A study by Zech et al. (2013) challenges the
“traditional” view of the warm, humid interglacial and cold, arid
interglacial periods by introducing the notion of an arid pedogenic
environment during MIS 3 and MIS 5 on the evidence of the Crvenka
loess (Serbia). The Mala nad Hronom loess succession may well be
connected to this. Differences in sedimentary environment, followed by
differences in paleosol formation and pedogenic characteristics may be
interpreted as differences in paleoclimate. Revealing the relationship
(balance) between sedimentation and pedogenesis may help to charac-
terize the influence of local topography during soil formation under
uniform paleoclimatic conditions.

As proposed by Verosub et al. (1993) and supported by the examples
above, loess sedimentation and paleosol formation are essentially
competing processes: during glacials, dust deposition is dominant,
during interglacials, pedogenesis is stronger, but both processes proceed
simultaneously.

There is one question remaining, namely, how much the advent of
increasing sedimentation changes the pedogenic character of the form-
ing paleosol. Comparing various proxies of pedogenesis, i.e. the Harden
index and «lf, no significant differences can be found between the same
paleosol horizons originating in sequences located in the top, slope or
local depression topographic positions.

The connection between the horizon indices, calculated for every
pedogenic horizon of the paleosol being examined, and their
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susceptibility values displays similar trends in all the sequences exam-
ined in this study (Fig. 7). This observation suggests that increasing
sediment input may also increase the thickness of the profile (e.g. in the
Polanéw Samborzecki sections, Jary and Ciszek, 2013; in Verdce,
Bradak et al., 2014). In the Mala nad Hronom loess profile the increasing
sediment income did not significantly change the character of pedo-
genesis and pedogenic sub horizons; neither did it affect the trend of the
klf curve in the cumulative paleosols. In Fig. 7, a slight decrease in the
development of the subhorizons in MnH3 can be observed (associated
with the same maximum «If in all studied P2), possibly triggered by
continuous sediment income during pedogenesis, which would operate
to weaken the soil development index. This sediment income might not
significantly influence weathering and pedogenic mineral neoforming
processes indicated by «lIf, which displays the same peak value as the P2
soil in MnH1 and 2b (Figs. 5 and 7). Compared, for example, to the
Polanéw Samborzecki section (Poland), where the marks of cry-
oturbation and solifluction can be observed (Jary and Ciszek, 2013), and
Verdce (Hungary), where water-lain processes are responsible for the
increasing sediment input (Braddk et al., 2014), no such marks can be
observed at Mala nad Hronom. The lack of mass movements, cryogenic
and water-lain processes suggests that aeolian transportation might be
responsible for the increasing sediment input.

Comparing the relationship between the klf and Harden parameters
(HI and PDI) from soil horizons in the case of the Paks succession
(Hungary) and the Mald nad Hronom loess, similar tendencies can be
observed between MnH1, 2 and the Paks paleosols. Such similarity may
suggest a relationship between sedimentation and pedogenesis in the
pedogenic environment during the development of e.g. the P2 paleosols
and the Mtp and PD1 horizons at Paks (Fig. 7).

5.4. The simplified model of the dynamic microenvironment at Mala nad
Hronom

The GSD and its vertical change in the successions under consider-
ation reveal the following basic information about the sedimentary and
pedogenic environment:

e The well-sorted character of the sediments (and paleosols), along
with the dominance of the silt component, suggests aeolian sedi-
mentation (e.g. dust falls), which appear to be most intense in the
MnH3 section (indicated by the significantly higher silt content
compared to other records).

The lack of a coarser sand grain component (average of fine sand and
coarser fractions: 1-2%) also supports the supposition of an aeolian
origin for the sediment and may exclude the redeposition of the
material by water-lain processes (e.g. Vandenberghe, 2013).

In Mala nad Hronom, MIS 6 and 2 are represented by similar sand
components. This result differs from some profiles from the vicinity
of Mala nad Hronom, such as the Siittd section (Novothny et al,
2011), where MIS 6 and 4 show similar sand distributions, which
then decreases in MIS 2, or the Basaharc section, where a part of MIS
6 loess is characterized by significantly higher sand content
(Novothny et al., in preparation).

e The GSD of SL unit does not display significant differences than the
loess layers but does exhibit a laminated (with partly cross-bedding)
sedimentary structure. This suggests the appearance of a transport
medium with a higher transport energy than dust deposition and/or
might differ from aeolian deposition, and was able to redeposit the
dust on the slope. The formation of SL is possibly related to water-
lain processes, which indicates a slightly humid period (or an
event) during MIS6.

The significantly lower average value for the clay component of
MnH3 (14% compared to 23-24% in MnH1,2a and b — along with the
highest silt component, see above) suggests a lower degree of
weathering in MnH3, possibly due to the appearance of quasi-
continuous sediment input during pedogenesis.
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Fig. 7. Relation of pedogenic indices of the P1 and P2 paleosols in the Mala nad Hronom loess profile. a) The low field magnetic susceptibility and the Harden index
(PDI) of paleosols P1 and P2; b) the connection between the alteration of various pedogenic sub-horizons and their low field magnetic susceptibility value in the
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e Such quasi-continuous sediment input (perhaps in a slope topo-
graphic position) might cause the lack of clay “peaks” in P2 in
MnH2a, b and MnH3, compared to the MnH1 profile.

o The appearance of a P1 weathered horizon can be recognized by the
slight increase of clay in every examined section, indicating a short,
moderate, slightly humid period.

o The fluctuating clay and silt content observed in the P2 and P1 soils
in the MnH3 succession may indicate the rhythm of increasing and
decreasing sediment input along with the weakening and strength-
ening of pedogenesis.

On the basis of the relationship between the parameters examined in
this study (Fig. 5 and Suppl. Mat. 3), the following different sedimen-
tary/pedogenic environments can be identified from the Late Pleisto-
cene in the Mald nad Hronom loess outcrop (Table 2, Fig. 8). Due to their
proximity to each other (they are in the same outcrop), all of the se-
quences are likely to have been influenced by the same main climatic
characteristics and suffered the effects of climate components, such as
precipitation triggered sheet-wash processes and wind erosion, to the
same degree. The differences in the degree of such processes is therefore
likely to have been determined mainly by the paleogeomorphological
positions of the profiles.

The MnH1 sequence represents a “plateau loess” type (here, local
top) microenvironment with increasing sedimentation during cold, dry
(glacial) periods and pedogenesis during the more humid, moderate/
warm (interglacial) phases. The lack of a thick upper transitional hori-
zon in P2 suggests increasing surface erosion or the lack of dust accu-
mulation in the early period of the subsequent colder phase (MIS 5[e] to
a more recent colder phase). Sheet-wash processes might have been
responsible for the increasing erosion during the transition, but the lack
of laminated units (consisting of sediment and paleosol laminas) as
characteristic marks of water-lain processes (e.g. Bradak et al., 2011) in
lower paleotopographic positions, e.g. in the MnH3 succession, might
support the latter theory. Instead of laminated material, the upper
transition horizon of P2 in MnH3 and 2b is relatively thick (ca. 30 cm)
and characterized by a gradually changing pedogenic to sedimentary
character. The dominance of silt and fine sand components, which
suggests thorough sorting, may indicate the increasing dust input by
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Table 2

Paleoenvironmental characteristics in the microenvironment of the Mala nad
Hronom succession based on the proxies and parameters examined herein.

Age (unit) Key characteristics Environmental information

Holocene/ Surface erosion, mixing of Intense erosion in higher
Anthropocene uppermost layers; human topographic positions (e.g.

activity missing L1 in MnH1);
Increasing influence of human
activity (Anthropocene)

MIS 2 (L1) Dust accumulation and wind ~ Dust accumulation in lower

erosion (MIS2) topographic positions (e.g. in
MnH3); in higher topographic
position erosion/wind
deflation

MIS 3 (P1 - Weak pedogenesis and quasi-  Moderate temperature,
Regosol-like constant dust accumulation slightly humid period with
paleosol) weak weathering

MIS 4 (L2) Short period, characterized Cold, dry period, possibly

by dust accumulation interrupted by heavy rainfalls
(+erosion or/and wind (water-lain erosion) or harsh
deflation, indicated by the windstorm (wind erosion)
thickness of the layer) event(s)

MIS 5/MIS 4 Increasing aeolian Aridification toward MIS4,
trans. (P2/L2 sedimentation (e.g. in MnH3, along with surface erosion,
trans.) P2 upper horizon) and possibly triggered by heavy

surface erosion (e.g. MnH1, rainfalls and the change of
P2) determined by vegetation (e.g. decreasing
topographical differences density of forests)

MIS 5 (P2 - Intense pedogenesis (in all Increasing precipitation and
Luvisol-like sequences), but constant weathering; warm, humid
paleosol) sediment input on slopes or environment; but the effects

MIS 6 (L4, SL and
L3)

in local depressions
(“sediment trap™) (e.g. in
MnH3)

Aeolian sedimentation;
possible erosional/wind
erosion event indicated by
the cross laminated sandy
layer (in MnH3)

of aeolian activity, driven by
topographical differences,
cannot be excluded

Low precipitation; weak
weathering; abrupt climate
event (cooling with intense
wind erosion)
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Fig. 8. The development of the dynamic aggradational microenvironment in
the Mala nad Hronom profile. This is a theoretical model of the relation of
sedimentary and pedogenic environments in various topographic positions. The
thick white arrows indicate sediment accumulation (dust); the arrows with
dashed lines indicate erosion (wind erosion and/or water-lain processes); SED -
dominant sedimentation (with very weak weathering); PED ~ SED - composite
soil formation; PED > SED - cumulative soil formation; PED > SED - dominant
pedogenesis; PED - pedogenesis (associated with possible surface erosion),
Paleosurface - indicates the character of the theoretical surface based on the
character of the paleosols in various parts of the outcrop. The reconstructed
paleotopography is indicated by the dotted paleosurface lines.

aeolian processes in the MnH3 sequence, e.g. during the drier (stadial, e.
g. MIS5d and b) periods of MIS5. The influence of sheet-wash processes
which might redeposit the already accumulated, well-sorted loess,
cannot be excluded during the humid periods of the MIS 5, either. The
increasing aeolian sedimentation and/or the redeposition of loess
affected those sequences which are located in a lower paleotopo-
graphical position compared to MnH1 (Fig. 4 and Suppl. Mat. 6a). As
shown in Suppl. Mat. 6a, the P2 horizon from MnH1 is indicated by
increased clay content compared to its parent material. Although a “clay
step” can be identified in P2 from MnH3 as well, it contains a significant
amount of silt and fine sand compared to its parent material (and P2 in
MnH1). Such a significant level of silt and fine sand content, the well-
sorted character of grain size distribution curve (indicating an aeolian
origin), the peak of xIf and the PDI of P2 from MnH3, (similar to P2 in
MhH], indicating strong pedogenesis; Fig. 7) support the theory: sedi-
ment input runs in parallel to intense pedogenesis during the formation
of P2 in MnH3 in MIS 5. This increasing sediment input is not limited to
the period of the P2 to L2 transition but appears in the period of P1
formation. P1, observed in the MnH3 sequence is significantly thicker
and characterized by lower clay and slightly higher very fine sand
content compared to P1 horizons in MnH1 and 2a,b (Suppl. Mat. 6b).
The conclusions above emphasize the role of paleotopography in
sedimentation and pedogenesis, i.e. the sequences in slope (MnH2a, d)
or lower slope (MnH3) topographic position, which act as sediment
traps even during moderate, more humid phases. In the case of the
succession studied here, the alluvial plain of the Hron might have been a
local source of fine grained dust. In cold phases, decreasing vegetation
cover and the changing river characteristics (e.g. meandering into a
braided channel river) may have provided additional source areas of
dust. The theory about a close dust source seems to be supported by the
characteristics of the grain size distribution curves in Suppl. Mat. 7. In
accordance with the classification of Vandenberghe (2013), L3 (the
parent material of P2) falls into the category of “Loess sediments in the
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medium-to coarse-grained silt fraction (sediment type 1.b)” (Vanden-
berghe, 2013, p. 23; Smalley et al., 2009).

6. Conclusion

Due to its geomorphological characteristics, the Mald nad Hronom
loess succession (Slovakia) provided a good opportunity to investigate
differences in soil development in various topographic positions. Two
paleosols, one well developed, the other less so, were identified in the
profile, which was formed in MIS 5 and 3.

Of the mathematical/statistical methods used on the data, the cor-
relation matrix/heatmap provided significant information about the
formation of the section, but the use of PCA was not feasible. The key
paleoenvironmental information provided by the analyses of the various
proxies and the soil development indices can be summarized as follows:

e In the case of the paleosol, which is located in a lower slope position,
quasi permanent sediment input was identified, even during soil
formation. Such sediment input seems to be surpassed by pedogen-
esis, a process strengthened by the climate of MIS 5. Pedogenesis
seems to keep up with intense dust accumulation once again during
MIS 3, but compared to MIS 5, the climate does not favor intense
pedogenesis.

In general, the conclusions arrived at in this study concerning the
dynamic aggradational microenvironment of Mald nad Hronom
succession support the pioneering theory of Verosub et al. (1993)
about the simultaneous and competing appearance of dust deposi-
tion and pedogenesis during glacial and interglacial periods.
Despite the general belief that loess series formed in a plateau po-
sition will preserve terrestrial records without significant erosion, in
the case of Mala nad Hronom (and also e.g. Siitt6 and Veréce), it
happened differently: a comparison of the sequence affected by
erosional events in local top position with the sequence affected by
quasi-continuous sediment input in lower slope position shows that
the latter appears to have been where the soil horizons were pre-
served intact.

The paleosols developed in local top or slope topographical positions
did not display significant differences in their degree of development
and magnetic susceptibility parameters, that is, in the case of the
proxies which can be used to characterize interglacial periods.

Although loess successions formed in (paleo)slope positions are not
in the spotlight of studies with a focus on climate reconstruction, a study
of the paleosols of the Mala nad Hronom loess section suggests that they
can indeed preserve information about the development of paleoenvir-
onment, information concerning changes in sedimentary processes or
local topography. The results from Mala nad Hronom also prove that in
some cases, surface processes might not significantly change the char-
acter of paleosols; they do, however, show that, in common with plateau
loess, “slope-sections” can be used in stratigraphic analysis.
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