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A B S T R A C T

This paper presents the results of grain-size analyses of an independently-dated loess/paleosol record dating
back ca. 1Ma from SW Hungary. The record follows an upward coarsening trend with a clear prevalence of
coarse silts and fine sands. Variations are mainly controlled by fluctuations in sand input highlighting iterative
changes in dust aerodynamics over the past 1Ma in the source region found 50–100 km NW of our site. Based on
our results regional factors influenced the intensity and nature of dust accumulation. Contrasting trends with the
Chinese Loess Plateau in certain periods reflect a greater importance of the Atlantic region driving the evolution
of nearby continental ice sheets. Proximity and expansion of these had significant impact on local wind field.
Low topography of the surrounding mountain belts allowed for the intrusion of stronger cold winds, higher
abrasion in the source region and transportation of coarser particles to the site from 700 to 450 ka. Another
marked upward increase in grain-size from 400 ka can be linked to increasing continentality which along with
tectonic activity resulted in a drop in the groundwater table in the source region and intensified erosion of
formerly relatively stable surfaces bringing more coarse material to our site.

1. Introduction

Various climatic forcings in the past resulted in different responses
at a regional level during the Quaternary (Imbrie et al., 1993;
Kageyama et al., 2012; Kohlfeld and Harrison, 2000; Schmidt, 2010;
Lang and Wolff, 2011; Rapp, 2012). Understanding the leads and lags
between proxy archives is crucial to understand feedbacks in Earth’s
climate system. Long and high-resolution terrestrial paleoarchives
yielding us information on past climatic fluctuations over several gla-
cial-interglacial cycles on the millennial scale are rare. Loess can

represent such a semi-continuous terrestrial paleoenvironmental record
(Pécsi, 1990; Pye, 1995). The substantial loess deposits of the Middle
and Lower Danube Basin in southeastern Europe are the thickest and
most complete terrestrial paleoenvironmental records in Europe
(Buggle et al., 2009, 2013; Marković et al., 2011, 2015; Jordanova and
Petersen, 1999; Jordanova et al., 2007, 2008; Panaiotu et al., 2001;
Rădan, 2012 Sümegi et al., 2011; Sümegi et al, 2018). Loess and pa-
leosol sequences (LPS) of the Danube Basin go back 1Ma (Buggle et al.,
2009, 2013; Jordanova and Petersen, 1999; Jordanova et al., 2007,
2008; Marković et al., 2011, 2015; Sümegi et al., 2011; Sümegi et al,
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2018). The wealth of studies dealing with the comprehensive analysis
of these paleoarchives yielded information on chronology, stratigraphy,
geochemistry, paleoecology, as well as environmental magnetic char-
acteristics of these sites on the scale of multiple millennia (Fitzsimmons
et al., 2012; Marković et al., 2011, 2015; Sümegi et al., 2011, 2018).
However, most multiproxy studies published so far from Mid-Danube
Basin sites are either low resolution, or use only a single -mainly
magnetic susceptibility- proxy or two (e.g. Marković et al., 2011, 2012;
Sümegi et al., 2018). Multiproxy studies are mostly restricted to the
period of the last glacial cycle (Antoine et al., 2009a,b; Bokhorst et al.,
2011; Novothny et al., 2011; Stevens et al., 2011; Schatz et al., 2011,
2014, 2015; Zech et al., 2013) as establishing an independent chron-
ology beyond 300 kyr down to ca. 1Ma is not without problems as
direct luminescence dating is difficult due to technical problems or age
is established by correlation to some other global or orbital records
(Schmidt et al., 2010; Murray et al., 2014; Thiel et al., 2014; Marković
et al., 2015; Obrecht et al., 2016; Wacha and Frechen, 2011; Wacha
et al., 2013; Sümegi et al., 2018; Zeeden et al., 2016). Some works use
artificial composite sections made via stitching together proxies of two
or more adjacent sites with different temporal coverage to attain a full
coverage of 700–800 ky (Buggle et al., 2013; Marković et al., 2012,
2015). Others rely on orbitally tuned records to find orbital cycles
(Marković et al., 2012; Basarin et al., 2014). Thus, chronological issues
related to these studies generally prevent us from undertaking a wide-
scale reliable comparison (Sümegi et al., 2018, Zeeden et al., 2018).

Loess grain size is one of the most common proxies used to re-
construct environmental and climatic conditions driving aeolian accu-
mulation in LPS over several glacial/interglacial and millennial time-
scales (Vandenberghe et al., 1998; Bokhorst et al., 2009, 2011; Újvári
et al., 2014, 2016, Schulte et al., 2018; Xiao et al., 1995, Lu and An,
1998; Sun et al., 2006; Ding et al., 2002). Grain size distribution is a
function of complex interactions between various factors like wind
speed, frequency of storm events, moisture availability in source and
sink areas, distance of source areas, type of transport mechanism, se-
diment availability, mineral composition, vegetation cover in source
regions and post-depositional processes (Smalley and Markovic, 2014;
Stevens et al., 2013, 2018; Schulte et al., 2018; Újvári et al., 2016). This
study presents the first independently dated, high-resolution grain size
record of one of the oldest and thickest loess/ paleosol sequence of
Hungary, the borehole Udvari 2a. Dating was based on biostrati-
graphically controlled independent magnetostratigraphic ages beyond
50 ka down to 1.1 Ma. 14C ages helped us to constrain the chronology in
the youngest part of the sequence (Sümegi et al., 2018). Spectral and
wavelet analysis of grain-size fractions enabled us to unravel regional
cycles of past aeolian dynamics spanning the past 1Ma. Differences
between the loess areas are due to different responses of regional cli-
mate systems to the global climate and different contributions of dust
availability, erosion, tectonic uplift and local environmental conditions,
including vegetation cover and soil formation (Smalley and Markovic,
2014; Stevens et al., 2013, 2018; Schulte et al., 2018; Zeeden et al.,
2018). Thus, comparison of our grain-size proxy data and results of
cycle analysis with other regional (Danube Basin) and extra regional
(SW and SE Europe, China) grain size and paleoclimate records is es-
sential to highlight similarities and differences with potential under-
lying causes.

2. Location, climate, lithostratigraphy, chronology of the site

The borehole Udvari-2A is found in the central plateau part of the
Tolna Hills, SW Hungary (Fig. 1). The climate is temperate (Köppen Bs)
with strong oceanic (Köppen Cf) and sub-Mediterranean climatic in-
fluences. This site is located at an interface between drier and wetter
climates mainly seen in higher temperatures, multiple rainfall peaks
and elevated hours of sunshine. The mean annual temperature is
around 9–9.5 °C with average annual precipitation reaching
700–750mm in the western part of the hills, where the borehole site is

located (Ádám et al., 1981; Hungarian Meteorological Survey). Rainfall
and humidity are much higher than the southern Vojvodinian (Serbia)
sites (ca. 500mm/y; Obrecht et al., 2016). The prevailing winds in the
area are from the NW (Ádám et al., 1981, Hungarian Meteorological
Survey).

The borehole starts from an elevation of 178m ASL in a clear pla-
teau position with a depth of 170.3m (Fig. 1). A sequence of 150m
dated to the Quaternary overlies Miocene deposits (Fig. 1). The upper
97m represent the Paks Loess Formation (Koloszár, 1997, 2003;
Koloszár and Marsi, 2010a,b.; Sümegi et al., 2018) according to the
generally accepted Hungarian Quaternary Stratigraphic and Pedos-
tratigraphic Scheme (HQSPS; Pécsi, 1979, 1993; Pécsi et al., 1995;
Sartori et al., 1999; Újvári et al., 2014; Varga, 2011).

The newly revised stratigraphy (Sümegi et al., 2018) identified 13
paleosols (U2-S0 and U2-S13) within the whole Pleistocene sequence
down to the depth of 100m corresponding to MIS 1-MIS 33 (Fig. 1).

A revised chronology has recently been presented for the site, which
is adopted in our work (Sümegi et al., 2011; Sümegi et al. 2018; Fig. 1).

The bottom part of the sequence is characterized by reversed po-
larity representing the Matuyama Chron with several short normal
polarity excursions. These correspond to the Kamikatsura excursion
dated around 0.9Ma, the Jaramillo Subchron dated between 0.99 and
1.07Ma, as well as the Olduvai Subchron (1.77–1.95Ma; Márton, 1998;
Koloszár, 2003; Koloszár and Marsi, 2010a,b, Sümegi et al., 2018). The
Brunhes Chron in the upper part of the LPS is represented by the Ma-
tuyama-Brunhes Boundary (MBB; Márton, 1998; Koloszár, 2003;
Koloszár and Lantos, 2001; Koloszár and Marsi, 2010a,b; Koloszár et al.,
2001; Sümegi et al., 2018) and several short-lived reversed polarity
excursions like the stage 17 excursion (0.670–0.685Ma; Sümegi et al.,
2018; Biswas et al., 1999; Channel and Raymo, 2003; Laj and Channell,
2009; Singer, 2015), an unnamed event at 430 ka and the Levantine
excursion dated around 362 ka (Sümegi et al. 2018.; Langereis et al.,
1997; Lund et al., 2001, 2006; Laj and Chanell, 2009). The other short-
lived reversed polarity events correspond to the MIS6/MIS7 transition
(Iceland Basin excursion at 191 ka) and the Blake excursion (ca.
120 ka), respectively (Sümegi et al., 2018). The uppermost 4m of the
sequence corresponds to the period between ca. 45 and 15 ka cal BP
based on 14C dates (Sümegi et al., 2018). The presence of a Middle
Pleistocene index fossil in the sequence helped us to further constrain
the chronostratigraphy from MIS 6 to MIS 10 (Sümegi et al., 2018).

3. Material and methods:

3.1. Sampling and sample description

Our sampling was restricted to the upper 86m of the core (344
samples) corresponding to the last ca. 1Ma (MIS 1-MIS 27; Sümegi
et al., 2018). Samples of ca. 60 g were taken at 25 cm increments.
Samples were air dried and their color was determined using the
Munsell color chart. Furthermore, the main visual characteristics of the
samples was also described.

3.2. Grain size measurement

Grain size analyses were performed on an OMEC Easysizer 20 laser
wet dispersion particle size analyzer after sample pretreatment. The
instrument is equipped with a circulating wet sample feeding system. A
single, a red He–Ne laser of 2.0mw at a wavelength of 0.6328mm is
used in the system. The instrument adopts the full Mie theory.
Diffracted light intensity was measured by 54 sensors over a wide range
of angles. The measuring range of the unit is 0.1–500 μm. Constants of
1.33 for the refractive index of water, 1.544 for the refractive index of
solid phases (valid for quartz, and most clay minerals and feldspars),
and an absorption index of 0.1 was applied. Ultrasonic duration with a
circulating speed of 2500 was set to 2min. Repeatability is within<
3% uncertainty. One gram of sample was treated with 10ml 10% H2O2
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in a 50ml glass beaker overnight to remove organic materials. Then it
was treated with 10% HCL overnight to remove carbonates. Pre-treated
samples were dispersed in 50ml solution adding 5% sodium hexame-
taphosphate ((NaPO3)6) to avoid grain flocculation and were kept
agitated using an ultrasonic bath and a propeller stirrer before trans-
ferring into the measurement unit. 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 μm was con-
sidered in accordance with the general practice used in laser particle
size analysis (Vandenberghe et al., 1998).

3.3. Particle size distribution analysis

Particle-size distributions are frequently used to capture the com-
position of the studied sediment and decipher information about con-
ditions responsible for the transportation and deposition of the in-
dividual grains. Most studies present a few parameters for the
description such as the median and maximum grain-size or the fraction
below or above a certain grain-size class (16 μm, 32 µm, 64 µm; e.g.
Xiao et al., 1995, Lu and An, 1998; Sun et al., 2006; Ding et al., 2002).
Other parameters describing the nature of the distribution (skewness
and kurtosis) should also be considered (Zech et al., 2008).

Schulte et al. (2018) also argued against the use of individual grain-
size parameters alone. Defining fixed indices or ratios between different
grain-size classes is also commonly used in loess particle-size studies
(Vandenberghe et al., 1998; Antoine et al., 2001, 2002; Nutgeren and
Vandenberghe, 2004). Adoption of these is based on the assumptions
that changes in wind strength are likely to cause shifts in the grain-size
maximum values by adding an increasing number of larger-size parti-
cles (coarse silt or even fine sand) to the originally deposited set of finer
fractions. Thus, indices reflecting the ratio of coarse fractions to fine
ones are the most commonly used as proxy for wind velocity. Schulte
et al. (2018) in their work warned against the use of a single fixed grain

size (GS) ratio in temporal data analysis, stating that GS distribution of
one sample expresses variability in the dominant GS classes rather than
specific traceable parameters of past environmental conditions.
Nevertheless, their study clearly pointed out that although different
grain size proxies may be dominated by different single parameters,
their variation with depth down an LPS is very similar (Schulte et al.,
2018). Thus, in our work two indices have been adopted. One is the so-
called U-ratio defined as the ratio of 16–44 and 5.5–16 µm size classes
(Vandenberghe et al., 1998). The other is the Grain Size Index (GSI)
(Antoine et al., 2002, 2009a,b, 2013). This is defined as the ratio of
coarse silt (20–50 µm) to fine silt + clay (< 20 µm). One advantage of
the U-ratio index is that it ignores both the secondary formed clay
minerals and the sands deposited at the site.

However, the sand content also provides important information
about predominating wind regimes, proximity of source areas, as well
as short events triggered by abrupt increases in aeolian dynamics
(Novothny et al., 2011). Also, recent studies have pointed to an erro-
neous interpretation of generally accepted models of particle trans-
portation suggested by Pye (1995) and Újvári et al. (2016) (Schulte
et al., 2018). For coarse grains, grain mass and rapid gravitational
settling is thought to limit long-range transportation. However, several
studies documented the presence of quartz particles above the fine sand
size (> 150 μm) in long-range transported aeolian dust (Middleton and
Goudie, 2001; Fiol et al., 2005; Alcántara-Carrió et al., 2010; Menéndez
et al., 2014). Furthermore, Rosenberg et al. (2014) reported no corre-
lation between GS fractions below 40 μm, wind speed or distance from
assumed source (Schulte et al. 2018). Thus, an additional index (Fine
sand/fine silt) for aeolian dynamics has also been developed taking into
consideration the sand fraction in relation to the fine silt fraction.
Median size (MD) parameters as well as the main univariate statistical
parameters of skewness and kurtosis have also been calculated. In ad-
dition, percentages of selected grain size classes of clay (< 4.6 µm),
coarse silt (22.6–63 µm) and sand (> 63 µm) have been determined and

Fig. 1. Location, litho-pedo-, chronostratigraphy of the studied borehole site with age tie points used for constructing the age-depth model (after Sümegi et al., 2018).
(magnetostratigraphic excursions: BL: Blake, IB: Iceland Basin, Lev: Levantine, S17:Stage 17, Kam: Kamikatsura, Jar:Jaramillo, Old: Olduvaian; in the lithostrati-
graphic column S1,2.etc. represents interglacial soils, while L1,2..etc. corresponds to glacial loess).
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graphed in accordance with the literature (Antoine et al., 2001, 2002,
2009b; Konert and Vandenberghe, 1997). To assess the similarity of
information recorded by the mentioned parameters and indices, and to
reduce potential biases mentioned by Schulte et al. (2018), statistical
correlations (Spearman rho) have been calculated.

3.4. Age-depth models

During the construction of our age-depth model, a continuous se-
dimentation was assumed. Short-periods of non-deposition are not as-
sumed as these represent so-called debunked soil forming intervals
when paleosols form as an interaction of slow deposition and climatic
influences (Sümegi et al. 2018) as noted by studies of modern up-
building pedogenesis under active loess deposition (e.g. Eger et al.,
2012). So even during times when downward pedogenesis created well-
developed paleosols, sediment accumulation did not fully stop. Paleo-
magnetic ages used for the construction of the model generally bracket
paleosols (Fig. 1). Thus, the ages in our model correspond to ages of the
sediment itself. A 7th order polynomial age-depth model (Fig. S1) has
been constructed using the age tie points presented in Fig. 1 (for de-
tailed list see Table 2. in Sümegi et al., 2018). A bootstrap for the mean
probability distribution response of paleomag ages of 20,000 iterations
was performed to calculate 95% confidence intervals.

3.5. Spectral and wavelet analysis of fixed grain-size indices

Traditional time series analysis was conducted on all calculated
grain-size indices using REDFIT, and spectral peaks were evaluated
against a red-noise background (Monte Carlo using 1000 random rea-
lizations) of an AR1 process (Schulz and Mundelsee, 2002). REDFIT
uses Lomb-Scargle Fourier transform, which allows using unevenly
spaced datasets (Schulz and Mundelsee, 2002). Application of the
simple Lomb periodogram in time-series analysis has a significant
drawback in comparison with the REDFIT method. For the calculation
of the p=0.5 significance line only the highest peak is considered,
while REDFIT uses all peaks equally relying on an AR algorithm (Schulz
and Mundelsee, 2002). That is why REDFIT was preferred in our work.

To track the time-varying amplitude of orbital and suborbital per-
iods, continuous wavelet transform has been calculated on detrended
data (Torrence and Compo, 1998). The time series was tested for a
significant trend using the Mann-Kendall test (Gilbert, 1987). For wa-
velet analysis a time series was prepared by Gaussian interpolation to a
fixed time increment of 1kyr. The statistical significance of the wavelet
analysis was tested relative to a red-noise background spectrum.

4. Results

4.1. Results of grain-size distribution analyses

Particle size follows a multi-modal distribution for all sampled loess
horizons as depicted in Fig. 2. This polymodal distribution is typical for
loess/paleosol sequences with a pronounced shift to the coarser grain
sizes (Antoine et al., 2001, 2002, 2009a,b; Bokhorst et al., 2011; Varga,
2011; Novothny et al., 2011; Machalett et al., 2008). There is a pro-
minent double peak representing the coarse fraction (coarse
silt + sand) and a wide tail representing the fines of fine silts and clay.
In the MIS 2, 4, 10,18, 22 loess samples, a clear dominance of coarse silt
is noted compared to sand (fine silty coarse silt; Fig. 2). A bimodal silt
peak can also be noted in these and all other loess samples of Fig. 2.
This distinctive feature has yet been documented for a single site in
Central Asia so far (Machalett et al., 2008), and thus was interpreted to
be a regional phenomenon related to mineral composition or, perhaps,
an instrument-specific artefact (Schulte et al., 2018). In the MIS 2, 6, 8,
12 loess samples fine sand dominates over coarse silt (sandy coarse silt;
i.e. sandy loess). The bimodal silt peak is also present, but in some cases
one peak is absorbed into the distribution of the clay fraction (Fig. 2). In

the MIS 16 loess sample the proportion of coarse silts and fine sands is
relatively similar, yet two minor distinct peaks can be distinguished as
well.

Variations in selected grain-size parameters of clay, coarse silt, fine
sand, medium and coarse sand as well as parameters representing
general grain-size distribution-median particle size, skewness (SK) and
kurtosis (K) with depth are depicted in Fig. 3. There is a relatively good
agreement of the grain-size parameters with the initially established
stratigraphy. The major litho- and chronostratigraphic boundaries
(from paleosols to overlying loess units) are generally recorded by
abrupt transitions in the grain-size parameters. The main grain-size
variations and contrasts are observed in the clay (< 4.6 µm: from 8 to
39%), coarse silt (22.6–63 µm: from 52 to 47%) and sand fractions
(> 63 µm. 12–2%). It is interesting to note that variations in the median
grain size seem to show a closer correlation with the sand fraction
(Spearman rho: 0.97) than the coarse silt fraction (Spearman rho: 0.37).
Therefore, grain-size variations must have been largely controlled by a
constant input of sand size particles especially in the upper 60m of the
sequence.

There is a general upward coarsening from the bottom part of the
borehole corresponding to MIS 23–27 towards the modern soil (Fig. 3).
This is accompanied by a gradual decrease in clay content in general.

Clay content in the entire profile ranges between 8.28 and 39.73%
with a mean of 17.41% and an SD of 5.586%. The particle size dis-
tributions are non-normal (Sapphiro-Wilk test: 0.92, p:0.3238E-12),
and slightly right skewed (SK:1.083) indicating the dominance of finer
grain-sizes (Fig. 3). Well-developed paleosols are characterized by clay
percentages of 16% up to about 29% (Fig. 3). The interquartile area is
given by values of 13.5–20%. The MIS 7 (U2S2) and MIS 13–15 (U2S5)
paleosols have low clay contents just above the median in accordance
with the field/core description of weak paleosol development. The
horizons with values above 29% correspond to well-developed paleosol
horizons with a high rate of pedogenetically produced clay. The clay
content of the lowermost pedocomplex U2S9, corresponding to MIS
23–27, ranges between 30 and 39 percent. This is the highest value
recorded in the LPS apart from the MIS 5 pedocomplex (U2S1), which is
also characterized by high clay percentages around 39%. Horizons
corresponding to MIS 19–21 (U2S7, U2S8), the lowermost member of
the MIS 11 (U2S4) and MIS 9 (U2S3) paleosols also fall into this cate-
gory with clay values slightly above 29%. The MIS 17 paleosol (U2S6)
is characterized by clay values around 24%. The weakly developed
U2S5 pedocomplex corresponding to MIS 13–15 has low values of clay
around 18–20%. The percentages of coarse silt in the profile range
between 39 and 72% with a mean of 61% and an SD of 5.74. The in-
terquartile area is given by values between 57.92% and 64.95%. The
distribution is slightly left skewed implying the dominance of higher
concentrations of coarse silt in the samples. The gradual decrease in
clay content from U2S9 to U2S5 (MIS 27 to MIS 13) is accompanied by
a marked increase in the coarse silt content of the paleosols from ~48%
to 56%. Similarly, a gradual upward increase is noted in the sand
content from 2% to 10–12%. This is especially pronounced from the
bottom of the loess unit U2L6 to the top of U2L5 (MIS 16 and MIS 12).
Nevertheless, the silt content of the intercalated loess horizons stays
relatively constant up to U2L6, with values ranging between 57 and
62%. From U2L6 to the top of U2L5 there is a gradual 10% decrease of
the coarse silt content parallel with the mentioned 8–10% rise in the
sand content. From U2S3 to the top of U2L2 (MIS9-MIS 7) a similar
gradual 10% decrease in the silt content is accompanied by a steady
increase of the fine sand content from 2% to 10–13%. Although the fine
sand content decreased from the peak value of 15% recorded in the MIS
8 loess to a lower value of 8–10% in the loess representing MIS 6, there
is a parallel increase in the medium and coarse sand percentages re-
sulting in a more peaked and positively skewed distribution. A steady
rise in the sand content can be observed from MIS 5 (U2S1) towards the
loess corresponding to MIS 4 (U2L1; 14%). This increase in the sand
content is accompanied by a similar increasing trend in the coarse silt
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Fig. 2. Particle size frequency distribution curves for selected representative loess samples.

Fig. 3. Variations in grain-size (GS) parameters with depth (thick lines represent 5-point moving averages, shading corresponds to interglacials; magnetostratigraphic
excursions: BL: Blake, IB: Iceland Basin, Lev: Levantine, S17: Stage 17, Kam: Kamikatsura, Jar:Jaramillo, Old: Olduvaian; in the lithostratigraphic column S1,2.etc.
represents interglacial soils, MIS: marine isotope stages after Lisiecki and Raymo, 2005).
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fraction. After this peak all mentioned grain-size classes undergo a
gradual decrease towards the top of the profile. The moderately strong
correlation between the sand and coarse silt content (Spearman Rho r2:
0.67 and the strong negative correlation between the clay and coarse
silt (Spearman Rho r2: −0.91), clay and sand (Spearman Rho r2:
−0.78) content respectively may refer to a dominantly pedogenetic
origin of clay. Yet the low clay percentages in the weakly developed
paleosols of U2S2 (MIS 7) and U2S5 (MIS 13–15) in fact may be at-
tributed to a constant and high input of silt and sand to the site. This
assumption is further corroborated by the previously noted steady in-
crease of sand during the referred intervals.

4.2. Variation of grain-size indices during the past 1.1 Ma

If we look at the pattern given by the various grain-size indices (U-
ratio, GSI, fine sand/fine silt) we essentially see quite similar trends
(Fig. 4). The high correlation between the various indices (U ratio-GSI:
Spearman Rho r2: 0.94 U-ratio to Wind Velocity: Spearman Rho
r2:0.87986, GSI to Wind Velocity: Spearman Rho r2: 0.88 indicates that
applying either grain-size index does not lead to differences in re-
construction of past dust (transport) dynamics. The GSI and U-ratio
tend to covary and seem to follow the trajectory marked by the clay and
silt content of the dataset. This is also expressed in the higher positive
and statistically significant correlation values between the two indices
(r2= 0.94; Table S2). Conversely, the additional so-called wind velo-
city index (ratio of fine sand and fine silt) follows the pattern given by
variations in the sand content. These can be attributed to the nature of
the applied grain-size indices. As in the case of the GSI and U-ratio, the
ratio of silts and clays are given larger weight. While, in the case of the
wind velocity index, the ratio of fine sand is also considered, which was
omitted from the previous two indices.

All the grain size indices show an upward increase from the bottom
of the profile to the loess U2L5 (Fig. 4). In the case of the U-ratio this
increase is from 3 to 3.5–3.8. In the case of the GSI it is from 1.75 to
2.25. Finally, for the fine sand/fine silt ratio index there is a similar
increase from 0.4 to 0.9. This may hint at an overall increase in wind
speed, erosional activity of the source areas from the paleosol horizon
of U2S9 to the loess horizon of U2S5. In addition, it indicates the im-
portance of the silt and fine sand fraction in the upward coarsening of
the dataset. All intercalated well-developed paleosols (U2S9, U2S8,

U2S7, U2S6) are corresponding to the long interglacials of this interval
(MIS 27-MIS 17), and are characterized by low values for all indices (U-
ratio: ~2.1, GSI: ~0.75, Wind velocity: ~0.1). This is true for all re-
maining well-developed paleosols (U2S6, U2S4, U2S3, U2S1) as well. In
the loess horizon U2L5 the trajectory of the individual indices is dif-
ferent. GSI and U-ratio undergo a gradual decrease. However, the ratio
of fine sand/fine silt continues to increase, implying a higher input of
sand size particles to the site. This contrasting pattern is due to the
omission of the sand fraction by the GSI and U-ratio indices.

From U2L4 to the top of U2L3, the values of U-ratio and GSI remain
relatively constant (3.5–3.6 and 2.25–2.26). Meanwhile, the ratio of
fine sand/fine silt rises again from 0.6 to 1–1.2. Most likely this is again
attributed to a higher rate of sand input to the site. From U2L3 to the
top of U2L2 both the U-ratio and the GSI underwent a rapid increase
(from 3.5 to 4.2 and from 2 to 2.75, respectively). The ratio of fine
sand/fine silt after a minor increase decreased from the peak value of
U2L3 towards the top of U2L2. The topmost part of U2L2 is again
characterized by a minor increase. Finally, from U2L2 the trajectory of
all three indices is uniform with a steady rise to the highest value of the
entire profile recorded in the loess U2L1 (4.45, 2.9 and 1.2).

4.3. Results of cycle analysis and comparison with grain-size cycles at
Xifeng, China

The highest primary spectral peaks for the U-ratio above a p < 0.05
are at periods of 456, 97 ky, both eccentricity related with the highest
power found at the dominant 97-ky cycles (Fig. 5). The statistically
significant eccentricity related 400-ky cycles are outside the cone of
influence of the wavelet analysis in our record. However, the 100-ky
cycles display strong variations in terms of intensity as seen on the left
wavelet scalogram of Fig. 5. From 900 to ca. 650 ka the 100-ky cycle
was moderately strong. It was then weak during the Mid-Brunhes
transition between 600 and 400 ka. From 300 ka onwards there is a
marked increase in the intensity of these cycles having a maximum
from 200 ka onwards.

Additional statistically significant peaks are found at 70, 57, 48, 37,
and 33 ky. These are partly obliquity related with much lower power.
Partly they may originate from the harmonics or interactions of the
orbital cycles, which is normal in time series analysis of paleoclimatic
records (e.g. Lu et al., 2004; King, 1996), such cycles can represent

Fig. 4. Variations of calculated grain-size indices with depth (thick lines represent 5-point moving averages, shading corresponds to glacials; magnetostratigraphic
excursions: BL: Blake, IB: Iceland Basin, Lev: Levantine, S17: Stage 17, Kam: Kamikatsura, Jar:Jaramillo, Old: Olduvaian; in the lithostratigraphic column S1,2.etc.
represents interglacial soils; MIS: marine isotope stages after Lisiecki and Raymo, 2005).
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noise as well. These cycles are generally weak throughout the entire
sequence (Fig. 5). Low intensities below the p=0.05 significance level
is recorded between 1000 and 800, 650–600, 500–450, 400–350 as well
as 350–250 ka (Fig. 5). The highest intensities are restricted to the past
ca. 250 ky.

Statistically significant low power peaks occur at 28, 21, 19, 16, 14,
13, 12, and 11 ky, consistent with precession and half-precession.
However, 21-ky cycles are present only between ca. 750 and 300 ka
with a peak strength between 650 and 550 ka. For the rest they are not
well expressed (below the p= 0.05 significance level).

The non orbitally tuned GSI curve subjected to spectral analysis
yielded similar cycles as the U-ratio (Fig. 5). The highest primary
spectral peaks at periods of 456 and 97 ka are eccentricity related. The
peak with the highest power is also found at 97-ka. The 400-ky cycles
are much weaker than in the U-ratio record. This is also true for the
entire past 1Ma as seen at the bottom of the two wavelet scalograms of
Fig. 5. Secondary peaks at 70 and 57 ky may originate from the har-
monics or interactions of the orbital cycles mentioned earlier (Lu et al.,
2004; King, 1996). Additional statistically significant cyclicity is found
at periods of 37, 33 and 28 ky. These are partly obliquity related with
rather low power. Variation in intensity of these cycles throughout the
past 1Ma are comparable to the one described for the U-ratio.

Low power peaks occur at periods of 21, 19, 16, 14, 13, and 11 ky
consistent with the (half) precession scale and are similar to the U-ratio
cycles. The strength of these cycles displays the same temporal varia-
tion during the past ca. 1Ma as observed for the U-ratio index. When
the two records are compared, it can be stated that longer period cycles
are much stronger and persistent compared to smaller ones. In addition,
100-ky cycles are the strongest during the past 300 ky.

The non-orbitally tuned fine sand/ fine silt curve yielded mainly
similar, but somewhat different cycles observed for the U-ratio and GSI
indices (Fig. 6). The highest primary spectral peaks here are also at 456,
97 ky. These are eccentricity related. But the highest frequency here is
found at the dominant 450-ky cycles not 100-ky. The strong 400-ky
cycles are constantly present with equal strength as seen on the bottom
left wavelet scalogram of Fig. 6. Peaks at 70 and 57 ky also turn up as a
result of interactions of the orbital cycles mentioned earlier (Lu et al.,
2004; King, 1996). The 100-ky cycles are weaker between 900 and
300 ka and experience a marked increase during the past 300 ka, as
seen on both the lower left and upper right graphs of Fig. 6. However, in
contrast to the previous two indices where these cycles are low intensity
between 650 and 300 ka (Mid-Brunhes transition), they are statistically
significant throughout the entire sequence in the Fine sand/fine silt
ratio record. Additional statistically significant cycles are found at 37,
33, and 28 ky, similarly to the other records. These are partly obliquity
related with rather low power, and are strong and significant during the
Mid-Brunhes transition (650–500 ka) as well as during the past 200 ky.
Low power peaks occur at 21, 19, 14, 13, 12, and 11 ky consistent with
the (half) precession scale and display similar temporal variations in
intensity to the GSI and U-ratio records; i.e. the strongest intensities are
noted between 700 and 300 ka with a maximum at 550 ka. The per-
sistent presence of longer cycles of 400 and 100 kyr, rather than shorter
ones, in our record at borehole U2A is in line with the conclusion of
grain-size related time series analysis for the Xifeng and Louchoan
loess/paleosol sequences of the Chinese loess plateau, where the re-
cords were not orbitally tuned (Lu et al., 2004). But there are subtle
differences too.

In the grain-size record of the Xifeng loess paleosol sequence

Fig. 5. Results of time-series analysis of grainsize indices GSI and U-ratio for the past ca. 1Ma using Redfit spectral and Morelet wavelet analyses (in wavelet
scalograms redder colors represent stronger cycles, solid lines indicate 95% confidence levels, dotted lines correspond to orbital periods).
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(Fig. 7), which is comparable to our record both in terms of sediment
thickness and the position of the major age tie points for the past 900
kyr (Sümegi et al., 2018), 400-ky cycles are weaker than the 100-ky
cycles (Lu et al., 2004). 100-ky cycles are strongest from 600 ka on-
wards implying a higher sensitivity of the area to eccentricity related
fluctuations. There are approximately 456, 250, 107, 48, 37, 33, 23, 21,
19, 15, 13 and 11 ky-cycles present as well. Some orbital driven cycles
are weak and are not well-presented (Lu et al., 2004). In contrast to our
records where 21-ky cycles are present between 700 and 300 ka with
peak intensities around 550 ka onwards, these are lacking in the Chi-
nese Loess Plateau record of Xifeng. The lack of the hypothetically
stronger cycles of 41 and 22 ky between 800 and 550 ka was inter-
preted as the outcome of unstable dust depositional processes on the
one hand and the low temporal resolution of the LPS and the presence
of non-orbital cycles on the other (Lu et al., 2004). These shorter cycles
express the precession of the longitude of perihelion dominating the
variability of solar input to higher latitudes driving the course of gla-
cials-interglacials primarily (Rapp, 2012, Yin and Berger, 2010). Ice
sheet buildup in general reacts to the 22-ky oscillations of solar in-
tensity at high latitudes by growing when amplitude of oscillations is
small and diminishing when amplitude of oscillations is high (Rapp,
2012). However, according to our current understanding, precessional

oscillations seem to act as a signal carrier, whose amplitude is modu-
lated by the variability of eccentricity (Rapp, 2012). This would explain
the generally weak power of 21-ky cycles and the increased strength of
eccentricity related cycles in our records. It is interesting to note that
the period between 650 and 400 ka, when 21-ky cycles are strongest in
our record (Fig. 6) coincide with maximum intensities of eccentricity in
the global records (Rapp, 2012; Yin and Berger, 2010). Although the
100-ky component is not as prominent in our record as after ca. 200 ka,
the obvious overlap between the precessional and eccentricity cycles
during this interval seemingly corroborate the importance of eccen-
tricity in modulating the amplitude of precession in general (Rapp,
2012). However, a deviation from the mainstream global records may
hint to the importance of regional forces in controlling these cycles too.

5. Discussion

5.1. Grain-size variations and provenance of the deposited material

Heavy mineral compositional analysis of loess and paleosol samples
from the borehole Udvari 2a and the nearby Paks brickyard site ex-
posing LPS of similar ages, revealed significant compositional differ-
ences (Thamó-Bozsó et al., 2013; Újvári et al., 2008, 2014). These must

Fig.6. Results of time-series analysis of the Fine sand/fine silt index for the past ca. 1Ma using Redfit spectral (a) and Morelet wavelet analyses (b) (redder colors
represent stronger cycles, solid lines indicate 95% confidence levels, dotted lines correspond to orbital periods), c.,d.) variations in strength of the individual orbital
cycles plotted from data extracted from results of the wavelet analysis along the line of orbital periods (shaded areas correspond to cone of influences for the
individual cycles).
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be relevant in the grainsize and leachate geochemistry record as well. In
the case of Udvari 2a, we see a dominance of chlorite and biotite, just
like in many other SW Transdanubian loess/paleosol sequences. How-
ever, it is quite different from the garnet-rich loess deposits of Paks ca.
20 km to the east of our site (Thamó-Bozsó et al., 2013). Both chlorite
and biotite, as flaky minerals, have higher mobility than other heavy
minerals. Thus, according to Thamó-Bozsó et al. (2013), these grains
must be allochthonous; i.e. from the chlorite rich Late Miocene-Early
Pliocene Lake Pannon deposits. These covered the Transdanubian Mid-
Mountains found 80–100 kms northwest of our site from the Late
Miocene (Fig. 8). Most of the western part of the Carpathian Basin
underwent Plio-Quaternary uplift and denudation by the dominant
northerly, northwesterly winds (SFig. 2) related to a structural inver-
sion of former rift-related structures (Royden and Horváth, 1988; Tari
and Horváth, 2006; Csillag et al., 2010; Ruszkiczay-Rüdiger et al.,
2011, 2018a,b; Sebe et al., 2011). Knowing the hydrology of the de-
nudated areas, fluvial erosion was negligible. Numerous blow-out val-
leys, deflation hollows, yardangs have been documented from the re-
gion of south and west of the Transdanubian Mid-Mountains (see
Fig. 8), which were active from 1.5Ma as recorded by exposure ages
(Csillag et al., 2010; Ruszkiczay-Rüdiger et al., 2011, 2018a,b; Sebe
et al., 2011). Most deflation hollows, today filled by lakes (e.g. Lake

Balaton), are found on the lee side of the Transdanubian Mid-Moun-
tains. As the modern climate is not favorable for wind abrasion, they
must have formed under climate spells of the Pleistocene. So, these
regions in fact could have been ideal sources of dust and sand for our
site (Fig. 8). In the case of Paks the garnet-rich loess containing other
minerals of metamorphic origin must derive from the Lower-Upper
Pleistocene alluvial fan and floodplain of the Danube and its former
branches found to the NE of the site (Fig. 8; Újvári et al., 2014; Thamó-
Bozsó et al., 2013).

It is interesting to note that in our loess units corresponding to MIS6,
MIS 10, MIS12, MIS16 and MIS 20 chlorite was present dominantly
with percentages ranging between 56.3 and 78.6% (Fig. 9) while biotite
was subordinate, ranging between 11.5 and 41.5% (Thamó-Bozsó et al.,
2013). There is a strong negative correlation between the quantities of
both minerals (R2=−0.9283), indicating that periods of strong
chlorite input were accompanied by reduced biotite input and vice
versa. Nevertheless, the dominance of chlorite throughout the sequence
was sustained.

If we compare variations in the concentration of the selected heavy
minerals with those of selected grain-size parameters (coarse silt, sand)
for the sampled periods of MIS6, MIS 10, MIS12, MIS16 and MIS 20, the
emerging pattern in rather intriguing (Fig. 9). The general upward

Fig.7. Results of time-series analysis of proxies expressing the strength of East Asian Winter Monsoon cycles for the past 800 ky using Redfit spectral (a) and Morelet
wavelet analyses (b) (redder colors represent stronger cycles, solid lines indicate 95% confidence levels, dotted lines correspond to orbital periods), c.,d.) variations in
strength of the individual orbital cycles plotted from data extracted from results of the wavelet analysis along the line of orbital periods (shaded areas correspond to
cone of influences for the individual cycles).
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increase in the sand content from the bottom of U2L9 to the top of U2L5
is parallel with a gradual increase in biotite. The input of chlorite is
relatively constant (70–75%) from the sampled loess unit underlying
the U2S9 pedocomplex (MIS 28–30) up to U2L6 (MIS 16). The reduc-
tion of the coarse silt content from U2L6 (MIS 16) to U2L5 (MIS 12) is
accompanied by a ca. 10% decrease in chlorite. The stepwise heavy rise
in the sand content during the same interval is parallel with a ca. 10%
increase in biotite. A similar pattern is observed for the interval be-
tween the loess units of U2L3 (MIS 8) towards the bottom of U2L2 (MIS

6). In the U2L4 loess (MIS 10), there is a major ca. 30% decrease in
biotite compared to U2L5 (MIS 12). An increase of similar rate is noted
in chlorite in this interval. This change is parallel with a steady rise in
the coarse silt. So, during periods of higher sand input we see an in-
crease in transported biotite and a similar rate of decrease in chlorite.
Unfortunately, there is no information on the quartz content, which
could help us identify the nature of the sand size particles. All in all, the
trajectory of chlorite percentages seems to follow the pattern observed
for the coarse silt fraction. While excursions noted for biotite seems to

Fig.8. Paleogeography and paleohydrology of the Carpathian Basin from the Early Pleistocene with the most important LPS sites, potential source region for our
study site Udvari 2A LPS and paleowind directions.

Fig.9. A comparison of coarse silt and sand content variations with selected heavy mineral concentrations from the literature (triangles represent sampling points for
correlation with samples of heavy mineral analyses by Thamó-Bozsó et al. (2013); S1,2.etc. represents interglacial soils, L1,2..etc. corresponds to glacial loess).
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follow the trajectory of sand size particle changes.
The observed patterns highlight iterative changes in dust regime in

the source area during the different glacials of the past 1Ma. So, the
larger input of sand and an increase in biotite with a relatively constant
input of chlorite from MIS 16 to MIS 12 and MIS 10 to MIS 8 may
indicate the inclusion of new source areas or some changes in the li-
thology of the bedrock by increased wind abrasion. This is feasible ei-
ther in periods of higher wind velocities, when wind speed was strong
enough to put newer source areas under erosion while maintaining a
relatively constant flux from the other distant sources located at 80–100
kms to the NW. Another possibility could be the displacement of the
source areas closer to the sink areas as has been noted by studies at the
Chinese Loess Plateau (Stevens et al., 2018). These studies found strong
teleconnections between the proximity of source areas and increases in
the concentration of coarse grains as well as potential erosional hiatuses
in one of the key Quaternary stratigraphical records of the Chinese
Loess Plateau (Stevens et al., 2018).

As the deflation hollows, blow-out depressions and yardangs are
located at a fairly constant distance from our site (Fig. 8), this latter
factor must have been less influential in our case. Furthermore, studies
documenting changes in wind abrasion in our source areas highlighted
a slight acceleration of denudation rates during the Pleistocene, which
was interpreted as an outcome of the development stronger winds with
the onset of longer glacials (Ruszkiczay-Rüdiger et al., 2011, 2018a,b;
Sebe et al., 2011). Denudation rates for the period of the Lower Pleis-
tocene (1.56Ma-870 Ka) in the Transdanubian Mid-Mountains were
varying in the source areas between 24 and 66m/Ma with an average
of 40m/Ma (Ruszkiczay-Rüdiger et al., 2011). There was a marked
increase from 800 ka to 280 ka to an average rate of 53m/Ma followed
by a similar rate of 52m/Ma until the Holocene. Some more open sites
(Tapolca Basin) on the western margin of the Transdanubian Mid-
Mountains have experienced an even larger erosional rate (average of
75m/Ma) from the Middle Pleistocene (Ruszkiczay-Rüdiger et al.,
2011). This would mean the removal of almost 1m of rock on average
for a period of 10 ky. Unfortunately, there is no higher resolution data
available for the denudation of the source area, which could be com-
pared to our grain-size record.

5.2. Comparison with other regional and extra regional records

Spectral analysis of the orbitally tuned stacked MS records of
northern Serbia (Marković et al., 2012; Basarin et al., 2014) using Lomb
periodogram revealed the presence of 256, 97, 66, 38, 35, 24, 22 and
19-ky cycles with a clear dominance of the eccentricity and obliquity
related cycles. The 400-ky cycle was not found in previous studies, in
contrast to our records. In addition, as the significance lines related to
white noise of p < 0.05 and p < 0.01 are not reported, one cannot be
certain which peaks are significant and prominent from the obliquity
and possibly precession related cycles. Based on the general shape of
the spectrogram one would assume the lack of significant precession
related cycles, but this assumption is only tentative without proper data
on white noise values.

Overall fluctuations in mass accumulation rates at our site seem to
be well-correlated with grain-size index value changes (Fig. 10, top). So,
the observed GS fluctuations are reliable indicators of dust flux varia-
tions from the source to the sink areas on a longer term. There is an
overall increase in all GS indices as well as MAR from 1Ma to ca 750 ka
(MIS 18) (Figs. 10 and 11) with minor fluctuations. During the referred
interval a similar overall expansion of the Eurasian ice sheets is noted
(Hoddel et al., 2008; Fig. 10) although its magnitude is below that of
the glacials after the 640-ka transition. There is a general decrease in
eccentricity reaching a minimum at MIS 18 (Fig. 11) too. Variations in
the strength of the East Asian Winter Monsoon seen from the Chinese
Loess Plateau records has a different trajectory with a major rise until
MIS 22 followed by a steady decrease until MIS 18 (Fig. 11). The same
pattern characterizes the thermocline sea temperature records from the

northwest Iberian margin (Bahr et al., 2018; Fig. 11) implying that all
records responded to a common climatic forcing. The noted sudden
increase from MIS 24 to MIS 22 followed by a decrease until MIS 20 is
present in our grain-size record as well. However, from MIS 20 to MIS
18 (Figs. 10 and 11) there is a pronounced increase in our records
contrasting all other referred extra regional records. This period cor-
responds to the second phase of the Mid-Pleistocene Transition when
100-ka glacial/interglacial cycles emerged from 1.25Ma onwards (e.g.
Lisiecki and Raymo, 2005; McClymont et al., 2008, 2013; Hao et al.,
2012; Bahr et al., 2018). This shift from 41-ka to 100-ka periodicity was
seen on the wavelet transform of our GS proxies with the appearance of
moderately strong 100-ky cyles in this period as well (Figs. 5 and 6). In
the global marine (Lisiecki and Raymo, 2005; Raymo et al., 2006) and
European terrestrial records (Tzedakis et al., 2006), MIS 20 and 18 are
weak glaciations. This is also seen in the Chinese Loess Plateau grain-
size and magnetic susceptibility records, where Hao et al. (2012)
pointed to a delayed build-up of Arctic ice sheets during insolation and
eccentricity minima (Fig. 11) following the interglacials of MIS 21 and
MIS 19, respectively. MIS 20 is characterized by lower GSI and D50
values and minimal sand content in our record (Figs. 3 and 10). Ac-
cording to the interpretation of Hao et al. (2012), the persistence of a
weak East Asian Winter Monsoon (EAWM) and a weak Siberian High
(SIH) suppresses ice and snow accumulation at high northern latitudes.
A weak SIH generally leads to the contraction of the polar front and the
northward displacement of Mediterranean cyclones towards our site,
leading to relatively mild falls and winters but with increased pre-
cipitation. This is also seen in the somewhat higher thermocline sea
temperature records from the northwest Iberian margin compared to
MIS 22–24 glacials (Bahr et al., 2018; Fig. 11).

The peak at ca. 750 ka (MIS 18) in our GSI record (Figs. 10 and 11)
coincides with the first minimum of eccentricity and summer solar
input to the NH Arctic region during the past 1Ma (Fig. 11). This glacial
saw weakened the EAWM (Fig. 11), like MIS 20, pointing to a weakened
SIH and northward shift of the polar front in Siberia. Eurasian ice sheet
expansion seems to be constant or slightly higher than at MIS 22
(Hoddel et al., 2008; Hoddel and Channell, 2016; Fig. 11). However,
thermocline temperatures at the Iberian Margin are high around
760–740 ka (Fig. 11). It indicates a southward displacement of the
subpolar front and adjacent cyclone belt in the Northern Atlantic region
in contrast to Siberia (Bahr et al., 2018), which propagates the transport
of warmer air to SE Europe. The transport of warmer, humid air facil-
itates the growth of Alpine glaciers surrounding the Carpathian Basin. It
also contributes to the relative sustainment of forests in Greece, where
AP ratios are higher than during any other succeeding glacials, except
MIS 14. Due to the low topography of the surrounding hills and
mountains in the Carpathian Basin during the early Pleistocene (Fig. 8),
the proximity of ice sheets must have significantly influenced the wind
regime in the area. Modern zonal westerlies enter the basin through
major gaps from the west and east, whose position is controlled by the
height of the Carpathians and the Alps. Based on geochemical data the
dominance of northerly, northwesterly katabatic winds was propagated
for the periglacial Carpathian Basin during the major glaciations
(Buggle et al., 2009). Winds speed in the Carpathian Basin during the
Pleistocene is the result of the interplay of climate and topography. The
modern surface wind system of the western part of the Carpathian
Basin, with an NNW orientation (Fig. S2), is relatively stable due to the
topographic control by the dominant landforms of parallel valleys with
a NW-SE orientation in the Transdanubian Mid-Mountains. Airflow
directions recorded by Pleistocene and Holocene landforms of the area
(wind striations on dated surfaces) also agree with the postulated wind
fields during much of the Pleistocene (Fig. S2; National Atlas of
Hungary 2018; Ruszkiczay-Rüdiger et al., 2011; Sebe et al., 2011). In-
creased cyclonic activity from the west as mentioned in connection with
paleoclimate records from the NW margin of the Iberian Peninsula for
the MIS 18 glacial must have propagated the formation of stronger
circulation and higher wind speeds. In periglacial areas, the increased
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Fig.10. Comparison of the variation of grain-size indices with calculated mass accumulation rates at our site with other extra regional records of Eurasian ice-sheet
dynamics (Hoddel et al., 2008, Obrochta et al., 2014), dust flux to EPICA Dome C (Lambert et al., 2008) and intensity of ice-rafted debris (IRD) transport to the
subpolar North Atlantic (Hoddel et al., 2008, 2016) for the past 1 Ma. (H6, H11, 8.1-3, 10.1, 16.1-2 correspond to Heinrich and Heinrich-like events).
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Fig.11. Comparison of the variation of grain-size indices at our site with orbital, insolation parameters, strength of the East Asian Winter Monsoon (EAWM) (Hao
et al., 2012), sea surface temperatures of the Atlantic Ocean along the northern Iberian margin (Ttherm) (Bahr et al., 2018), pollen data from Tennaghi Fillippon (TNP-
AP) (Tzedakis et al., 2006) for the past 1Ma.
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pressure and temperature gradients created by the ice mass must have
further enhanced air circulation (Isarin et al., 1997; van Huissteden and
Pollard, 2003). The resulting stronger winds in the area must have been
further accelerated by the channeling effect of the topography in
Western Hungary creating geomorphologically more effective winds
producing higher wind denudation in the previously mentioned source
areas NW of our site (Ruszkiczay-Rüdiger et al., 2011; Sebe et al.,
2011). This is also seen in the formerly mentioned stepwise increase of
calculated denudation rates from an average of 40m/Ma to 53m/Ma
from 780 ka (Ruszkiczay-Rüdiger et al., 2011; Sebe et al., 2011).

Thus, the seen grain-size increase in our records must reflect a cli-
matic response to the growth and proximity of the Alpine glaciers on
the one hand as well as the southward displacement of the westerlies in
the Northern Atlantic during the MIS 18 glacial. These factors clearly
explain the differential behavior of our study area from the far east and
the rest of Europe.

The 640-ka transition marks the emergence of quasiperiodic 100 -ky
cycles (Hoddel et al., 2008; Hoddel and Channell, 2016) with a pro-
nounced shift in the style and intensity of glacial-interglacial cycles and
IRD delivery to the subpolar North Atlantic seen also in the emergence
of the first Heinrich-like events at MIS16 (Fig. 10) and lengthening of
the glacial cycle (Hoddel et al., 2008; Hoddel and Channell, 2016).
From this transition interval all our GS records undergo a rapid increase
till ca. 450 ka. A similar increase is visible in our MAR with a peak
between ca. 650 and 450 ka (Fig. 10). Dust concentrations in the Ant-
arctic ice core of EPICA Dome C display a similar major rise compared
to the dust flux of the previous glacials marking a general increase in
global dust load (Fig. 10). There is a gradual weakening of the EAWM
and the SIH (Fig. 11) again implying a northward displacement of the
polar front in Siberia and a differential response of the Chinese Loess
Plateau during the mentioned interval. A gradual decrease in thermo-
cline temperatures along the Iberian margin (Bahr et al., 2018) as well
as AP percentages at Tennaghi Phillipon (Fig. 11) indicate a significant
contraction of the polar front in the North Atlantic resulting in a
northern displacement of the westerly cyclone belt resulting in an in-
creased aridity in SE Europe as well as the Carpathian Basin from MIS
16 to MIS 12 propagating higher denudation of the source areas.

MIS 12 is another extensive glaciation (Head and Gibbard, 2005;
Van Gijssel, 2006; Gibbard and Cohen, 2008; Marković et al., 2015),
with the first glaciers developing in the Mediterranean mountains
(Hughes et al., 2006, 2010, 2013; Kuhleman et al., 2008; Marković
et al., 2015). It is also the time when the Eurasian Ice Sheet reached the
NE foothills of the Carpathians. The strengthening of the EAWM and
SIH also indicates a rapid build-up of Arctic ice sheets during a period of
moderate insolation (Hao et al., 2012). After an interval of low intensity
MIS 12 also marks the first prominent peak of IRD transport to the
North Atlantic after MIS 16. Rapidly increasing high sand content, the
highest among the period from MIS 22 to MIS 12, and fine sand/fine silt
ratios, D50 values towards MIS 12 imply the strengthening of NW and
NE winds during this glacial in line with the documented expansion of
the European Ice Sheet (Fig. 10) and other global records marking a
rapid built-up of northern ice sheets (Hao et al., 2012). The appearance
of the first major peak in dust concentrations of Antarctic also signifies
the importance of increased airflow. The SE European forest records
also document a rapid and strong drop in woodland cover (Fig. 11).
This is the time of highest MAR at our site (Fig. 10). The major peak in
the center of the glacial correlates well with the 12.1 Heinrich-like
event (Hoddel et al., 2008; Obrochta et al., 2014).

MIS 10 is characterized by a weak growth of continental ice (Kukla,
1975), reduced ice extent in marine and ice core records. MIS 10 is also
characterized by a delayed build-up of Arctic ice sheets during another
insolation minimum leading to weaker EAWM and SIH (Hao et al.,
2012) than during MIS 12. This is seen in a smaller peak in our GSI
records compared to preceding and successive glacials (Figs. 10 and
11). Also, the smallest MAR are documented here in our record
(Fig. 10).

Although MIS 8 was characterized by a rapid strengthening of
EAWM and SIH, as well as a quick buildup of Arctic ice sheets following
the MIS 9 interglacial (Hao et al., 2012), much of the glacial is prevailed
by weak EAWM indicating a possible northward displacement of the
polar front in Siberia. The expansion of the Eurasian ice-sheet is much
lower than during MIS 12 or even MIS 10.

Our recorded grain-size values however show a rapid increase after
300 ka. (Fig. 10). It is also the first time, when increasing continentality
in the basin appears after the surrounding mountains reached a critical
height (Buggle et al., 2013). Clay mineral properties and inferred soil
development taken from the work of Földvári and Kovács-Pálffy (2002)
tend to co-vary with our grain-size record with minor discrepancies
attributable to the different resolution of sampling. Parallel with the
upward increase in all grain-size indices there is a gradual decrease in
montmorillonite content as well as the general water content of clay
minerals. These changes are in line with global records showing a
gradual upward increase in dust flux parallel with the reduced duration
of full interglacial conditions following the Mid-Brunhes transition
around 400 ka (Hovan et al., 1991; Lüthi et al., 2008; Lambert et al.,
2012; Banerjee and Jackson, 1996; Rapp, 2012). On the one hand, the
gradual upward weakening of soil development may be the outcome of
increasing aridity and low pedogenetic clay formation from 400 ka.
Increasing aridity was noted from 400 ka for several sites in the Middle-
and Lower Danube Basins (Marković et al., 2009; Buggle et al., 2009,
2010, 2013; Obrecht et al., 2016; Zeeden et al., 2016, Zöller, 2010).
However, as noted earlier, the upward decrease in the referred clay
mineral content is accompanied clearly by increasing sand and coarse
silt content which may indicate increased physical weathering in the
source areas too. The importance of physical weathering vs. aridity was
postulated for the same interval in case of the nearby Paks profile as
well (Újvári et al. 2014). However, the two processes are not com-
pletely exclusive. Higher aridity in the source areas might have trig-
gered higher erosion by lowering the groundwater table enabling the
denudation of formerly more resistant surfaces. This could have con-
tributed to the transportation of larger size particles to our site. Zeeden
et al. (2016) reports an increased sand input to the Semlac LPS profile,
found SE of the eastern Hungarian border, during the last phase of MIS
9. This phenomenon was interpreted as an outcome of stronger winds
or the proximity of the Mures river as a potential source area. However,
as it is recorded in other Hungarian sites too it must be a regional
phenomenon. Consideration of various biotic proxies (mollusks, al-
kanes, phytoliths) in future work may help identifying the role of hu-
midity changes in influencing regional dust flux and loess formation.

During MIS6 the advances of Eurasian ice margins were sig-
nificantly more southerly (Fig. 10) than during the last glacial period
(Weichselian and equivalents; Head and Gibbard, 2005; Hoddel et al.,
2008; Hoddel and Channell, 2016). This is further justified by the peaks
indicating a strong EAWM and Siberian High (Fig. 11) compared to the
other preceding glacials. One of the highest D50, sand content as well as
GSI values in our record refer to a potential strengthening of NW winds
carrying larger particles to the site. This is also the first glacial, when a
peak after the low MAR of the interglacial MIS 9 is reached during a
time of decreasing eccentricity (Figs. 10 and 11).

After the last interglacial global ice volume continually increased
culminating in the glacials of MIS 4 and MIS 2 (Lambeck and Chappell,
2001; Fitzsimmons et al., 2012). The greatest thickness of the Danubian
loess deposits formed during this period (Marković et al., 2015). Al-
though MIS 4 is characterized by a rapid but moderate increase in
EAWM and SIH (Hao et al., 2012), it is defined by the increased ac-
cumulation of loess in response to colder and drier conditions and
plentiful sediment supply. This is also the period when the second peak
of MAR appears after MIS 9 (Fig. 10). An increase in wind strength was
also noted during the analysis of some Vojvodinian profiles (Marković
et al., 2009; Fitzsimmons et al., 2012). Novothny et al. (2011) also
reported that MIS 4 was colder and drier with an increased wind ac-
tivity from a site near Süttő NW Hungary. The period corresponds to a
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cold phase recorded in North Atlantic marine records with Heinrich
events 4–6 (Fig. 10) and suggest climatic teleconnections (Fitzsimmons
et al., 2012; Stevens et al., 2011). Our record is also characterized by
the highest peaks of GSI values and sand content of the past 800 ky.

6. Conclusions

Results of time series analyses of the three grain-size indices at our
site revealed that the 100 kyr cycles are constantly present throughout
the past 900 ky. The stepwise change in the climate corresponding to
the second phase of the Mid-Pleistocene Transition is also recorded. The
100 kyr cycles are moderately strong between 900 and 650 ky. These
cycles are weaker between 360 and 650 ky corresponding to the Mid-
Brunhes transition. It also falls into an interval when the development
of a 400 kyr minimum of insolation variability is observed (Laskar et al.,
2004; Rapp, 2012; Hao et al., 2012). Shorter cycles are also present but
less persistent. Precessional cycles are strongest between 650 and
400 ky, when the eccentricity component is not as pronounced as in the
younger part of the profile (after 200 ky). The amplitude of precessional
cycles is generally understood to be modulated by variations in ec-
centricity (Rapp, 2012, Laskar et al., 2004). This deviation in our record
may hint to the importance of regional forces in controlling these cycles
too.

The strongest development of the 100-kyr cycles during the past
360–400 ky is in accordance with the pattern observed in other global
records as well (Berger and Wefer, 2003; EPICA members, 2004; Yin
and Berger, 2010). This is also the time when the emergence of higher
continentality contributes to climatic evolution of the area.

Comparison of our grain-size record with other coeval regional and
extra regional paleoclimate records for the past 1Ma revealed strong
teleconnections with the expansions of the northern hemisphere ice
sheets, the North Atlantic, the western Mediterranean margin and SE
Europe. Contrasting trends with the Chinese Loess Plateau in certain
periods reflect the greater influence of the Northern Atlantic region on
the Quaternary paleoclimate of our area propagating the rise and
vanishing of the icefields in the Alps and Northern Europe. The proxi-
mity and expansion of these ice-sheets in the Alps, the Mediterranean
and the Eastern Carpathians (Hughes et al., 2006, 2010, 2013;
Kuhleman et al., 2008; Marković et al., 2015) was all controlled dom-
inantly by the expansion and contraction of the polar front in the North
Atlantic besides other global climate forcings propagating the south-
ward and northward displacement of warm and humid airflow towards
the heart of the continent. They had a clear impact on the strength of
the dominant wind fields resulting in increased wind abrasion in the
source areas found in the NW Middle Danube Basin. Changes in in-
tensities of tectonic uplift may have had an impact on denudation in-
tensities of the source areas. These are hard to capture and quantify
though. Winds were further accelerated by the channeling effect of the
evolving Quaternary topography of the basin and source area. These
forces were most pronounced at times when the mountains surrounding
the Carpathian Basin were relatively low preceding 400 ka. Thus be-
sides fluctuations in major climate forcings controlling solar radiation
and the intensity of glacial-interglacial cycles during the past 1Ma,
these regional factors significantly affected the evolution of the land-
scape in the Carpathian Basin as seen in the transport and accumulation
of coarse grains and largest dust flux to our site from 700 ka to 450 ka.
After 400 ka there is another marked upward increase in grain-size
distributions during the glacials which could result from increasing
continentality of the area as the surrounding mountain belt reached a
critical height. This shift is noted at other Hungarian (Újvári et al.,
2014), Romanian (Zeeden et al., 2016) and Vojvodinian sites too
(Marković et al., 2009; Fitzsimmons et al., 2012). Increasing con-
tinentality must have propagated increased aridity in the source areas
resulting in a significant drop in the groundwater table and intensified
erosion of formerly relatively stable surfaces.
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