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a b s t r a c t

In this paper, we are presenting a revised chronology of the best developed, longest (100m) LPS in
Hungary dating back 1.1 Ma: borehole Udvari-2A. It is based on a non-tuned age-depth model, built on
the position of the Matuyama-Brunhes Boundary, Jaramillo and Olduvai Subchrons. Furthermore, on the
assignment of formerly recorded uninterpreted geomagnetic reversals in both chrons. Other chrono-
metric tools (AMS 14C dating, biostratigraphy, tephrostratigraphy) yielding absolute ages and/or ensuring
validation of these were also used. Records of a Middle Pleistocene gastropod index fossil Neostyriaca
corynodes (400 -140 ka) facilitated verification of ages between MIS 10 and MIS 6. Multiple age control
points at 15, 25, 27, 45, 120, 191, 362, 430, 670, 780, 900, 990, 1070 ka were established for the last ca. 1.1
Ma. The resulting chronology is the best resolved independent one so far among Danubian Basin LPSs. In
light of our data, the S3-S4 units were fused as S3 in all Serbian, and some Romanian sites and re-
correlated with MIS 9. The results also point to a misassignment of the S5 units at these sites to MIS
13e15 leading to erroneous conclusions regarding paleoclimatic conditions and cyclicity. In our new
stratigraphic scheme, these S5 paleosols were taken to represent the S4 paleosol and recorrelated with
MIS 11. Finally, an ideal stratigraphic column dating back 1.1 Ma for SW Hungary was constructed and
correlated with the Chinese loess/paleosol sequence of Xifeng and the benthic oxygen isotope record
down to MIS 31.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Predicting climate and environmental changes is one of the
most significant challenges of current research in earth sciences
(Barnett and Schlesinger, 1987; Broecker, 1987; Friedli et al., 1986;
Neftel et al., 1988; Huggett, 1991; Imbrie et al., 1993; Wake, 2013).
. Guly�as).
Recent advancements in science and computer technology have
enabled the modeling of paleoclimatic records for the past
(Joussaume and Taylor, 1995; Holden et al., 2010; Braconnot et al.,
2012; Kageyama et al., 2012). To understand and model climate-
ecosystem relations on a scale of multiple glacials-interglacials,
continuous, well-resolved non-orbitally tuned paleoclimatic re-
cords with a firm chronology are needed.Whilemarine and ice core
sequences provide us with a reference on climate variability on
such scales (McManus et al., 1999; Lisiecki and Raymo, 2005;
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Raymo et al., 2006; Jouzel et al., 2007; Parrenin et al., 2007; de
Vernal and Hillaire-Marcel, 2008; Loulergue et al., 2008; Lüthi
et al., 2008; Lang and Wolff, 2011), terrestrial records with a pre-
cise chronology yield us information on how these changes trans-
late to terrestrial ecosystems (Williams et al., 1997; Kashiwaya
et al., 2001; Prokopenko et al., 2001, 2002; Tzedakis et al., 2006).
Among terrestrial deposits loess/paleosol sequences are among the
most common and prominent type of paleoarchives of Quaternary
climate changes (An et al., 1990; P�ecsi, 1990,1993; Pye,1995; Lu and
An, 1998; Kemp, 2001; Porter, 2001, 2007). Besides China (Kukla,
1987; Liu et al., 1987, 1988; An, 2000; Lu et al., 2004; Hao and
Guo, 2005; Hao et al., 2012), one of the most significant loess
areas, which can help us understand the climatic evolution of the
past 0.8e1 million years is found in the Middle and Lower Danube
Basin. The antiquity of these plateau-positioned loess paleosol se-
quences (LPSs) is supported bymagnetostratigraphic investigations
complemented by other chronometric and stratigraphic tools (for a
comprehensive review see Fitzsimmons et al., 2012; Markovi�c et al.,
2015). The well-known LPSs of Krems in Austria (Fink and Kukla,
1977; Hambach et al., 2008; Terhorst et al., 2014), Paks in
Hungary (P�ecsi and Pevzner, 1974; M�arton, 1979; P�ecsi, 1993;
Sartori et al., 1999; Thiel et al., 2014; Újv�ari et al., 2014a), Batajnica
(Markovi�c et al., 2009), Mo�sorin (Markovi�c et al., 2012a, 2015) and
Stari Slankamen in Serbia (Markovi�c et al., 2011, 2015; Murray et al.,
2014) of the mid-Danube Basin all belong to this series (Fig. 1).
Fig. 1. Location, paleohydrology, modern m
Similarly, the Lower Danube Basin profiles of Koriten (Jordanova
and Petersen, 1999), Viatovo in Bulgaria (Jordanova et al., 2007,
2008), Mostistea (Panaiotu et al., 2001), Mircea Voda (Buggle et al.,
2009, 2013) and Zimnicea borehole in Romania (R�adan, 2012) may
be mentioned. It is therefore no surprise the glacial-interglacial
paradigm was founded on Danubian loess/paleosol sequences
(DBLPSs) (Kukla, 1977, 1978). Markovi�c et al. (2015) recently pro-
posed a pan-European loess/paleosol stratigraphic system and a
master chronology, which was considered as a sound basis for
Northern Hemisphere correlation and climate cycle analysis (Kukla
and Cilek, 1996; Kukla, 2005; Buggle et al., 2013; Markovi�c et al.,
2012a; b; 2015; Basarin et al., 2014).

In addition, some DBLPSs display strong similarities with those
of the Chinese loess plateau in terms of paleomagnetic character-
istics interpreted as an outcome of similar controls on deposition
and magnetic susceptibility signal acquisition (Bronger, 2003;
Markovi�c et al., 2011, 2012a, 2015). An exception is perhaps the area
of Southern Serbia (Obrecht et al., 2016). However, as noted in
several studies, DBLPSs tend to be thinner compared to LPSs of the
Chinese loess plateau (Markovi�c et al., 2012a, 2015). A notable
exception is perhaps the LPS of Tolna Hills, SW Hungary, where a
borehole has recovered the thickest Quaternary sequence (98m) in
Hungary and the entire Carpathian Basin (Middle DBLPSs)
(Kolosz�ar andMarsi, 2010a; b) (Fig. 1). Magnetostratigraphic results
underline the antiquity of the LPS preserved at borehole Udvari-2A,
orphology, geology of the study site.
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which dates back as far as 1.1 Ma (M�arton, 1998; Kolosz�ar, 1997,
2003; Kolosz�ar and Marsi, 1997; Kolosz�ar and Lantos, 2001;
Kolosz�ar et al., 2001; Sümegi et al., 2011b). Initial chronostratig-
raphy was established via correlations of the magnetic polarity
zones of the borehole (M�arton, 1998) with the global polarity
timescale of Richmond (1996). However, there is a major caveeat
regarding the accuracy of this initial chronostratigraphy we must
emphasize. Although M�arton (1998) recorded numerous reversed
polarity zones within the Brunhes chron (C1n on Fig. 2), not one
was chronologically interpreted apart from theMatuyama-Brunhes
Boundary (MBB). In addition, borehole magnetic susceptibility
measurements (Bucsi-Szab�o et al., 1997) were wiggle matched with
the marine curve of Crowhurst (2002) (Kolosz�ar and Marsi, 2010a;
b).

Although recent developments in pIRIRSL provide potential for
securely attaining ages up to 300 ka (corresponding to MIS8) (Thiel
et al., 2011, 2014; Li and Li, 2012; Vasiliniuc et al., 2012; Murray
et al., 2014; Schmidt et al., 2014), in some cases even up to ~600
ka (corresponding to MIS15) (Roberts, 2012; Suangwen et al., 2012;
Brown and Forman, 2012; Ankjaergaard et al., 2016; Chapot et al.,
2016), in borehole Udvari 2A poor preservation due to unconsoli-
dated nature of much of the core samples, as well as the lack of
casing prevented us from retrieving samples appropriate for
luminescence analysis trials.

Amino acid racemization statigraphy has been reported to be
similarly successful on various fossil gastropod taxa around the
world (Oches and McCoy, 1995a; b; 2001). Application of this
technique was warmly welcomed in Vojvodinian sites of the
DBLPSs with promises of interprofile stratigraphic improvements.
Fig. 2. Original magneto- (M�arton, 1998) and lithostratigraphy of the studied borehole site a
scheme (Kolosz�ar and Marsi, 2010 a; b) using the example of recently proposed theoretical lit
On the basis of investigations done at Ruma and Stari Slankamen
AAR chronology was considered to be able to securely define the
last 4e5 interglacial cycles down to MIS 11, 13 (Markovi�c et al.,
2006, 2011; 2012a,b, 2015). However, in AAR results presented for
Ruma and Stari Slankamen (Markovi�c et al., 2006, 2011, 2015), the
original remarks of Oches and McCoy (2001) do not seem to apply
on loess beyond L2. Data for V-L5 is missing, ratios for VL-7 and VL-
9 are almost the same (0.51 and 0.52, respectively) (Markovi�c et al.,
2011) rendering discrimination highly ambiguous. AAR chronology
on its own thus can not yield independent absolute ages as two
already available independent bracketing ages of the sampled unit
are needed for calibration. Rather, based on available independent
ages it can create a relative chronology, fidelity of which is also
dependent on the chronostratigraphical assignment of the studied
loess units beyond L3. So because of the mentioned disparities AAR
was avoided in our work.

Without recourse to the dating techniquesmentioned above, we
have relied primarily on other chronometric tools like radiocarbon
analysis, biostratigraphy and magnetostratigraphy for the estab-
lishment of independent absolute chronologies. Once ages verified
by independent data are available, these are then used as fixed
control points betweenwhich chronostratigraphy is built by simple
interpolation. In some “ancient” Serbian profiles orbital tuning was
adopted for constructing chronostratigraphy to find orbital cycles
in the data (Markovic et al., 2012b; Basarin et al., 2014) Such records
are however not useful for testing the astronomical theory once
orbital tuning is employed, because the same was used to define
the chronology (Rapp, 2012).

A revisit with the addition of new chronological, litho- and
s well as its original correlation with the Hungarian lithological and pedostratigraphical
hological and pedostratigraphical column of Varga (2011, 2012) for the area of Hungary.
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biostratigraphical data, as well as the interpretation of unin-
terpreted polarity zones was thus highly desired to update and
develop a new non-orbitally tuned chronostratigraphy of the
longest regional paleoarchive of borehole Udvari-2A (Sümegi et al.,
2011b). It is the cornerstone of future correlation with other
regional and extraregional records, as well as the assessment of
temporal variation of mass accumulation rates and paleoclimatic
cycles. Availability of new marine (Lisiecki and Raymo, 2005) and
terrestrial proxy reference records (Liu et al., 1987, 1988; Lu et al.,
2004; Guo et al., 2009a; b; Sun et al., 2009; Wu and Wu, 2011;
Zhou et al., 2014) as well as geomagnetic intensity timescales
(Michalk et al., 2013; Singer et al., 2014) called for a revision as well.

2. Location, stratigraphy and modern climate of the site

The borehole Udvari-2A is located in the central plateau part of
the Tolna Hills, SWHungary (Fig. 1). Themodern climate of the area
is temperate (K€oppen Bs) with strong oceanic (K€oppen Cf) and sub-
Mediterranean climatic influences (Supplementary Fig. 1). This is
mainly seen in higher temperatures, multiple rainfall peaks and
Table 1
The theoretical pedostratigraphic column of the past 1 My for Hungary with paleosols u

Absolute
Age

International
Geomagnetic
Polarity Scale

Lithostratigraphy Theoretical Hungarian
Quaternary Stratigraphy
and Pedostratigraphy
(Varga, 2011; Újv�ari et al.,
2014a)

Pedological ch
Bronger (2003
(2011), Újv�ari
(2014a), Horv�a
Brad�ak (2014)

0 BRUNHES Paks Loess
Formation

Holocene soil e

Mf1 (Mende Fels}o
1¼Mende Upper 1)
paleosol

chernozem-se

Mf2 (Mende Fels}o
2¼Mende Upper 2)
paleosol

chernozem

Mf3 (Mende Fels}o
3¼Mende Upper 3)
paleosol

chernozem

Bd1 (Basaharc Dupla
1¼ Basaharc Double 1)
paleosol

chernozem

Bd1 (Basaharc Dupla
2¼ Basaharc Double 2)
paleosol

chernozem

BA (Basaharc
Als�o¼ Basaharc Lower)
paleosol

brown forest s

MB (Mende B�azis¼Mende
Base) paleosol

brown forest s

Phe 1 (Paks
Homokos¼ Paks sandy
forest) paleosol

sandy and brow

Phe 2 (Paks
Homokos¼ Paks sandy
forest) paleosol

sandy and brow

Mtp 1 (Mende-
t�api�osüly¼Mende-
t�api�osüly) paleosol

hydromorphic
pseudogley*

Mtp 1 (Mende-
t�api�osüly¼Mende-
t�api�osüly) paleosol

hydromorphic
pseudogley*

780 PD1 (Paks Dupla 1¼ Paks
Double 1)paleosol

rubified brown

MAT PD2 (Paks Dupla 2¼ Paks
Double 1)paleosol

rubified brown

PDK (Paks-Dunak€oml}od)
paleosol

rubified brown

Pv1 basal red soils
PV2

1000 PV3
1200

e3600
Tengelic Red Clay
Formation

Tengelic Clay variegated red
complex
elevated hours of sunshine compared to areas without sub-
Mediterranean influences. The mean annual temperature is
around 9e9.5 �C. The average annual precipitation of 650mm may
reach 700e750mm in the western part of the region, including the
location of the investigated borehole. While on the eastern side,
where the well-known Paks brickyard site (P�ecsi, 1993; P�ecsi et al.,
1995; Sartori et al., 1999; Újv�ari et al., 2014a) is located it's slightly
below 650mm (�Ad�am et al., 1981; Hungarian Meteorological
Survey). Yet rainfall is still higher compared to the more southern
Vojvodina LPS sites of Stari Slankamen, Mo�sorin or Batajnica
(Markovi�c et al., 2009, 2011, 2012a, 2015). According paleoeeco-
logical data, these climatic influences were present in the area from
400 ka onwards (Sümegi et al., 2012a; b) and must have influenced
soil formation.

The borehole, drilled in the 1990s using a rotary stage coring
system yielding cores of 10 cm in diameter, starts from an elevation
of 178m ASL in a clear plateau position and penetrates 170.3m. It
exposes a series of 150m Quaternary sediments overlying Miocene
Lake Pannon deposits (Fig. 2). The upper 97m represents the Paks
Loess Formation (Kolosz�ar, 1997, 2003; Kolosz�ar and Marsi, 2010a,
sed in the Hungarian Quaternary Stratigraphic Pedostratigraphic Scheme.

aracter after
) in Varga
et al.
th and

Site of
original
description
after P�ecsi
et al. (1995)

Designation in
system of
Markovic et al.
(2015) proposed
by this study

Theoretical correlation with
marine oxygen isotope record of
Lisiecki and Raymo (2005)
according to Varga (2011), Újv�ari
et al., 2014a)

e H-S0 MIS 1
rozem Mende H-L1S1 MIS 3

Mende H-S1 MIS 5

Mende

Basaharc H-S2 MIS 7

Basaharc

oil Basaharc H-S3 MIS 9

oil Mende H-S4 MIS 11

n forest soil Paks H-S5S1 MIS 13

n forest soil Paks H-S5S2

soil, Mende-
T�api�osüly

H-S5S3 MIS 15

soil, Mende-
T�api�osüly

H-S5S4

forest soil Paks H-S6 Mis 17

forest soil H-S7 MIS 19

forest soil Paks,
Dunak€oml}od

H-S8 MIS21

/red clays Paks HS9-10-11 MIS 23-

clay SW Hungary H-S12 ?
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b.) according to the accepted Hungarian Quaternary Stratigraphic
and Pedostratigraphic Scheme (HQSPS) (Table 1) (P�ecsi, 1975, 1993;
P�ecsi et al., 1995; Sartori et al., 1999; Varga, 2011, 2012; Horv�ath and
Brad�ak, 2014; Újv�ari et al., 2014a). Kolosz�ar (1997) and Kolosz�ar and
Marsi, (2010a,b) originally describes 13 paleosol units (marked as
Ps1-Ps10) in the upper 97m (Fig. 2). Some of them were deter-
mined as double paleosols (e.g. Ps3, Ps7 and Ps8). The original
lithostratigraphy presented on Fig. 2 was developed using visual
identification of the main stratigraphic units in the core (Kolosz�ar,
1997; Kolosz�ar and Marsi, 2010a; b), but was heavily influenced
by the recognized reference units of the HQSPS (Table 1.) (P�ecsi,
1975, 1993; P�ecsi et al., 1995; Sartori et al., 1999; Varga, 2011,
2012; Horv�ath and Brad�ak, 2014; Újv�ari et al., 2014a; Markovi�c
et al., 2015). In this stratigraphy, the lowermost loess-paleosol
packages (LPPs) of the Paks Loess Formation covering an age be-
tween ca. 1 Ma and 400 ka (MIS 27-11) have been described as “Old
Loess “, and the overlying LPPs as “Young Loess” (Fig. 2). The
boundary between the two was based on shift in the general
pedological features of older paleosols (P�ecsi, 1979, 1990; 1993;
P�ecsi and Schweitzer, 1993; Fitzsimmons et al., 2012).

The intercalated paleosols were originally described by assign-
ing them to the zonal paleosol system of HQSPS (P�ecsi, 1975; P�ecsi
et al., 1995; Kolosz�ar, 1997; Kolosz�ar and Marsi, 2010a; b) (Table 1).
The lowermost paleosols were described as Mediterranean rubified
paleosols (Ps10-Ps7) (Fig. 2) overlain by brown forest type paleosols
(Ps6-5) representing the so-called “Old Loess Series”. Loess layers
above Ps6 have been noted to present some hydromorphological
features interpreted to represent infusion or water-influenced loess
deposits (Kolosz�ar, 1997; Kolosz�ar and Marsi, 2010a; b). The up-
permost four paleosols corresponding to the “Young Loess Series”
were determined as forest steppe (Ps4-Ps2), as well as chernozem
type soils (Ps 1). A later proposal of a theoretical stratigraphic
column based on the HQSPS (Varga, 2011, 2012) with assumed
correlations to the record of Lisiecki and Raymo (2005) depicted on
Fig. 2 was used to help visualize this original pedostratigraphic and
chronostratigraphic correlation of the studied borehole system.
Kolosz�ar and Marsi (2010a; b) presented a correlation of their MS
curve from measurements done by Bucsi-Szab�o et al. (1997) with
the marine curve of Crowhurst (2002). According to their correla-
tion, the first paleosol (Ps1) corresponds to MIS 3, the second (Ps2)
to MIS5, the third double paleosol (Ps3/1 and Ps 3/2) to MIS7, the
fourth (Ps 4) toMIS 9, the fifth (Ps5) toMIS 11, the sixth (Ps 6) toMIS
15 (Fig. 2). While the first member of the 7th double paleosol (Ps7/
1) was correlated to MIS 17, the second (Ps7/2) to MIS 19. The
double palesol Ps 8/1 and Ps 8/2 were considered to represent MIS
21 (Fig. 2). The lowermost paleosols Ps9 and Ps10 was correlated
with MIS 23e25 and 27e30, respectively. No visual signs of soil
erosion, mixed loess layers or fluvial sandy intercalations have been
documented in the core sequence. Presence of minor hiatuses
representing short-periods of non-depositon can also be fully
excluded as these represent so-called debunked soil forming in-
tervals when paleosols form as an interaction of slow deposition
and climatic influences. In contrast, the nearby ca. 45 m-long
sequence of Paks, approximately 35 kms to the east, is by no means
undisturbed and complete. Numerous erosional hiatuses have been
documented in its upper parts. These hiatuses were interpreted to
represent hillslope erosions, so-called dells in Hungarian geogra-
phy by P�ecsi (1975), P�ecsi et al. (1995) and others (Frechen et al.,
1997; Sartori, 2000; Thiel et al., 2014; Újv�ari et al., 2014a). The to-
tal thickness of this latter LPS, covering roughly the same time-
period as our record, is about half of our profile. It must be noted
that our site is found in a clear plateau position today. It was in a
similar position far from creeks and river courses from the Early
Pleistocene onwards as seen on the paleohydrological map of Fig. 1.
Conversely, the site of Paks occupies a small depression closer to
the modern Danube. Rendering it more prone to past downslope
erosion and soil transport. It was also closer to the Paleo-S�arvíz
creek (Fig. 1) from the Early Pleistocene till about 20 ka when the
Danube occupied its modern position (Sümegi et al., 2012a; b).

3. Material and methods

The core was resampled in 2008 at 25 cm increments to attain
data for higher resolution multiproxy analysis to be presented
elsewhere (Sümegi et al., 2011b). The poor preservation and
unconsolidated nature of some parts hampered shorter interval
sampling. A visual re-evaluation of the samples enabled us to
present a revised lithostratigraphy. Dry color was determined
using the Munsell color scale. To avoid potential future confu-
sions, litho- and pedostratigraphic designation of the identified
loess-paleosol units were done independently of the HQSPS and
theorectical stratigraphic column presented on Fig. 2. Instead, the
Chinese stratigraphic nomenclature (Liu et al., 1985; Kukla and
An, 1989), also adopted in Serbia (Markovi�c et al., 2008, 2009,
2011, 2015) and at some Hungarian sites too (Sümegi et al.,
2011a; b; 2015), was used for the lithostratigraphic description.
Names were derived from the letters of the borehole U2 with the
designation S corresponding to paleosols and L to loess units
(U2-S0 U2L1 etc.). In this system loess and paleosols appear with
increasing numbering corresponding to older ages. Thus, S0
represents the modern soil, L1 the last glacial loess, and S1 the
last interglacial paleosol. Pedostratigraphic nomenclature fol-
lowed the USDA system of soil taxonomy (USDA, 1992). An
interpretation of the previously unassigned magnetic polarity
zones (M�arton, 1998; Kolosz�ar and Marsi, 2010a; b) com-
plemented by new radiocarbon ages from the uppermost 5 m of
the profile have been used as means to derive a revised chro-
nostratigraphy. In addition, the occurrences of an important
faunal element chronostratigraphic marker restricted to the cold
periods of Middle Pleistocene have also been considered for
bracketing interglacial paleosols. Finally, the stratigraphy was
correlated to other long LPSs on the basis of the chronology
supplemented with MS data. Magnetic susceptibilities as a
promising tool for interprofile correlation are reliable only with
independent age control. So, using the characteristic MS pattern
as a stratigraphic tool along with the newly established chro-
nology, litho- and pedostratigraphy, our records were correlated
with the regional records of similar age in Hungary (Paks) (P�ecsi,
1995; Frechen et al., 1997; Sartori, 2000; Thiel et al., 2014; Újv�ari
et al., 2014a), Serbia (Stari Slankamen, Batajnica, Mo�sorin, Ruma)
(Markovi�c et al., 2006, 2009, 2011, 2015), Bulgaria (Koriten, Via-
tovo) (Jordanova and Petersen, 1999; Jordanova et al., 2007,
2008) Romania (Mostistea, Mircea Voda, Zimnicea) (Panaiotu
et al., 2001; Buggle et al., 2009, 2013; R�adan, 2012). In addi-
tion, cross-correlation was attempted with other long-known
and studied Chinese LPS of Xifeng (Liu et al., 1987, 1988; Lu
et al., 2004; Guo et al., 2009a; b; Sun et al., 2009; Wu and Wu,
2011; Zhang et al., 2015) using a synthesis stratigraphical col-
umn based on the U2-A borehole sequence.

3.1. Magnetostratigraphy and magnetic susceptibility

Results of magnetic polarity measurements carried out
formerly in the laboratory of the Hungarian Geological Institute
and published in an interim report were adopted in our work
(M�arton, 1998). Within the Matuyama reversed chron (C1r in
Fig. 2) 3 normal polarity zones were recorded, but only two were
chronologically interpreted (M�arton, 1998). It is important to note
some potential caveats of the interpretation of polarity zones in
our borehole record. First, measurements were not continuous. In
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addition, as core samples were taken much later than the on-site
stratigraphic description sampling was somewhat biased. Either
one meter increments and/or major visually identified strati-
graphic units of Kolosz�ar (1997) were used as a target. Due to this
lower resolution in sampling for paleomag investigations
(M�arton, 1998) compared to global records used for establishing
the global paleomag intensity timescale (e.g. Singer, 2014; Singer
et al., 2014), some of the excursions might have been missed. So,
other tools from biostratigraphy and intercorrelation with age-
controlled pedostratigraphic and lithostratigraphic units of
regional and extraregional records had to be adopted for
crossvalidation.

Magnetic susceptibility was recorded on the newly taken (in
2008) core samples using a Bartington MS2 system at the Univer-
sity of Szeged Department of Geology and Paleontology (USZ-DGP)
(frequency 2.7 kHz) (Sümegi et al., 2011b). Prior to the start of the
measurement, all samples were crushed in a glass mortar. Then
samples were cased in plastic vials and dried in air in an oven at
40 C for 24 h. Afterwards, samples were weighed and magnetic
susceptibilities were recorded six times and the average values of
weight corrected mass-specific susceptibility were computed and
reported.

Complex univariate and multivariate statistical evaluation of
magnetic susceptibility values was implemented aiding strati-
graphic interpretations (Davies, 2002). A cluster analysis of the
magnetic susceptibility values using the UPGMA algorithm and the
Minkowski similarity distance metric e it reduces within group
variances while increasing intergroup variances-was also imple-
mented to identify groups of similar character in terms of ferro-
magnetic mineral formation. The formerly unidentified polarity
zones were determined. These new and previously interpreted
paleomagnetic excursions were recorrelated with the global
geomagnetic polarity timescale (GITS) presented in Michalk et al.
(2013) and Singer et al. (2014) compiled from their and other au-
thors' datasets (Langereis et al., 1997.; Nowaczyk and Frederichs,
1999; Nowaczyk and Knies, 2000; Lund et al., 2001, 2006.; Singer,
2007, 2014; Singer et al., 2002, 2008a, 2008b, 2014). In addition,
the paleomagnetic record of the latest INQUA 2016 Global chro-
nostratigraphical correlation table for the past 2.7 ma was used as
well (Cohen and Gibbard, 2016).

3.2. Radiocarbon dating

As the upper 0.85m corresponded to the modern soil,
gastropod samples submitted to AMS 14C dating were confined to
the depths between 1.25 and 4m. Certain herbivorous gastropods
are known to yield reliable ages for dating deposits of the past 50
ka with minimal error on the scale of perhaps a couple hundred
years (Hertelendi et al., 1992; Sümegi and Hertelendi, 1998; Pigati
et al., 2004, 2010; 2013; Sümegi et al., 2007; Xu et al., 2011; Újv�ari
et al., 2014b). Our taxa were chosen accordingly. For the analysis,
shells of Chondrula tridens (MÜLLER 1774), Granaria frumentum
(DRAPARNAUD, 1801) and Fruticicola fruticum (MÜLLER 1774)
were used. They are of similar size ranges having similar habitat
and feeding preferences. Shells were ultrasonically washed and
dried at room temperature. Surficial contaminations and car-
bonate coatings were removed by pretreatment with weak acid
etching (2% HCL) before graphitization (Sümegi and Hertelendi,
1998). Measurements were done in the internationally refer-
enced AMS laboratory of Seattle, WA, USA. Conventional radio-
carbon ages were converted to calendar ages using the software
Oxcal 4.2 online (Bronk Ramsey, 2009) and the most recent
Intcal13 calibration curve (Reimer et al., 2013). Calibrated ages are
reported as age ranges and mean age at the 2-sigma confidence
level (95.4%).
3.3. Occurrences of a chronostratiraphic index fossil of the cold
periods of the Middle Pleistocene

The Alpine Neostyriaca genus is represented by two taxa in
the modern European gastropod fauna: Neostyriaca strobeli
(STROBEL, 1850) and Neostyriaca corynodes (HELD, 1836). Neo-
styriaca corynodes is a clear cold-loving mollusk with modern
distribution areas in the Alps and its' northern foothill areas
Supplementary Fig. 2. It is well-recorded in the Pleistocene de-
posits of Europe as well (Klemm, 1969). In Hungary Neostyriaca
corynodes was noted in Middle Pleistocene deposits from the
1960s onwards (Krolopp, 1961, 1970, 1973, 1977, 1981, 1994;
Kretzoi and Krolopp, 1972; Kaiser et al., 1998; Hum and Sümegi,
2000, 2001; Hum, 2002, 2005, 2007). It is an important index
fossil of the younger part of Middle Pleistocene loess deposits of
the Carpathian Basin. It generally turns up with other cold-loving
steppe elements in periods characterized by strong coolings of
the later glacials of the Middle Pleistocene. But a mixed
appearance of the taxon with xerothermophylous and meso-
phylous elements above well-observed paleosols has been noted
in several sections of SE Transdanubia (Hum and Sümegi, 2000,
2001; Hum, 2002, 2005, 2007) as well. It was interpreted as
marking the transition to the next cool climatic phase. The taxon
appeared in the Carpathian Basin between 400 and 140 ka
(Krolopp, 1961, 1970, 1973, 1977, 1981, 1994; Kretzoi and Krolopp,
1972; Kaiser et al., 1998; Hum and Sümegi, 2000, 2001; Hum,
2002, 2005, 2007). Not a single stratigraphic work is known to
have mentioned glacials older than 400ka as yielding represen-
tatives of the referred taxon from loess or freshwater deposits
(Krolopp, 1961, 1970; 1973, 1977; 1981, 1994; Kretzoi and
Krolopp, 1972; Brunnacker et al., 1980; Kaiser et al., 1998; Hum
and Sümegi, 2000, 2001; Hum, 2002, 2005; 2007; Pazonyi
et al., 2014). The first appearance is dated between 400 and
300 ka, found in the Helicigona vertesi biozone (MIS 10) at the site
of V�ertessz}ol}os (Krolopp, 1973, 1977, 1981, 1994). The MIS 10
presence of Neostyriaca corynodes is justified by other data from
Hungary as well. In some SE Transdanubian sites the presence of
this taxon was recorded both below and above a well-developed
paleosol horizon (BA¼ Basaharc Lower see Table 1), whose age
can be independently confined. An important tephra marker
horizon (Bag Tephra) was recorded below the BA paleosol at
several SE Transdanubian sites. In addition, in some sites the
tephra horizon occurred together with the biostratigraphic
marker gastropod Neostyriaca corynodes (Hum and Sümegi, 2000,
2001; Hum, 2002, 2005, 2007). A similar coincidence of a tephra
and Neostyriaca corynodes was also recorded at the northern
Hungarian site of Basaharc right below the BA paleosol horizon
(Sümegi, 1991; Krolopp, 2005, 2006; Sümegi and Sümegi et al.,
2011a). The Bag Tephra is considered as a widespread chrono-
logical marker recorded at 12 Hungarian sites between the BA
(Basaharc Lower) and MB (Mende Base see Table 1) paleosols
(Kriv�an and R�ozsav€olgyi, 1964; Juvign�e et al., 1991; Horv�ath et al.,
1992; Pouclet et al., 1999; Hum and Sümegi, 2000, 2001;
Horv�ath, 2001; Hum, 2007). It has been identified in one Slova-
kian site as well. Although it must be emphasized that its age is
poorly constrained (between 360 and 380 and 788 ka) (Pouclet
et al., 1999). Horv�ath (2001) placed the age of the tephra be-
tween MIS 8 and MIS 10. The exact age of 351 ka based on
tephrostatigraphical correlation with the Villa Senni Tuff has
been questioned (S�agi et al., 2008). Correlation of the paleosols
bracketing the tephra (BA and MB see Table 1 for nomenclature)
with MIS 11 and MIS 9 was proposed by Oches and McCoy
(1995a, b) on the basis of AAR results. The age of the BA paleo-
sol was recently taken to most likely represent MIS 9 based on
pIRIR290 measurements at Paks by Thiel et al. (2014). Field
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observation of the Bag Tephra in the loess below this paleosol by
Thiel et al. (2014) in their profile further corroborates the MIS 9
age of this paleosol.

The second appearance is dated between 180 and 140 ka (MIS 6)
in general (Sümegi et al., 2002, 2011a; Sümegi and Krolopp, 2006;
Sümegi, 2007). At some sites, a third intermediate appearance has
also been reported between these two Middle Pleistocene intervals
(Klemm, 1969; Hum and Sümegi, 2000, 2001; Hum, 2002, 2005;
2007; Krolopp, 2005). However, due to the general absence of well-
resolved, independently dated MIS 8 layers containing this faunal
element, the exact timing of this third appearance is tentative.
Occurrences of this taxon in the studied profile helped us to confine
the timescales of major loess units. In addition, as the presence of
this taxon reliably brackets paleosol units, it was used to crosscheck
and update the lithostratigraphy determined visually by Kolosz�ar
(2003), Kolosz�ar and Marsi (2010a,b.).

3.4. Age-depth modeling and MAR calculations

Finally based on the revised chronology, an age-depth model
was constructed for the entire past 1.1 Mys via polynomial
interpolation between new age-tiepoints. Sedimentation rates
(SR ¼ mm*a�1), as well as mass accumulation rates
(MAR ¼ g*m�2/year) have been calculated between the individ-
ual tiepoints for the entire sequence, and the upper 14C dated
part separately, using a modified methodology presented in
Tegen and Lacis (1996), Kohfeld and Harrison (2000), Frechen
et al. (2003).
Fig. 3. A revised litho- and pedostratigraphy of the Udvari-2A borehole sequen
4. Results

4.1. A revised litho-pedostratigraphy

After the 2008 resampling of the core sequence, a thorough
visual reevaluation complemented later by biostratigraphic data
presented in section 4.4 andmagnetic susceptibility measurements
enabled us to develop a revised litho-, pedostratigraphy of the LPS
of Udvari-2A for the interval of 100m. This has been later corrob-
orated by geochemical data presented in Sümegi et al. (2011b). In
the sequence 13 interglacial paleosols (U2-S1 to U2-13) could have
been identified (Fig. 3). The lowermost paleosol (U2-13) developed
on the underlying red clays of the Tengelic Clay Formation (Fig. 2).
Below the modern soil (U2-S0), two weakly developed light
yellowish-brown (10YR 6/4) paleosols (bBw1, bBw2) were identi-
fied at the depths of 3 and 4.5m (U2-L1S1, U2-L1S2). The top of the
first interglacial paleosol (MIS5) U2-S1 was located at the depth of
8e11m composed of A, B horizons (b1A, b1B) of pale brown hue
(10YR 6/3). These are underlain by a B2 horizon (b1B2) at a depth of
12e14m under which a well-cemented carbonate layer was
observed (b1B2kn). This pedological feature also confirms that the
soils above are autochtonous (Bronger, 2003). The next weakly
developed pedocomplex of U2-S2 found between 18 and 23.5m is
composed multiple embryonic soils (b2Bw1-b2Bw3) with light
greyish brown hue (10Y 5/2). The pedocomplex of U2-S3 between
the depths of 31.5 and 36m has well developed greyish dark brown
(2.5Y 4/2) Bw horizons (b3B, b3Bw) separated from the underlying
B2 (b3B2) horizon by a zone of carbonate accumulation (b3Bkn).
ce and measured magnetic susceptibility values down to a depth of 100m.



Fig. 4. Age-depth model for the upper 4m of the borehole and calculated MARs.

Fig. 5. Age-depth model for the studied core and calculated sedimentation rates be-
tween major age-tiepoints.
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Bkn horizons are resistant to soil erosion and present further evi-
dence of autochtonous soil formation of the two membered
pedocomplex (Bronger, 2003).

The U2-S4 pedocomplex between 40.5 and 45m is made up of
two well-developed dark brown (10YR 3/3) B horizons (b4Bw,
b4B2) topped by a light brown A (2.5Y 6/3) (b4A) horizon. The
pedocomplex is underlain by numerous carbonate concretions of
cm size (b4B2c). As mentioned previously this pedological feature
also confirms that the soils above are autochtonous (Bronger,
2003). The U2-S5 pedocomplex between the depths of 50 and
59m ismade up of several weakly developed soils (b5Bw1-b5Bw4).
The upper ones havemoderate clay and some sand content (b5Bw1,
b5Bw2), while the lower (b5Bw3, b5Bw4) have higher clay content
and display some hydromorphic characteristics. No signs indicating
the presence of pseudogley was noted though. U2-S6 between the
depth of 61e63m has a well-developed reddish brown (5YR 5/3) B
horizon (b6B) underlain by carbonate concretions of cm size (b6Bc).

The two paleosols (U2-S7, U2-S8) straddling the MBB are rubi-
fied (2.5/4) with well-developed compact B horizons (b7Bw, b8Bw)
separated by a zone of carbonate accumulation (b7Bkn). Under the
U2-S8 paleosol, a zone of carbonate concretions ranging between 1
and 8 cm in size was noted (b8Bc). The pedocomplex (U2-S9) be-
tween 76m and 84m is likewise rubified (2.5/4) with well-
developed B horizons (b9B, b9B2 b9Bw). The paleosol U2-S10 be-
tween 86 and 88m has a reddish-brown hue (2.5YR 3/4) with a
well-developed Bw horizon (b10Bw). Between the depths of 90 and
95m the last rubified pedocomplex, which has developed on loess
is found forming two Bw horizons (U2-S11, U2-S12). From 97 down
to 100m, the base of the LPS is given by a pedocomplex of very high
clay content and dark red hue (U2-S13). This pedocomplex is
formed on the underlying red clays of the Tengelic Clay Formation.

4.2. Magnetic susceptibility values

Mass specific magnetic susceptibility ranged between 6 and 225
*10�8m3kg�1 in the entire profile with a mean of 49.42
*10�8m3kg�1, median of 24 *10�8m3kg�1 and a positive skewness
(SD: 37.51, SK: 2.35, K: 6.25) implying that most values are low in
accordance with the relatively thick loess deposits and thin inter-
calated paleosols in terms of total thickness. (Supplementary
Fig. 3). A polymodal distribution with a right tail approximating a
Gamma type distribution again corroborates the action of multiple
processes in the formation of the studied LPS (Supplementary
Fig. 4).

In most Danubian and Chinese loess profiles, magnetic suscep-
tibility (c) seems to showa positive correlationwith the intensity of
pedogenesis as a result of precipitation of more very fine-grained
so-called superparamagnetic minerals forming during the process
of pedogenesis yielding higher values for paleosols compared to
loess (Buggle et al., 2009, 2013; Markovi�c et al., 2011, 2015;
Fitzsimmons et al., 2012). This type of relationship follows the so-
called pedogenetic enhancement model of susceptibility (Kukla
et al., 1980; Heller and Liu, 1982, 1984; Zhou et al., 1990; Maher,
1998; Ding et al., 2005).

Occurrence of atypical MS patterns is attributable to various
factors. On the one hand, increased humidity resulting in water-
logging and moist oxidizing or even reducing conditions leads to
transformation of the ferromagnetic content, a reduction of c and
thus a negative correlation between c and pedogenesis (Chlachula
et al., 1997, 1998; Liu et al., 1999, 2007; 2012; Matasova et al., 2001;
Heil et al., 2010). Likewise, when climatic conditions prevail around
a threshold between loess formation and initial pedogenesis due to
say enhanced physical weathering or high seasonal variability
affecting hematisation, a similar negative correlation between c
and pedogenesis is observed (Guo et al., 2011; Song et al., 2010; Liu
et al., 2012). Variations between these possibilities can appear in a
single profile depending on conditions of ferromagnetic mineral
production.

The weakly developed paleosols with low susceptibility signal
(19e25.5 *10�8m3kg�1) (U2S2, U2S5) as well as loess layers (6e19
*10�8m3kg�1) were assigned to Group 1 based on cluster analysis.
U2-S2 is lacking pedological features indicating humidity



Fig. 6. Interprofile correlation of the Hungarian site of Paks (P�ecsi et al., 1995; Sartori, 2000; Sartori et al., 1999) and borehole Udvari-2A based on litho-, pedo-, magneto-,
biostratigraphy as well as mass-specific magnetic susceptibility.
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controlled signal destruction (Fig. 3). Thus a threshold between
loess deposition and paleosol formation must be blamed for the
low value. Conversely, hydromorphic features noted in the lower
part of the weakly developed U2-S5 pedocomplex, also character-
ized by a weak c signal of similar range, hints to a humidity-
induced transformation of ferromagnetic minerals. The well-
developed U2-S6 paleosol with very low c values (~25
*10�8m3kg�1) was also put in Group 1 implying that special con-
ditons must have resulted here in signal loss. (Fig. 3). At the strat-
igraphic position of our U2-S6 pedocomplex, there are embryonic
(Paks Embryonic Soil: PEM) and sandy soils (Paks Sandy Soil: Hs2)
Fig. 7. Interprofile correlation of the borehole Udvari-2A with Serbian profiles of Stari Slank
2011, 2015) and Mo�sorin (Markovi�c et al., 2012a, 2015) based on litho-, pedo-, magneto-, b
in the nearby Paks profile, which are characterized by likewise low
MS values of similar ranges (Fig. 7) (Sartori et al., 1999; Sartori,
2000). Low susceptibility values of the paleosols at Paks are thus
most likely the outcome of increased physical weathering and
deposition as seen from the lithology. However, the corresponding
V-S6 paleosol in Vojvodina is likewise well-developed despite
having similarly weak susceptibility values (Fig. 8) as the U2-S6 soil
(Markovi�c et al., 2008, 2011). Correspondence between the V-S6
paleosol at Stari Slankamen and U2-S6 paleosol at Udvari 2A is not
only stratigraphical but also corroborated by independent paleo-
magnetic data as presented in section 4.3. Weak values here are
amen (Markovi�c et al., 2011, 2015; Murray et al., 2014), Batajnica (Markovi�c et al., 2009,
iostratigraphy as well as mass-specific magnetic susceptibility.



Fig. 8. Interprofile correlation of selected Middle Danube Basin and Lower Danube Basin loess paleosol sequences.
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thus most likely due to seasonal variability affecting the hemat-
isation process rather than climate change (Fitzsimmons et al.,
2012). Group 2 with values between 25 and 85 *10�8m3kg�1

included more developed interglacial paleosol of U2-S3, U2-S4,
U2S7, with thick B and Bw horizons, the modern soil U2-S0 (Fig. 3).
also belongs here. Samples with c values above 85 *10�8m3kg�1

form 2 groups. Group 3 (86e126 *10�8m3kg-1) as outliers repre-
sents the rubified paleosols U2-S8, U2-S11 and U2-S12, while
Group 4 (126e225 *10�8m3kg-1) (Supplementary Fig. 3) corre-
sponds to the last interglacial paleosol U2-S1 and the chromic
pedocomplexes U2-S9 and U2-S10. (Fig. 3, Supplementary Fig. 3).

4.3. Magnetostratigraphy

M�arton (1998) identified two normal (C1n and C2n) and two
reversed polarity (C1r and C2r) chronozones for the entire borehole
sequence (Fig. 2). The bottom part between the depths of 71 and
125m is characterized by reversed polarity (C1r) representing the
upper part of the Matuyama Chron with several short normal po-
larity excursions recorded. Within the Matuyama Chron, the
excursion corresponding to the Olduvai Subchron (1.77e1.95 Ma)
(C2n) was located in the borehole between the depths of 124 and
137m (Fig. 2 and Table 2.). While another major normal excursion
between the depths of 88.3 and 93.3mwas interpreted to represent
the Jaramillo Subchron lasting for ca. 80 ka dated between 0.99 and
Table 2
The position of recorded geomagnetic excursions in the borehole Udvari-2A.

International Geomagnetic Polarity Scale Depth (m) Event

BRUNHES 9e11 Blake
18e20 Iceland Basin
40e41 Levantine
45e46 Unnamed
59e61 Stage 17
68e73 MBB

MAT 77e80 Kamikatsura
88.3e93.3 Jaramillo
124e137 Olduvai
1.07 Ma. (M�arton, 1998; Kolosz�ar, 2003; Kolosz�ar and Marsi, 2010a;
b). A short lived normal polarity zone between the depths of 77 and
80m below theMBBmay represent the Kamikatsura (0.86e0.9 Ma)
excursion based on its stratigraphic position (Figs. 2 and 3 and
Table 2). The boundary of C1n and C1r was considered to represent
the MBB. From the chronological point of view, the position of the
Matuyama-Brunhes Boundary (MBB) is a good reference point in
our profile. It was located between two rubified paleosols (U2-S7,
U2-S8, Fig. 3) but at a depth of 71m, which is under the lower of the
two paleosols in our revised stratigraphy (M�arton, 1998; Kolosz�ar,
1997, 2003; Kolosz�ar and Lantos, 2001; Kolosz�ar and Marsi,
2010a; b). If we accept that the MBB is between the two paleosols
(U2-S7 and U2S8) then the displacement could indicate the so-
called lock-in depth effect noted in other Chinese and Danubian
loess profiles as well (Zhou and Shackleton, 1999; Markovi�c et al.,
2011, 2015; Murray et al., 2014). A similar depth and position for
the MBB was noted for the Xifeng loess section above loess unit 8
(L8) at a depth of 71m. Later a higher position of MBB above the S8
pedocomplex and the bottom of S7was proposed at a depth of 69m
for this profile (Liu et al., 1987, 1988; 2008; Guo et al., 2011, 2009a;
b; Sun et al., 2009;Wu andWu, 2011). The displacement of theMBB
from the top of L8 towards the bottom of S7 have been noted by
Zhou and Shackleton (1999) blaming the so-called lock-in effect for
the original position of the boundary. More recently detailed
studies of 10Be at both Xifeng and Luochuan found that the MBB is
actually recorded in the paleosol S7 (~67m in Xifeng) corre-
sponding to MIS 19, corroborating that the Chinese loess magnetic
susceptibility time-scale is correct for the mentioned profiles (Zhou
et al., 2014).

Likewise, in the nearby site of Paks the MBB was initially located
below (P�ecsi and Pevzner, 1974; M�arton, 1979) the rubified Paks
Double Pedocomplex (PD1, PD2). Later it was placed between the
two members of this pedocomplex at a depth of 44m (Sartori et al.,
1999; Sartori, 2000). If PD1 (Table 1) can be correlated with the S7
soil in the Chinese profiles, then the position of the MBB both at
Paks and in Udvari-2A is in line with those records. Similar strati-
graphic position of the MBB was noted in several other Trans-
danubian profiles and boreholes too, although at varying depths



Table 3
Results of radiocarbon analysis of the upper 4m of the profile.

Sample depth (m) Sample code Dated material (Mollusk taxa) Lab code 14C age (yr BP) ±1 ơ 2 ơ calibrated age ranges (cal BP,
95.4% prob.)

Min Max Mean ±1 ơ

1.25 UD-1 Chondrula tridens (Müller, 1774) D-AMS 01443 13,290 42 15790 16160 15979 93
1.25 UD-2 Granaria frumentum (Draparnaud, 1801) D-AMS 01444 13,091 45 15460 15930 15702 111
2 UD-3 Arianta arbustorum (Linnaeus, 1758) D-AMS 01445 20,598 77 24481 25138 24803 174
2 UD-4 Chondrula tridens (Müller, 1774) D-AMS 01447 20,193 66 24038 24481 24259 112
2.25 UD-5 Granaria frumentum (Draparnaud, 1801) D-AMS 01446 21,212 81 25306 25771 25555 116
2.5 UD-6 Granaria frumentum (Draparnaud, 1801) D-AMS 01448 23,380 90 27406 27762 27586 90
3.75 UD-7 Granaria frumentum (Draparnaud, 1801) D-AMS 01449 37,849 277 41735 42556 42144 205
4 UD-8 Bradybaena fruticum (Müller, 1774) D-AMS 01450 39,905 300 42993 44198 43566 309

Conventional 14C ages have been calibrated using OxCal 4.2 and the IntCal13 calibration curve.
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(Kolosz�ar and Lantos, 2001).
Several short and almost complete changes in geomagnetic

inclination have occurred within the Brunhes chron represented
by the upper 71m of our profile (Fig. 3, Table 2.). A reversed po-
larity zone sitting above the MBB in our borehole at the depth of
59e61m (Fig. 3, Table 2.) based on its stratigraphic position cor-
responds to the so-called “Stage 17” excursion event (670e685 ka)
(Biswas et al., 1999; Channel and Raymo, 2003; Laj and Channel,
2009; Channell et al., 2010; Singer, 2014; Singer et al., 2014). A
magnetic reversal noted at roughly the same stratigraphic posi-
tion above the S6 soil in the Vojvodinian site of Stari Slankamen
was likewise interpreted as the stage 17 excursion (Hambach
et al., 2009; Markovi�c et al., 2011; Markovi�c et al., 2015.). A
reversal reported from borehole Üh-2 of SW Transdanubia at a
depth of ca. 46 m (Marsi et al., 2004) may also represent this
excursion.

The two reversed polarity events at depths of 46 and 40m
represent (Fig. 3, Table 2.) the unnamed event at 430 ka and the
Levantine excursion dated around 362þ-13 ka marking the
boundaries of MIS 11 (Langereis et al., 1997; Lund et al., 2001, 2006;
Laj and Channel, 2009; Michalk et al., 2013). These reversed
geomagnetic excursions bracketing MIS 11 are also present in the
paleomagnetic record of the latest INQUA 2016 Global chro-
nostratigraphical correlation table for the past 2.7 ma1 (Cohen and
Gibbard, 2016), although not named. Further verification of our
interpretation comes from biostratigraphy presented below. The
short-lived reversed polarity event at a depth of 18m represents
the MIS6/MIS7 transition (Iceland Basin excursion at 191 ka) based
on its biostratigraphically controlled stratigraphic position (see
below). The excursion at the depths between 9 and 11m in our
profile (Fig. 3 and Table 2.) was originally thought to represent the
Laschamp event (41 ka). Thus, Kolosz�ar and Marsi (2010a, b)
assigned the uppermost paleosol (Ps1 according to their stratig-
raphy, U2-S1S1 according to the new stratigraphy) to MIS 3 by
correlating the MS susceptibility curve with the marine curve of
Crowhurst (2002) (Fig. 2). According to the newly gained radio-
carbon dates, this idea can be rejected as the last 42 ka is restricted
to the upper 4m of the profile. It is important to note that this part
of the sequence was not subjected to paleomagnetic investigations
(M�arton, 1998). So, based on our records we infer this event rep-
resents the Blake excursion dated at 120 ka (Singer, 2014; Singer
et al., 2014).

4.4. 14C ages

Table 3 presents the received conventional 14C ages with 1 s
error for samples between 1.25 and 4m in addition to the 2 s
1 http://www.stratigraphy.org/upload/QuaternaryChart.pdf.
calibrated age ranges (95.4% probability). Samples UD-1, UD-2
were taken from similar depths corresponding to different
gastropod taxa listed in Table 3. This also applies to samples UD-
3 and UD-4. According to our results, the uppermost 4m repre-
sents the last 43e44 ky. MIS 2 (28e14.65 ka cal BP) is broadly
represented by the interval 1.25e2.5 m, and the underlying in-
terval to 4m depth represents the majority of MIS 3 (58-28 ka cal
BP).
4.5. Biostratigraphy

The first appearance of the Middle Pleistocene index fossil
Neostyriaca corynodes in our profile was recorded in the loess at a
depth of 37.5m (U2-L4) (Fig. 6). This loess unit thus corresponds
to the Helicigona vertesi biozone (Krolopp, 1973, 1977; 1994) and
MIS 10, sitting right on top of a pedocomplex (U2-S4) bracketed by
the Levantine (362þ-13 ka) excursion and the unnamed event of
430 ka (Langereis et al., 1997; Lund et al., 2001, 2006; Laj and
Channel, 2009; Michalk et al., 2013) (see prev. section). The next
two occurrences of this taxon are found in loess units between the
depth of 24e27.5m (U2-L3) and 15e18m (U2-L2), respectively
(Fig. 6). The bottom of the uppermost occurrence is within the
Iceland Basin (191 ka) excursion marking the MIS 6/MIS 7
boundary. As the secondmost prominent appearance of this taxon
is dated between 180 and 140 ka (MIS 6) in general (Sümegi et al.,
2002, 2011a; Sümegi and Krolopp, 2006; Sümegi, 2007) this upper
loess unit (U2-L2) can clearly be assigned to MIS 6. This is further
corroborated by independent magnetostratigraphic data. An
absence of this taxon between the two loess units at 18e23.5m
corresponds stratigraphically with a paleosol (U2-S2), which was
overlooked by Kolosz�ar (1997) and Kolosz�ar and Marsi (2010a,b).
Neostyriaca corynodes is found together with interglacial elements
upwards from the upper boundary of the upper loess unit (U2-L2)
between the interval of 14-13m. This is a clear mark of a transition
to an interglacial. A similar mixed fauna is present in the upper
parts of loess unit U2-L3 (18e20m) marking another glacial-
interglacial transition. Thus, we infer the two uppermost occur-
rences of N. corynodes bracket interglacial paleosols. The age of
the upper interglacial paleosol (U2-S1) is independently deter-
mined by the location of the Blake excursion (120 ka) (MIS 5). As it
was noted in section 3.3, there is a third intermediate temporal
occurrence of this taxon recorded in some boreholes and outcrops
(Klemm, 1969; Krolopp, 2005) corresponding to MIS 8. So, its
presence between 24 and 27.5m clearly assigns the loess U2-L4
into MIS 8. Occurrences of another Lower and Middle Pleistocene
interglacial taxon Mastus bielzi (Krolopp, 2003; Sümegi et al.,
2011b) in the paleosol horizons of U2-S4, U2-S6, U2-S7 and U2-
S8 further corroborates the Lower and Middle Pleistocene age of
these referred paleosols.

http://www.stratigraphy.org/upload/QuaternaryChart.pdf
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4.6. Age-depth models and MARs

The prepared age-depth model for the upper 4m is presented
on Fig. 4. The calculated average sedimentation rates for the MIS 2
part of the section were 0.11 mm*a�1, yielding a MAR of
169 g*m�2*a�1 (Fig. 4). This rate is lower than the calculated
average for MIS 2 of the Carpathian Basin (SR: 0.28 mm*a�1, MAR:
417 g*m�2*a�1) (Újv�ari et al., 2010). All these imply that the coldest
period of the last glacial cycle (MIS 2) here was characterized by
relatively low accumulation rates compared to other late glacial
deposits from Southern Hungary. Yet accumulation rates are similar
to recorded values at the other deep profile of Vojvodina dating
back 1 My: Stari Slankamen (SR: 0.11 mm*a�1, MAR:
168 g*m�2*a�1) (Újv�ari et al., 2010; Markovi�c et al., 2011, 2015). It
may indicate similar tectonic, accumulation histories and/or a
similar plateau position of these two “antique” sites during the
coldest period of the last glacial cycle. Somewhat higher, but still
very similar accumulation rates were documented for the nearby
site of S�agv�ar (SR: 0.12 mm*a�1, MAR:176 g*m�2*a�1) for the period
between 21,030e22,700 cal BP, and the more distant sites of Erdut,
Croatia (SR:0.14 mm*a�1 MAR:215 g*m�2*a�1), Crvenka, Serbia
(SR:0.13 mm*a�1 MAR 197 g*m�2*a�1), and Irig, Serbia
(SR:0.13 mm*a�1 MAR 192 g*m�2*a�1) (Újv�ari et al., 2010). Based
on this information we infer an essentially spatially uniform dust
accumulation across the region represented by these sites during
MIS 2. However, when we look at the sedimentation rates within
MIS 2 and MIS 3 the picture is somewhat different (Fig. 5) From
about 29 ka there is a marked twofold increase in dust accumula-
tion culminating during the middle part of the LGM at a value of
0.1936 mm*a�1 (MAR: 290 g*m�2*a�1). Yet this almost two-times
higher than the average MIS 2 value of our profile is still below
that of the MIS 2 average of the Carpathian Basin (SR: 0.28 mm*a�1,
MAR: 417 g*m�2*a�1) (Újv�ari et al., 2010).

The age-depth model constructed using the most reliable
magnetostratigraphic tiepoints (120 ka,191 ka, 362þ-13 ka, 430 ka,
780 ka, 900, 990 ka, 1.07Ma) complemented by calibrated 14C dates
is presented on Fig. 5. The overall calculated sedimentation ratewas
0.087 mm*a�1for the entire profile, which is similar to the esti-
mated sedimentation rates of 0.078e0.08 mm*a�1 of the Xifeng
and Chanwu loess paleosol sequences (Liu et al., 1987, 1988). Based
on the literature, the thick loess deposits of Central China have
accumulated at an average rate of 0.1m/ka which is comparable to
our calculated accumulation rate for the entire profile (Banerjee
and Jackson, 1996; Rapp, 2012).

Within the Matuyama chron sedimentation rates were
decreasing during the Jaramillo subchron between 1070 and 990 ka
to 0.0625 mm*a�1 in line with the formation of two chromic
paleosols (U2-S12, U2-S11). There is an almost twofold increase in
accumulation rates between 990 and 900 ka reaching a value of
0.11 mm*a�1. It's interesting to see that this value is in the range of
those of glacials after MIS 11. From here there is a gradual decrease
up to about mid-depth of the profile (43m), corresponding to the
time of the Mid-Brunhes transition (MBE) (Jansen et al., 1986; Yin
et al., 2008; Yin, 2013), to values around 0.05833 mm*a�1. This
value is almost the same as that within the Jaramillo subchron. The
key characteristic of the MBE is a shift from low-magnitude, rela-
tively subdued or muted glacial/interglacial cycles during the Early
Middle Pleistocene (EMP) to extreme and large-scale Late Middle
Pleistocene (LMP) glacial/interglacial cycles from MIS 11 onwards.
In accordance with global records showing a stepwise change to
warmer climates with longer interglacials (Lisiecki and Raymo,
2005; Jouzel et al., 2007) and higher atmospheric concentrations
of carbon dioxide and atmospheric dust (Hovan et al., 1991; Lüthi
et al., 2008; Lambert et al., 2012), there is a stepwise change in
the accumulation rates following the Mid-Brunhes transition to
values ranging between 0.10 and 0.12 mm*a1 on average up to
about MIS 6. Highest accumulation rates characterize the glacials of
MIS 10, MIS 8, MIS 6.

5. Comparisonwith other middle dabune basin profiles of the
same age

5.1. Correlation with the nearby Paks profile

Fig. 6 presents an interprofile stratigraphic correlation of the
two Hungarian sites of borehole Udvari- 2A and Paks brickyard
based on the newly established chronostratigraphy for the former
section. From Udvari, only the part down to MBB has been used as
the record in Paks does not extend further than that. In case of Paks
three sampled sites are presented (Supplementary Fig. 5). The
rightmost (P�ecsi et al., 1995; Sartori et al., 1999; Sartori, 2000)
represents the so-called INQUA profile facing east on the banks of
the River Danube. The center (Thiel et al., 2014) was located at the
southern margin of the now closed brickyard facing NE. The exact
orientation and position of the third leftmost site is not described in
detail (Újv�ari et al., 2014a).

The 49-m loess/paleosol sequence of the INQUA profile at Paks is
divided into a “Young Loess Series (YLS)” (upper 29.3m, MIS 2e10)
and an “Old Loess Series (OLS)” (lower 19.7m, MIS 11e22) (P�ecsi,
1975, 1993; 1995; P�ecsi et al., 1995; Sartori, 2000; G�abris, 2007;
Újv�ari et al., 2014a). This division is presented in the two additional
profiles too (Thiel et al., 2014; Újv�ari et al., 2014a). The profile of
Újv�ari et al. (2014a) spans an interval of 45m. Conversely, Thiel
et al. (2014) focused on the interval capturing the upper part of
the profile down to the so-called BA paleosol and the underlying
loess to a depth of ca. 22 m.

In our correlation, the primary focus was on the original INQUA
profile presented in P�ecsi (1995), P�ecsi et al. (1995), Sartori (2000)
and Sartori et al. (1999). Additional remarks are also made within
the text regarding the remaining referred two profiles of Újv�ari
et al. (2014a) and Thiel et al. (2014). In contrast to traditional cor-
relations starting from the top, our work starts at the bottom. The
reason is the location of the only reliable chronological reference
point in the Paks profile: the MBB at the depth of 44m (Fig. 6).

The bottom part of the profile of Paks between the depths of
45.2e48.9 m consists of moderately structured loess containing
carbonate concretions of the overlying Pd2 paleosol in its upper
parts. The c values range between 10 and 20 *10�8m3kg�1 (Sartori
et al., 1999; Sartori, 2000). In the studied Udvari- 2A borehole
sequence, the corresponding unstratified, medium-compacted pale
yellow loess of U2-L9 in the depths of 73e76m (Kolosz�ar, 1997;
Kolosz�ar and Marsi, 2010a; b) likewise contains calcareous nodules
of 1e8 cm size in its upper parts (b8Bc) deriving from the overlying
pedocomplex (U2-S8). The c values are comparable with a range
between 12 and 29 *10�8m3kg�1 for this part.

The first paleosol at U2-A directly below the MBB is a 2-m thick
rubified compacted paleosol (U2-S8) with a well-developed B ho-
rizon (b8BW) and the second highest c value of 132 *10�8m3kg�1 in
the sequence. This paleosol corresponds stratigraphically to the
reddish chestnut steppe soil Pd2 at Paks, which is likewise located
below the MBB and has a similar thickness of ca. 2m (P�ecsi et al.,
1995; Sartori et al., 1999; Sartori, 2000). Its highest c value is
around 150*10�8m3kg�1 (Sartori, 2000; Sartori et al., 1999). The
overlying chestnut soil of Pd1 at Paks between the depth of
41.2e42.3 mwith a thickness of 1 m has lower c values between 80
*10�8m3kg�1 and 90 *10�8m3kg�1 (Sartori et al., 1999; Sartori,
2000) compared to Pd2. It seems to show a strong similarity to
the rubified palesol U2-S7 of our borehole sequence both in terms
of pedological characteristics, thickness (1.1 m) and lower c values
(72*10�8m3kg�1) compared to the underlying paleosol (U2-S8). The
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Pd2 and Pd1 paleosols were also recorded in the profile of Újv�ari
et al. (2014a) at shallower depths.

The next unit termed as Paks alluvial soil is missing both in
Udvari 2-A and the profile of Újv�ari et al. (2014a). The following
paleosol unit above U2-L7 in our borehole sequence (U2-S6) at the
depths of 61e63 m has a total thickness of 1 m and a strongly
reduced c value 25e26*10�8m3kg�1. Similar c values were
observed for the embryonic soils of Paks (Pem þ Hs2) found in the
same stratigraphic position at depths between 38.4 and 39.4 m
(Fig. 6). Not to mention the same thickness of the corresponding
paleosols. These referred units are completely missing in the profile
of Újv�ari et al. (2014a). As the U2-S6 paleosol has a relatively well
developed reddish brown B horizon with underlying carbonate
accumulation zone, lowMS values must be due to the distruction of
ferromagnetic minerals by high seasonal variation as mentioned in
section 4.2. In case of the corresponding Paks paleosols, the
observed lithological features hint to a distruction of the signal via
continuous bleaching from dust and sand accumulation. Based on
the independent chronostatigraphy for Udvari-2A using the stage
17 excursions these paleosols were formed during MIS 17.

The overlying pedocomplex in Paks is represented by weakly
developed sandy soils (Hs1 and Phe 2) and moderately developed
luvisols (hydromorphic gallery forest type soils) (Mtp 1e2) of low
MS values ranging from 18 to 40*10�8m3kg�1 (P�ecsi, 1995; P�ecsi
et al., 1995; Sartori et al., 1999; Sartori, 2000). Similarly, low
values were noted by us in the Udvari-2A borehole profile just
above the U2-S6 soil. Kolosz�ar and Marsi (2010a,b) interpreted this
unit as infusion or marshy loess. However, this can be refuted based
on the complete lack of freshwater mollusks (Sümegi et al., 2015).
The U2-S5 pedocomplex between the depths of 50 and 59m cor-
responding to the Hs1 and Phe2 is made up of several weakly
developed soils (b5Bw1-b5Bw4). The upper ones have moderate
clay and some sand content (b5Bw1, b5Bw2), while the lower
(b5Bw3, b5Bw4) have higher clay content and display some hy-
dromorphic characteristics. No signs indicating the presence of
pseudogley was noted. Rather pedogenetic processes creating
reducing conditions are to blame for the destruction of the original
magnetic signal. Units Hs1 and Phe 2 were not recorded by Újv�ari
et al. (2014a). In the horizon corresponding to the upper part of
the U2-S5 pedocomplex three paleosols are noted in Paks (Mtp1,
Mtp2, Phe2). Mtp1 was originally interpreted as a steppe soil with
ca. 30% sand and clay content. Mtp2 on the other hand, was initially
considered as a dark brown, strongly clayey meadow chernozem
(P�ecsi, 1995). Sporadic occurences of mottling and a high clay
content was also observed. P�ecsi later changed this to a gleyed
hydromorphous soil (P�ecsi et al., 1995), which was adopted by later
studies as lessive-pseudogley (Bronger, 2003) or pseudogley (Újv�ari
et al., 2014a; Varga, 2012). Újv�ari et al. (2014a) identified this unit
roughly at the same depth as P�ecsi (1995). To avoid further con-
fusions in correlation, it must be emphasized that P�ecsi made his
statement on the basis of the recorded lowMS values atypical of the
ones observed for chernozem soils (P�ecsi et al., 1995; Sartori, 2000).
In addition, neither Bronger (2003), nor Újv�ari et al. (2014a) pre-
sented detailed pedological, sedimentological evidence for their
interpretation. In previous works (e.g. Bronger, 2003; G�abris, 2007;
Varga, 2011, 2012; Újv�ari et al., 2014a) theMtp1 andMtp2 paleosols
at Paks were correlated with MIS 13e15. But this correlation so far
was rather tentative based on the interpreted stratigraphic position
of the MBB (Újv�ari et al., 2014a,b). As the pedocomplex U2-S5 is
clearly bracketed by two geomagnetic excursions above U2-S6 and
below U2-S4 at Udvari-2A, the correlation of the referred corre-
sponding Paks paleosol units withMIS 13e15 is now independently
justified.

The pedocomplex composed of the chestnut polygenetic brown
earth soil (MB2), the overlying weakly developed forest steppe soil
(MB1) and the underlying light grey weakly developed sandy forest
soil (Phe1) with a total thickness of 4 m between the depth of 29
and 33 m seem to correspond to the U2-S4 pedocomplex of similar
thickness. Although the lower sandy member of the Paks S4
pedocomplex (Ph1) has low susceptibility values around 50
*10�8m3kg�1, c values for the upper members (MB 1 þ 2) are only
somewhat higher (110*10�8m3kg�1) than the U2-S4 pedocomplex
at Udvari (90*10�8m3kg�1). These high values clearly indicate a
pedogenetic origin paleomagnetic signal acquisition and well-
developed paleosols in accordance with lithostratigraphical and
pedostratigraphical descriptions for Udvari in section 4.1. The
similar shape of the susceptibility curves further support the idea of
integrating the MB 1 þ 2 and Ph1 paleosols into a single pedo-
complex. Based on initial TL data for Paks, the MB pedocomplex
was formerly correlated with MIS 5 (Borsy et al., 1979; Butrym and
Maruszczak, 1984), which was later refuted by other TL studies
yielding ages older than 315 ka (Wintle and Packman,1988; Singhvi
et al., 1987; Z€oller and Wagner, 1990). Kukla (1977) put the base of
the MB soil around 500 ka based on magnetostratigraphy. As a
supporting evidence the presence of Elephas trogentherii, a middle-
Pleistocene mammal, in the loess below the MB soil horizon was
also cited (Kukla, 1977). The correlation of MB paleosol at Paks with
MIS 11 was presumed by Bronger (2003). However, his correlation
with the FIV paleosol of Karamaydan and the S4 paleosol of Luo-
chuanwas based partly on the unified pedostratigraphic scheme of
the 1962 INQUA and two control points, the position of the
geomagnetic horizon corresponding to theMBB, and the location of
the F3 paleosol representing MIS 5. A further presumtion was that
climatic changes at the scale of glacials interglacials are synchro-
nous on the northern hemisphere (Bronger, 2003). Oches and
McCoy (1995 a,b) also correlated the MB pedocomplex with MIS
11 based on AAR results. Our findings for Udvari-2A clearly assign
this pedocomplex (MB1þ2 and Ph1) to MIS 11 based on the
geomagnetic polarity reversals bracketing the corresponding U2-S4
paleosol and biostratigraphic data for the overlying MIS 10 loess
(U2-L4) (Fig. 6).

The chestnut, chocolate colored, well-developed, structured
forest steppe paleosol BA at Paks at depths of 23.3e25.1 m have
higher c values of 130e140 *10�8m3kg�1 than the underlying S4
pedocomplex (Mtp1þ2, Phe1). An opposite trend is observed for
the Udvari-2A borehole, where the corresponding S3 pedocomplex
(U2-S3) representing MIS 9 has somewhat lower c values of
70e80*10�8m3kg�1 than the underlying S4 soil (U2-S4). This may
tentatively indicate a change in conditions between the two sites
after about 400 ka, representing the Mid-Brunhes event. Kukla
(1977) put the age of the BA paleosol around 400 ka. TL and IRSL
studies at Paks gave ages >190ka (Singhvi et al., 1987; Z€oller and
Wagner, 1990; Frechen et al., 1997). Oches and McCoy (1995 a,b)
presumed a correlation with MIS 9 based on AAR data. Thiel et al.
(2014) considered the BA paleosol to most likely represent MIS 9
based on pIRIR290 measurements. Observation of the statigraphic
position of the Bag Tephra in the loess below this paleosol by Thiel
et al. (2014) further corroborates their assumption (Supplementary
Fig. 5).

As in the Udvari-2A sequence the U2-S3 paleosol corresponding
to BA in Paks is bracketed by the MIS 10 and MIS 8 occurrences of
Neostyriaca corynodes, the MIS 9 age of the referred paleosols can
be further corroborated. Independent occurrences of this
biostratigraphic marker element at the nominating site of the BA
paleosol Basaharc north of Budapest along the Danube in the same
statigraphic position below the BA paleosol (Sümegi, 1991; Sümegi
and Krolopp, 2005, 2006; Sümegi et al., 2011a) renders further
support. In addition, Neostyriaca corynodes also turns up in SE
Transdanubia below the BA paleosol at several nearby sites of
Dunaszentgy€orgy, Dunaszekcs}o, M�or�agy (Hum and Sümegi, 2000,
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2001; Hum, 2002, 2005, 2007). In some cases, even the collective
occurrences of the Bag Tephra and Neostyriaca corynodes was also
recorded (Hum and Sümegi, 2000, 2001; Hum, 2002, 2005, 2007)
further corroborating the MIS 9 age of the BA paleosol.

The next greyish brown weakly and moderately developed
steppe soils of BD1 and BD2 at Paks corresponds to the Udvari the
U2-S2 pedocomplex (Fig. 6). U2-S2 is weakly developed and does
not turn up univocally on the MS curve (see section 4.2). According
to Horv�ath and Brad�ak (2014) the corresponding Basaharc Double
paleosols (BD1þBD2) are also weakly or moderately developed
compared to the overlying younger or underlying older interglacial
paleosols. In addition, these forest, forest steppe and chernozem
type soils were mentioned to have a local hydromorphic character
(Horv�ath and Brad�ak, 2014). This would explain observations of a
weakly developed pedocomplex with diminished magnetic sus-
ceptibility values for the MIS 7 paleosol (U2-S2) in our profile.

The BD1þBD2 pedocomplex in Thiel et al. (2014) profile was
corroborated to represent MIS 7 based on pIRIR290 luminescene
based geochronological investigations done by the same study.
Despite P�ecsi's early interpretation of this pedocomplex being
representative of the last glacial cycle interstadials, the age of the
pedocomplex at the Basaharc type section was determined to be
Middle Pleistocene age (MIS 7) on the basis of TL investigations
(Wintle and Packman, 1988; Z€oller and Wagner, 1990) and the
appearance of the biostratigraphic marker gastropod Neostyriaca
corynodes in the underlying loess (Sümegi, 1991; Sümegi and
Krolopp, 2005, 2006; Sümegi et al., 2011a). The loess unit over-
lying the BD pedocomplex at Paks is made up of fine sandy loess,
typical loess and sand layers (16 and 23m), interpreted as a typical
layered sandy slope loess with two erosional horizons (Dell 3, 4)
between 18 and 20m. Reworked soil was also observed between
22.3 and 23.3. Two erosional horizons were recorded by Thiel et al.
(2014) as well most likely corresponding to Dell 3e4.

The uppermost chestnut steppe soils representing the last
interglacial MF1 and MF2 (Wintle and Packman, 1988; Singhvi
et al., 1987; Z€oller and Wagner, 1990; Frechen et al., 1997;
Novothny et al., 2009; Újv�ari et al., 2014a; Thiel et al., 2014) has low
c values at Paks (P�ecsi, 1995; P�ecsi et al., 1995; Sartori et al., 1999;
Sartori, 2000). The intercalated loess accumulation horizon is well-
developed, genetically regarded to be part of the soil Mf1. As a
result of erosion, these soils are missing in a large part of the Paks
Brickyard section, recorded in the profiles of Újv�ari et al. (2014a)
and Thiel et al. (2014) as well. This latter work confirmed the
presence of this hiatus using pIRIR290 ages (Supplementary Fig. 5).
The underlying loess horizon was effected by erosion too (P�ecsi
et al., 1995; Sartori, 2000; Thiel et al., 2014). Whereas the corre-
sponding U2-S1 pedocomplex is well-developed with the highest c
value of 170*10�8m3kg�1 recorded in the lower member of the
profile (U2-S1S2).

While there are two weakly developed paleosols in the upper-
most 5m of the Udvar profile (U2-L1S1, U2-L1S2), in case of Paks
we come across structured fine sandy loess (L1) with thin fine sand
intercalations between the depths of 3e5m, corresponding to
layered slope erosional infillings (Dell 1 and Dell 2) (Fig. 6). These
two erosional horizons were also recorded by Thiel et al. (2014)
although at a higher position. Thiel et al. (2014) interpreted them
as representing either soil erosional horizons or depressions char-
acterized by higher accumulation rates due to enhanced erosion
from the nearby geomorphological highs. The uppermost loess
layer is divided from the next loess unit (L2) by a steppe embryonic
soil (H) at 6m.

According to our results, we may presume that the two sites
followed similar evolutionary pathways from 800 to about 400 ka,
when conditions changed. This assumption is justified on the
similar thickness of the comparable loess and intercalated
paleosols on the one hand. On the other hand, similar c values also
corroborate this statement. However, there is a marked change in
paleosol positions, deposit thickness and upward trends observable
in c values from 400 ka onwards (Fig. 6), right after the so-called
Mid-Brunhes transition (An et al., 1990; Hovan et al., 1991; Ding
et al., 2005; Sun et al., 2006; Lambert et al., 2012). Reasons
behind the change are climatic and/or tectonic (Kretzoi and
Krolopp, 1972; Markovi�c et al., 2009; Sümegi and Guly�as, 2009;
Varga, 2011; Varga et al., 2011; Buggle et al., 2013; Sümegi et al.,
2012a; b).

5.2. Interprofile correlation with the Serbian sites of Stari
Slankamen, Batajnica and Mo�sorin

In Vojvodina data from three sites (Stari Slankamen, Batajnica,
Mo�sorin) have been used to establish a pan-European pedostrati-
graphic, lithostratigraphic system for the past ca. 1 Ma (Markovi�c
et al., 2015). The proposal was based on a composite profile
created via stiching together the records of two out of the three
referred sites: Stari Slankamen and Mo�sorin (Markovi�c et al., 2015).
The new composite profile was regarded as the stratotype of the
Danubian Basin Pleistocene climatic and environmental evolution
giving the backbone of inter- and extraregional correlation with
Eurasian terrestrial other, ice-core and marine archives spanning
the last one million years (Markovi�c et al., 2015). For this purpose, a
complex chronology was derived using comparative pedostratig-
raphies, lithostratigraphies, amino-acid chronologies, absolute
luminescence chronologies complemented by visually observed
and presumed marker tephra horizons most of which were not
clearly dated. A limited amount of magnetostratigraphic mea-
surements added further tiepoints to the referred chronology
complemented by magnetic susceptibility as an ideal tool for
interprofile correlation. In addition, orbital tuning was also
attempted for refinement and reliability testing. The new com-
posite profile was correlated with the long-known records of China,
as well as other European records spanning the last 1 million years.
Climatic cycles and megacycles have also been identified and
interpreted using the synthesis profile (Markovi�c et al., 2015).
However, the accuracy of the newly proposed chronostratigraphic,
pedo- and lithostratigraphic system depends on the fidelity of the
inferred chronology limited by the precision of applied dating
techniques.

Out of the three referred Serbian sites, Stari Slankamen is the
only one where relatively detailed magnetostratigraphic work has
been done (Hambach et al., 2009; Markovi�c et al., 2011) (Fig. 7).
Nevertheless, it was confined to the bottom part of the profile
yielding two independent geomagnetic reversals within the
Brunhes chron suitable for chronological correlation. Namely, the
MBB below the V-S8 pedocomplex and the Stage 17 excursion
above the V-S6 pedocomplex (Hambach et al., 2009; Markovi�c
et al., 2011, 2012a,b; 2015). So, age-tie points related to the MBB,
Stage 17 excursion could be accepted as reference for building an
independent absolute chronology. In addition, pIRIR290 lumines-
cence ages down to V-L3 (>230 ka) corresponding to MIS 8 are
reliable and of further use. AAR relative stratigraphy yielded good
results down to MIS 8, but as was highlighted in our paper earlier
results beyond MIS 8 are not fully consistent and acceptable in our
view.

In Batajnica, found ca. 30 km north of Stari Slankamen, only the
lowermost 6m have been investigated using paleomag dating
techniques alone stating the presence of normal polarities, thus
reinforcing the age of the entire profile to be within the Brunhes
chron (Markovi�c et al., 2009, 2011; 2012a,b, 2015). No further
geomagnetic reversals were recorded hampering a more exact
position of the profile within the presently accepted system of GITS.
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Presence of tephras have been postulated for Batajnica and the
nearby site of Ruma ca. 20 kms to the west in the V-L2 horizon
representing MIS 6 (Markovi�c et al., 2008, 2009; 2012a,b, 2015).
This assumptionwas based on a small peak at a depth of ca. 13 m in
the former and ca. 10 m in the latter site (Fig. 7). Compared to
magnetic susceptibility values recorded for over- and underlying
paleosols there is no major difference, which can actually question
the existence of these hypothetical cryptotephra horizons in the
lack of geochemical and chronological data. The upper tephra in V-
L2 (Fig. 7) was hypothetically correlated with the tephra of the
Gorjanovi�c profile in Osijek, Croatia (Markovi�c et al., 2012a,b, 2015),
having a similar stratigraphic position and a minimum lumines-
cence age of 145 ka (Wacha and Frechen, 2011; Wacha et al., 2013)
which is in linewith the proposedMIS 6 age of V-L2. At the top of V-
S5, at a depth of ca. 30 m, the presence of another cryptotephrawas
postulated for the site of Batajnica (Markovi�c et al., 2012a,b, 2015).
This cryptotephra was correlated with another cryptotephra
postulated for the lowermost part of the Mo�sorin profile sitting on
top of the lowermost V-S5 paleosol (Fig. 7) again on the basis of
observed MS peaks. However, these are almost equally weak as in
case of the V-L2 tephras.

In Mo�sorin, ca. 30 km north of Stari Slankamen, apart from the
inferred and later visually corroborated upper tephra horizon in V-
L2, which was potentially correlated with the Gorjanovi�c profile
tephra havingminimum luminescene age of 142 ka (Markovi�c et al.,
2012a,b, 2015), not much gives a reliable starting point for building
an idependent chronology (Fig. 7). The lower assumed tephra
marked by an MS peak at the depth of 36m on top of V-S4 in the
Mo�sorin profile was tephrostatigraphically equated with the Bag
Tephra (Markovi�c et al., 2012a,b) recorded in several profiles in
Hungary (Basaharc, Dunaszekcs}o, M�or�agy, Paks etc. (Sümegi, 1991;
Hum and Sümegi, 2000, 2001; Horv�ath, 2001; Hum, 2002, 2005;
2007; Sümegi and Krolopp, 2005, 2006; Újv�ari et al., 2014a; Thiel
et al., 2014) having an age placed between 360 and 410 ka
(Figs. 7e8). The assumed presence of another tephra horizon on the
top part of V-S5 may be another pillar, but it's age is only tentative
in the lack of geochemical and chronological data. Markovi�c et al.
(2015), marking this as the S5 cryptotephra, presents an approxi-
mate age of ca. 500 ka though. Based on the general stratigraphic
position of V-S5 and a presumption presented in several works the
V-S5 paleosol was correlated with the S5 paleosol of Chinese LPSs
representing MIS 13e15 (Markovi�c et al., 2008, 2009, 2011, 2012a,b,
2015; Fitzsimmons et al., 2012). The referred presumption was
based on the generally well-developed nature of V-S5 similarly to
its Chinese counterpart in addition to highly similar MS patterns.
So, the age of the S5 cryptotephra is postulated on the basis of its
stratigraphic position rendering its reliability highly ambiguous.

Fig. 7 presents the results of interprofile correlation between our
study site of Udvari-2A and those of the referred Serbian sites. The
weakly developed MIS 3 paleosols U2-L1S1 and U2-L1S2 is corre-
lated with the V-L1S1, V-L1-S2 and V-L1S3 paleosol horizons of
Stari Slankamen. From 14C data bracketing the two MIS 3 paleosols
at Udvari-2A the upper one (24.8± 0.174 ka cal BP) is clearly com-
parable with pIRIR290 age of Murray et al. (2014) recorded above
the V-L1S1 paleosol (23.6± 1.4 ka) corroborating the accuracy of
our correlation. Loess (V-L2) under the V-S1 paleosol at Stari
Slankamen yielded pIRIR290 age of 170± 13 ka (Murray et al.,
2014), which is comparable with the age of our recorded Iceland
Basin geomagnetic excursion (191 ka) in U2-L2 corroborated by the
uppermost occurrence of our biostratigraphic marker gastropod.
The MIS 7 paleosol is eroded at Stari Slankamen confirmed by vi-
sual observations made on the field (Markovi�c et al., 2011). How-
ever, there is a minor discrepancy regarding the placement of the
erosional level (EL) and the nomenclature of the overlying inter-
stadial paleosol. The original description of Markovi�c et al. (2011)
puts it to the depth of 13m, which is adopted by the latest chro-
nostratigraphic work of Murray et al. (2014). In line with this
interpretation the overlying eroded paleosol is named V-L2S1. In
their most recent publication, Markovi�c et al. (2015) presents the EL
at the same depth on Fig. 4. But on Fig. 8 presenting the results of
luminescence dating and AAR relative chronology the EL is moved
upward above the originally referred V-L2S1 paleosol, which is
then altered to V-L3S1. Despite this unexplained confusion, the MIS
7 correspondence of this horizon is quite straightforward in the
light of relative AAR chronology and pIRIR290 age of the underlying
loess withminimal age estimate of >230 ka. Loess units between V-
S3 and V-S4 and below (V-L5) yielded pIRIR290 ages> 330 ka and
>350 ka, respectively. Although the signal reaches saturation
around 300 ka (Thiel et al., 2011, 2014; Murray et al., 2014) and
these can be regarded as minimal ages only, estimates are
remarkably in line with our understanding of the correlation of the
V-S3 and V-S4 units with the U2-S3 pedocomplex bracketed by the
MIS 8 and MIS 9 occurrences of the biostratigraphic marker Neo-
styriaca corynodes. (Fig. 7). The pedocomplex of U2-S3 in Udvari is
composed of an upper member with well developed B and Bw
horizons (b3B, b3Bw) separated by a zone of carbonate accumula-
tion (b3Bkn) from the lower member of a similarly well-developed
B horizon (b3B2). V-S3 is made up of an Ah and A horizon according
to the pedological description (Markovi�c et al., 2011) separated by a
thin loess horizon of 330 ka minimum age from the underlying V-
S4 paleosol having a relatively well developed B horizon. These
pedological features on their own would hint to the unification of
V-S3 and V-S4 as a single pedocomplex (V-S3) corresponding to
MIS 9. Minimum ages bracketing this pedocomplex (>230 ka and
>350 ka) and the intervening thin loess (>330 ka) are not only
getting older with the stratigraphy but are also in line with our
accepted ages for MIS 10 andMIS 8, implying that the pedocomplex
in between is in fact representing MIS 9. This remarkable corre-
spondence may also presume that conditions might have favored a
higher saturation of the pIRIR290 signal and minimum ages are in
fact acceptable. The total thickness of this new composite pedo-
complex is also comparable with that of the U2-S3 pedocomplex
corresponding to MIS 9 (Fig. 7). Beyond this unit pIRIR290 ages are
reversed and clearly yield unreliable results (Murray et al., 2014)
hampering the accurate chronological assignment of the underly-
ing paleosol marked as V-S5, having a well-developed rubified Bw
horizon and the succeeding embryonic soil (V-L6S1). The next
reliable control point at Stari Slankamen is the Stage 17 excursion
above V-S6, recorded in a similar stratigraphic position at Udvari-
2A above U2-S6, clearly assigning this paleosol to MIS 17. In addi-
tion, both have a well-developed carbonate accumulation zone
(b6Bc) below a B (b6B) or Bw horizon, respectively. The recorded
and reconsidered position of the MBB between the V-S7 and V-S8
pedocomplex, as well as the U2-S7 and U2-S8 pedocomplexes at
Udvari-2A clearly assigns this unit to MIS 19 and MIS 21 respec-
tively. V-S9 may form a part of the MIS 21 pedocomplex putting the
lowermost welded basal complex at Stari Slankamen to MIS 23 and
beyond, similarly to the top part of the corresponding U2-S9
paleosol. Turning back to the question of the remaining well-
developed V-S5 and embryonic V-L6S1 paleosols the only reliable
information that we have at Stari Slankamen is that they are
younger thanMIS 17, but definitely older thanMIS 8. On the basis of
our previously mentioned statements, the V-S5 pedocomplex is
correlated with our U2-S4 pedocomplex assigned to the longest
interglacial MIS 11. This would place the embryonic soil V-L6S1 to
MIS 13e15 also represented by weak paleosols at Udvari (U2-S5)
and sandy, clayey hydromorphic soils at Paks (Mtp1þ2, Phe).
Problems surrounding disparities regarding the assignment of V-S5
paleosols in Vojvodina and S5 paleosols in Bulgaria and Romania as
well as the referred Mtp1þ2, Phe pedocomplex to MIS 13e15 are to
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be discussed in the next section rending further support for our
correlation of the V-S5 paleosol with MIS 11.

Correlation of loess/paleosol units down to MIS 8 at Batajnica
with the two previous sites is relatively straightforward, despite the
fact that there is only a single control point of a presumed tephra in
V-L2 with an assumed age of 142 ka marking MIS 6. The paleosol
VeS2 is clearly correlated with our U2-S2 paleosol both repre-
senting MIS 7. V-S3 and V-S4 at Batajnica has similar MS values to
V-S3 and V-S4 at Stari Slankamen the latter being weaker. Due to
this similarity and what has been stated about these paleosols at
Stari Slankamen we are again proposing the unification of the two
paleosols into a single pedocomplex corresponding to MIS 9. This
assumption is further corroborated when we look at the profile for
Mo�sorin. The MS pattern of the V-S3 paleosol correlated with MIS 9
there displays a similar trend to the one mentioned about the
united paleosols of V-S3 and V-S4 at Batajnica and Stari Slankamen.
If the pronounced MS peak above the V-S4 paleosol at Mo�sorin
clearly representing a tephra truly corresponds to the Bag Tephra,
then the age of the V-L4 loess there is securely MIS 10. On the other
hand, it would ultimately mean that the S5 cryptotephra at
Batajnica should be correlated with the mentioned middle tephra
horizon above V-S4 at Mo�sorin. This seems reasonable considering
the stratigraphic position of the two tephras and the similar MS
patterns of the referred corresponding paleosols (Fig. 7). Returning
to the lowermost part of Batajnica, based on similar stratigraphic
position and MS shapes, the lowermost unnamed pedocomplex
unit can be reasonably correlated with the MIS 17 pedocomplexes
of Stari Slankamen and Udvari-2A. Using this logic and the assigned
MIS 11 age of the V-S4 paleosol at Mo�sorin the corresponding V-S5
complex in that profile should also be placed into MIS 17. So, the
intervening part should represent MIS 13e15 in both profiles. It's
interesting to note that the shape of the MS curve between V-S5
and the lowermost unit between the depths of 37e40 m is very
similar to the one at Paks, where theminor wiggles could have been
assigned to sandy and clayey hydromorphic paleosols (Mtp1þ2,
Phe) corresponding to MIS 13e15. In addition, this whole pedo-
complex below V-S5 at Batajnica displays increasing hydromorphic
characteristics similarly to our MIS 13e15 paleosols at Paks and
Udvari-2A.

6. Discussion

6.1. A revised correlation scheme for DBPLs from MIS 1 to MIS 31

From the regional profiles of the Middle Danube Basin only the
Hungarian site Udvari 2A has relatively high-resolution indepen-
dent absolute chronology for the past ca.1100 ka, which is primarily
based on multiple recorded paleomagnetic excursions within the
Brunhes and Matuyama chrons, 14C dates, all underpinned by in-
dependent biostratigraphic control and tephrochronology.

In the other referred Hungarian, Serbian, Romanian, Bulgarian
profiles the only control point within the Brunhes chron was the
position of theMBB in general (P�ecsi and Pevzner,1974; P�ecsi, 1995;
P�ecsi et al., 1995; Jordanova and Petersen, 1999; Sartori, 2000;
Panaiotu et al., 2001; Jordanova et al., 2007, 2008; Markovi�c et al.,
2011, 2012a,b; 2015; Fitzsimmons et al., 2012; R�adan, 2012). The
MBB in Hungary was only recorded at Paks, Dunaszekcs}o (M�arton,
1979; P�ecsi and Pevzner, 1974) and some borehole profiles in SE
Transdanubia (Marsi et al., 2004) in addition to Udvari-2A (M�arton,
1998). From the numerous Vojvodinian profiles mentioned, the
MBB was recorded at Stari Slankamen alone (Hambach et al., 2009;
Markovi�c et al., 2011, 2012a,b; 2015). Besides the MBB, the stage 17
excursionwas also recorded here, just like in the borehole sequence
of Udvari-2A (Hambach et al., 2009; Markovi�c et al., 2011, 2012a,b;
2015). pIRIR290 luminescence dating could confirm the absolute
age of loess/paleosol units down to ca 300 ka (MIS 9) only at two
sites: Paks and Stari Slankamen (Murray et al., 2014; Thiel et al.,
2014; Markovi�c et al., 2015). Correlation of loess/paleosol units
between MIS 10 and MIS17 was thus rather tentative both in these
two referred sites and additional ones fromVojvodina, Bulgaria and
Romania. Consequently, the record of Udvari-2A is suitable to revise
established chronostratigraphies of the Middle and Lower Danube
Basin LPSs.

Fig. 8 presents a new interprofile correlation of DBLPSs based on
the chronology of the LPS of Udvari-2A discussed in this work.
Correlations between S1 and S2 paleosols corresponding to MIS 5
and MIS 7 presented in the scheme of Markovi�c et al. (2015) was
accepted. S3 and S4 paleosols were originally assigned to MIS 9 and
MIS 11 at Stari Slankamen, Batajnica and in the composite profile
for Vojvodina as well (Markovi�c et al., 2015). Based on our record
for MIS 9 (U2-S3) S3 and S4 at these sites were merged into a single
pedocomplex. It's interesting to note that the new S3 pedocomplex
is a double one in all Serbian sites except Mo�sorin. In Udvar-2A the
U2-S3 unit is likewise composed of two subunits (U2-S3S1 and
U2S3S2). The other Hungarian site of Paks is an outlier similarly to
Mo�sorin. In addition, the lower member of the new S3 pedocom-
plex (formerly designated as S4) is generally characterized by lower
magnetic susceptibility values compared to the upper one. This
observation is valid for all Serbian, Romanian and Bulgarian sites
except Viatovo, where values of the two peaks are almost identical
(Supplementary Fig. 6). It may be worth nothing that in the first
publication on the LPS of Ruma (Markovi�c et al., 2006), only three
paleosols are recorded, which were accurately correlated with MIS
9. However, in later publications the lower peak is designated as V-
S4 without any detailed explanation for the reason of the change
and is recorrelatedwithMIS 11 (Markovi�c et al., 2009, 20112012a,b,
2015). As new coeval Vojvodina sites were introduced in the
referred new publications, there is every reason to believe that the
initial pedostratigraphy for Ruma was altered in light of the simi-
larities of magnetic susceptibility curves for V-S3 and V-S4 paleo-
sols at Batajnica and Stari Slankamen. S3 and S4 was also merged
for the Bulgarian sites of Koriten and Viatovo as well as the
Romanian site Zimnicea giving S3 assigned to MIS 3. In case of
Mostistea and Mircea Voda in Romania the formerly determined S3
horizons were accepted to correspond to MIS 9 (Fig. 8).

Merging of S3 and S4 paleosols into a new S3 at the referred sites
depicted on Fig. 8 had a serious consequence on the formerly
proposed age and chronostratigraphic importance of the pedo-
complex originally designated as V-S5 or S5 in Serbia, Romania and
Bulgaria. The position of S5 was determined on a pure pedostrati-
graphic basis for all Vojvodinian, Romanian and Bulgarian sites in
the lack of reliable chronological data. Former studies correlated
the pedocomplexes PK7þ8 in the Czecz Republik, Phe and Mtp1þ2
in Hungary, V-S5 in Serbia and S5 in Romania and Bulgaria with the
S5 (MIS 13e15) pedocomplex of the Chinese loess plateau
(Markovi�c et al., 2009, 2011; 2012a,b, 2015; Fitzsimmons et al.,
2012). It was based on an assumed presence of a uniform strati-
graphic marker horizon of MIS 13e15 linking Chinese and Euro-
pean stratigraphies. The proposal of this horizon is rooted in the
assumption, that if MIS 13e15 deposits represented by the S5 soil in
Chinene LPSs are well-developed (Porter, 2001, 2007; Nutgeren
et al., 2004; Hao and Guo, 2005; Yin and Guo, 2006, 2008; Yin
et al., 2008; Guo et al., 2009a; b; Sun et al., 2009; Hao et al.,
2012; Yin and Berger, 2012), then there must be an interglacial in
Europe as well, whose deposits' characteristics are comparable
with those of the S5 soil in China (Bronger and Heinkele, 1989;
Bronger et al., 1998; Vandenberghe, 2000; Bronger, 2003). This
assumption was further reinforced by the general presence of a
well-developed, clay-rich paleosol considered to represent S5 in
DBLPSs. The best was given by the Polish deposits corresponding to
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the so-called Ferdynandovian interglacial. According to
Vandenberghe (2000), the Ferdynandovian interglacial represents
a long complex warm period, which is separated by a glacial from
the succeeding Holsteinian interglacial (base of S4 in China; i.e. MIS
11) based on litho-pedostratigraphical observations in Poland. The
Ferdynandovian interglacial was taken to be coeval with the Cro-
merian IV in Northwestern European stratigraphy (Vandenberghe,
2000). Cromerian IV deposits in the Netherlands contain augite
remains, which were equated with the Riedener Phase of Eifel
volcanism in NWGermany (Zagwijn, 1985) dated between 350 and
450 ka (Van den Boogaard and Schminke, 1990; Boenigk and
Frechen, 1998). As Holsteinian deposits are overlying the Cro-
merian IV ones, Zagwijn (1996) equated Cromerian IV corre-
sponding to the Ferdynandovian interglacial with MIS 11 not MIS
13, and the Holsteinian with MIS 9. Cromerian IV deposits at the
Eifel site of K€arlich are overlain by loess developed under perma-
frost conditions bearing Riedener Phase tephra dated between 350
and 450 ka. Based on the most recent LR04 benthic stack of Lisiecki
and Raymo (2005), the loess over the Cromerian IV deposits at this
German site should correspond then to MIS 10. Vandenberghe
(2000) notes that pre-Cromerian IV deposits are augite-bearing
too (Razi Rad, 1976), implying that tephra accumulation must
have started earlier than 450 ka; i. e during MIS 12. So, he equates
the cold loess deposits at K€arlich with MIS 12. This concept cor-
roborates him in his previous assumption that the Cromerian IV
and the corresponding Ferdynandovian interglacial should in fact
be correlated with MIS 13 and S5 in China (Vandenberghe, 2000).
According to our view, field observations made at K€arlich can not
exclude the possibility of two different tephra accumulation events
connected to the Riedener Phase volcanism dated between 350 and
450 ka. Evidence of similar multiphase accumulations of the Bag
Tephra equated with MIS 10 was noted in some SE Transdanubian
sites in Hungary (Hum and Sümegi, 2000, 2001; Hum, 2002, 2005,
2007). Based on the stratigraphical position of the referred tephra
layers and the available range of absolute age wemay presume that
the Cromerian IV deposits at K€arlich are clearly bracketed by
Fig. 9. New ideal stratigraphic column for the past 1.1 My for SW Transdanub
tephras of MIS 10 and MIS 12 age confirming the conclusion of
Zagwijn (1996). Based on this, the stratigraphic marker horizon of
MIS 13e15 of Vandenberghe (2000) for NW Europe can be refuted.
So, the S5 pedocomplexes at Vojvodinian, Romanian and Bulgarian
sites should be reassigned to MIS 11. Reassignment to one of the
best developed and longest interglacials of the past 800 ka; MIS 11
better explains the generally observed higher degree of pedogen-
esis in case of these pedocomplexes.

Conversely, the age of S5 pedocomplexes at the Hungarian sites
of Udvari-2 A and Paks is verified by bracketing ages of pedocom-
plexes representing MIS 11 and MIS 16. However, in contrast to
other DBLPSs, these are weakly developed and affected by hydro-
morphic features in their lower parts. The weak development of
MIS 13e15 pedocomplexes observed in the referred Hungarian
sites is more in line with low magnitude climate cycles character-
istic of the Early Middle Pleistocene before the Mid-Brunhes tran-
sition. The best expression of these low-magnitude climate cycles is
in MIS 13, which is routinely the coolest interglacial of the past 800,
000 years in various long palaeoenvironmental records from
around the world (Lang and Wolff, 2011; Candy and McClymont,
2013). MIS 13 is characterized by lower greenhouse gas (CO2,
CH4) concentrations (Loulergue et al., 2008; Lüthi et al., 2008; Yin
and Berger, 2012), cool Antarctic temperatures (Jouzel et al.,
2007) and high benthic d18O values (Lisiecki and Raymo, 2005;
Raymo et al., 2006) related to higher global ice-volume and/or
colder deep ocean temperatures. Insolation values however were
not abnormal compared to other interglacials (Lang and Wolff,
2011). In Chinese LPSs a strong MIS 13e15 interglacial is hall-
marked by a well-developed S5 pedocomplex (Porter, 2001, 2007;
Bronger, 2003; Nutgeren et al., 2004; Hao and Guo, 2005; Yin and
Guo, 2006, 2008; Yin et al., 2008; Guo et al., 2002, 2009a; b; Sun
et al., 2009; Hao et al., 2012; Yin and Berger, 2012), because of an
enhanced East-Asian Summer Monsoon (EASM) bringing more
precipitation. MIS-13 though has a larger eccentricity and its NH
summer occurred at perihelion, which leads to a higher summer
insolation in the Northern Hemisphere. This leads to the presence
ia, Hungary compared to the Chinese loess/paleosol sequence of Xifeng.
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of Eurasian ice sheet controlled climates of both the northern
Atlantic and China too (Yin et al., 2008; Lang and Wolff, 2011;
Candy andMcClymont, 2013). The climatic setting of Europe during
MIS 13 characterized by weaker latitudinal temperature gradients
across NW and SW Europe was significantly different from that
seen in later interglacials. Longitudinal climate gradients on the
other hand were much stronger (Candy et al., 2010, 2015; Candy
and McClymont, 2013). This paleoclimatic disparity needs to be
carefully considered when discussing climatic conditions, season-
ality and soil development for the DBLPSs in context of those
recorded for Central and SE Asia. As S6 in Vojvodina and U2-S6 in
Hungary can be securely correlated with MIS 17 based on inde-
pendent magnetostratigraphic data (S17 excursion), coeval S6 ho-
rizons in Romania (Zimnicea) and Bulgaria (Koriten, Viatovo) must
equally represent this stage (Fig. 8) This is further corroborated by
the presence of the MBB in all referred sites of Viatovo, Koriten and
Zimnicea as a control point. Horizons located between the VS5 and
V-S6 units in Stari Slankamen and Batajnica, which were assigned
to MIS 11 and MIS 17 per our new results, are characterized by low
MS values (Supplementary Fig. 6) comparable to those recorded for
the U2-S5 pedocomplex at Udvari-2A and the S5 pedocomplex of
Paks (Hs1, Mtp 1 þ 2, Phe 2) assigned to MIS 13e15. In Batajnica
increasing hydromorphic influence is noted downwards from the
top of the originally established V-S5 pedocomplex with higher
intensities below the referred paleosol (Fig. 7). Similar observations
were made in the lower part of the U2-S5 pedocomplex of Udvari-
2A and S5 pedocomplex of Paks (Hs1, Mtp 1 þ 2, Phe 2) implying
the emergence of comparable climatic and environmental condi-
tions during the formation of these pedocomplexes.

6.2. Correlation of an ideal stratigraphic column for SW
Transdanubia, Hungary with the LPS of Xifeng, China

As seen in the previous sections so far the Hungarian LPS of
borehole Udvari-2A seems to be the best resolved, thickest Qua-
ternary sequence in the Carpathian Basin with reliable absolute
chronology. This called for the construction of an ideal stratigraphic
column for the area of SW Transdanubia, whichmay serve as a basis
of future regional and extraregional correlations dating back 1.1 Ma
(Fig. 9). In this ideal profile all paleosols from S1 to S13 correspond
to S1-S13 paleosols of the Xifeng profile in the Chinese loess
plateau. Within the Matuyama chron the S11 and S12 paleosols
were correlated with MIS 29-MIS31 supported by the position of
the Jaramillo subchron as well. S10 just above the Jaramillo suchron
thus must represent MIS 27. In light of this information the
lowermost pedocomplex of S13 should be correlated with MIS 33.
S9 is characterized by a double MS peak in both profiles. The upper
peak is bracketed by the Kamikatsura excursion, which automati-
cally assigns this part to MIS 23. The lower part of S9 thus might
correspond toMIS 25.Within the Brunhes chron S1 was assigned to
MIS5, S2 toMIS 7, S3 toMIS 9. It's interesting to note three peaks on
the MS curves of both profiles implying the presence of all stadials
and interstadials within this interglacial recorded in the marine
isotope curve too fromMIS 9a to 9e. S4 was correlated with MIS 11,
while S5 with MIS 13e15. In our profile the S5 pedocomplex is
composed of 4 weakly developed soils, which could correspond to
the substages of MIS13 and MIS 15. S6 represent the MIS 17 inter-
glacial, while S7 and S8 are correlated with MIS 19 and MIS 21.
Finally, it might be worth noting that wile there is an upward in-
crease in MS values of the Chinese profile, an opposite trend is seen
for the Hungarian one from MIS 31. In Xifeng the MS values are in
the same ranges around 100*10�8m3kg�1 up to about the bottom
part of S5 corresponding to MIS 15. In the Hungarian profile the S12
and S11 paleosols have similar MS values to the same paleosols in
China. In the Hungarian profile the S10 and S9 pedocomplexes are
characterized by the highest MS values of the entire profile, which
is ca. double of that of the underlying paleosols and the corre-
sponding Chinese paleosols. Yet the general trend up to the
Brunhes-Matuyama boundary appears to be the same. From the
MBB there is a general gradual upward decrease in MS values in
Hungary with major fluctuations plus the exception of the MIS 5
pedocomplex. In China this period is characterized by an upward
increase in MS values. Elucidating the reasons for these differences
and making inferences regarding paleoenvironmental evolution of
the sites is the subject of further studies.

7. Concluding remarks

The presence of geomagnetic control points at and near theMBB
confirms the fidelity of the proposed pan-European stratigraphic
correlation scheme presented in Markovi�c et al. (2015) for the in-
terval betweenMIS 17e21. Conversely, the refusal of the MIS 13e15
stratigraphic marker horizon and the merging of paleosols S3 and
S4 is a major blow on the chrono- and pedostratigraphy presented
for MIS 9-MIS 17 in this scheme. There is an important moral of the
story presented. It’ high time we abandon our strict reliance on
pedostratigraphy and lithostratigraphy in correlation and the
method of simplewiggle matchingwithout reliable, multiple cross-
validated independent chronostratigraphic data. An almost perfect
match of these features is a nuisance, clearly incompatible with our
understanding the functioning of our Earth System. Instead, it leads
to grandiouse a priori assumptions, which significantly bias our
workflow, and interpretations yielding unreliable results and con-
clusions. A good example was how the ultimate belief in the exis-
tence of a stratigraphic marker horizon (MIS 13e15), which was
based on the mentioned similarities in pedology and lithology
without age control, plus its strong bias by features observed at
internationally highly acknowledged sites (well-developed S5
paleosols in Chinese loess/paleosol sequence) astray objective
evaluations and further conclusions made on nature and temporal
aspects of climatic cycles and supercycles.
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