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The Surduk loess section in Serbia provides a 20m thick pedosedimentary record of the last interglacial–glacial
climatic cycle (Upper Pleistocene). Based on optical dating, a chronostratigraphy could be established for the last
climatic cycle, yielding the first numerical ages of a loess record from the middle Danube basin. Infrared-stimulated
luminescence (IR-OSL) dating has been applied to the polymineral silt fraction using a multiple aliquot additive-
dose protocol to determine the equivalent dose (DE). Within error limits, all age estimates are in stratigraphic
order. Owing to the application of shine-plateau tests, the samples showed no evidence of insufficient bleaching.
The Surduk loess section comprises three major periods of soil formation. Based on the IR-OSL chronostrati-
graphy, the lowermost pedocomplex is attributed to the Last Interglacial and to the Early Glacial (Marine Isotope
Stage – MIS 5e to 5a). The middle part of the section exhibits a succession of weakly developed brown soils and a
humic horizon, named ‘Surduk soil’, formed duringMIS 3. On top of the section, recent soil formation is related to
the Holocene. Thick loess deposits are preserved between these palaeosols and are attributed to the Lower and
Upper Pleniglacials (MIS 4 and 2), respectively. Estimated mean sedimentation rates are 0.1–0.2mm/yr for the last
glacial cycle, with a strong increase to 0.6mm/yr with onset of the Pleniglacial.
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Loess–paleosol sequences represent one of the best ter-
restrial archives of past environmental and climatic
conditions (e.g. Kukla 1977; Rousseau 1987; Hatté
et al. 1998; Antoine et al. 2001; Rousseau et al. 2001;
Haesaerts et al. 2003; Zöller et al. 2004). For southeast
Europe, the loess deposits of the middle Danube basin
are of great importance for reconstructing continental
palaeoclimate (Marković-Marjanović 1969). In this
context, numerous loess sections from the Vojvodina
region in Serbia were recently investigated (e.g. Bronger
et al. 1987; Bronger 2003; Marković et al. 2004, 2005,
2006, 2007), providing important information of Mid-
dle and Upper Pleistocene environmental change.
However, for all the loess sections of this region, reliable
numerical age estimates are still lacking (Frechen et al.
2003), hampering the possibility of adequate interpreta-
tion of the palaeoenvironmental archives. Furthermore,
for the reconstruction of past climate conditions, various
palaeoclimate records need to be correlated, which
requires numerical age determinations.

To understand continental sedimentation processes,
a chronology is fundamental. Luminescence dating
techniques, which enable direct dating of the sediments

and their last exposure to daylight (Aitken 1985), is the
obvious technique and is widely used to establish nu-
merical chronologies of loess deposits (e.g. Zöller et al.
1988; Frechen et al. 2003; Lang et al. 2003).

Recent research has focused on the impact of rapid
climatic events and climate variability on European
loess environments during the Last Glacial (e.g.
Vandenberghe et al. 1998; Hatté et al. 1998; Antoine
et al. 2001, 2003; Rousseau et al. 1998, 2001, 2002). As
the Surduk section shows one of the best developed
loess records of the last climatic cycle in the area, it is
well suited for determination of the impact of rapid
climatic changes using a multiproxy approach like
stratigraphy, sedimentology, mollusc assemblages,
geochemistry and IR-OSL dating techniques (Antoine
et al. 2001, 2003; Rousseau et al. 2002).

In this study, we present for the first time a reli-
able chronostratigraphy from a loess section of the
Vojvodina region in Serbia. The first TL dating
results from the area were supplied by Singhvi et al.
(1989), but they lacked a complete chronology of
the last glacial cycle and, despite the keen approach to
date loess older than the last glacial cycle, were still
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subject to age underestimation beyond c. 50 kyr
(cf. Zöller et al. 1994). Infrared-stimulated lumines-
cence (IR-OSL) dating techniques (Hütt et al. 1988)
using polymineral silt were therefore applied in this
study to establish a chronology for the last interglacial–
glacial cycle.

Materials and methods

The Surduk loess section is situated on the right bank of
the Danube river (45140N; 201200E, 111m a.s.l.) in the
southeastern Carpathian Basin, c. 30 km northwest of
Belgrade, Serbia (Fig. 1).
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Fig. 1. Location of the Surduk loess section. A. Map showing the study area in Europe. B. Location of the Surduk sequence in the Vojvodina
region in Serbia (from Markovic et al. 2004, modified).
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Stratigraphy

Evidence of 14 sedimentary and pedological units could
be identified within the 20m thick loess profile (Fig. 2).
The lower part of the section is characterized by a 2.3m
thick humic and clayey soil complex (units 13 and 12).
The main part of this complex (unit 13) is composed of
two superimposed Bth horizons of leached chernozem
soils (Luvic Chernozem, FAO, 2006. Clay 26–33%; to-
tal organic content 0.4–0.6%) developed on the under-
lying calcareous loess (unit 14). The upper dark brown
Ah humic horizon (unit 12) indicates a first step to more
arid and cooler conditions. According to the pedologi-
cal characteristics of this soil succession, and compar-
ison with close loess sections studied in this region,
which yielded amino acid geochronologies and correla-
tions with other European loess series (Markovic et al.
2004, 2005, 2006), these soils are allocated to the Last
Interglacial and Upper Pleistocene Early Glacial.

The onset of pure loess sedimentation is represented
by 0.3m of grey loess (unit 11), followed by deposition of
a 2.8m thick sandy loess with intercalated sandy layers
(unit 10), which is allocated to the Lower Pleniglacial.
This first pronounced period of aeolian sedimentation
ends with the development of a new soil and sandy loess
complex of 4.9m thickness (units 9 to 4). This complex is
composed of a succession of weak grey-brown Cambic
horizons (units 9 and 7) separated by sandy loess units
(units 5 and 8) and terminated by the formation of a
0.3m thick humic horizon, named ‘Surduk soil’ (unit 4).
This alternation of interstadial and stadial conditions
represented by the alteration of loess and weakly devel-
oped soils has been observed and described in the north-
western EuropeanMiddle Pleniglacial (e.g. Antoine et al.
2001), central and eastern European sequences
(e.g. Kukla 1977; Veklitch 1979; Rousseau et al. 2001).

The upper 8m of the profile is represented by typical
loess deposits (Upper Pleniglacial), beginning with 2m
of brownish loess, which indicates intense biological
activity. The section is topped by a reworked Cherno-
zem horizon which is strongly altered by human activ-
ities, thus attributed to the Holocene.

The 20m thick loess section is composed of three
main periods of loess deposition (units 14, 10 and 2/3)
separated by soil complexes. This pattern has been de-
scribed in central (Stillfried B or PKII complexes;
Kukla 1977) and eastern European (Vytachiv complex;
Veklitch 1979, Rousseau et al. 2001) loess sequences.
Within the Upper Pleistocene loess, the lower unit (10)
is characterized by a distinct sand content and includes
thin aeolian sand beds originating from the Danube
alluvial plain. The upper loess units (2 and 3) are
composed of typical homogeneous silty loess.

Low field magnetic susceptibility (MS)

The magnetic susceptibility was measured using a por-
table Bartington MF susceptibility meter. After care-

fully cleaning the section, the susceptibility was
measured every 10 cm in the loess units and every 5 cm
in the palaeosols (Fig. 2). An average value was calcu-
lated out of 10 readings per depth.

IR-OSL dating

Ten samples were taken for IR-OSL dating using cup-
per cylinders (! 4 cm) hammered into the cleaned loess
section to avoid any contamination of the samples with
light-exposed material. Sample preparation was per-
formed under subdued red light (640! 20 nm) using
standard methods described by Lang et al. (1996). The
polymineral fine-grain fraction (4–11 mm) was used for
luminescence measurements.

To determine the equivalent dose (DE), the multiple
aliquot additive dose protocol was applied and data
analysis was done with the Analyst software (Version
3.07b). In order to construct saturating exponential
growth curves, 10 natural aliquots and 6 groups of ar-
tificially irradiated aliquots (5 each) were used. Artifi-
cial irradiation was performed with a 90S/90Y b-source
(9.9Gy/min). During IR stimulation (880 nm! 80 nm),
decay curves were measured for 60 s at room tempera-
ture after a preheat at 2201C for 300 s and using a
detection filter combination of BG39, 2"BG3 and
GG400 (390–450 nm). After irradiation and before
measurement, the samples were stored at room tem-
perature for at least one month. Finally, the DE was
calculated from the 0–40 s signal integral after sub-
tracting the ‘late light’ signal of the 50–60 s integral
(Aitken & Xie 1992). All samples were checked for
anomalous fading, using an additional set of natural
and maximum dosed aliquots, with 10 aliquots for each
sample. Irradiation and preheating of the fading-test
aliquots were carried out contemporaneously to the
irradiation and preheating of the aliquots for DE

determination, but were stored for a minimum of three
months before measurements. Comparison of the ratios
between the natural and the artificial irradiated
intensities for the first and second measurements is
used for the fading test. To determine the a-efficiency
(a-value), three groups of artificially a-irradiated
aliquots (three each) were used to construct the growth
curve (241Am a-source, 8.8Gy/min). Dose rates ( _D)
were obtained using low-level g-spectrometry and con-
version factors given by Adamiec & Aitken (1998).

Results and discussion

The magnetic susceptibility (MS) shows values varying
between 10.1" 10# 8m3 kg# 1 in the loess units
and 90.7" 10# 8m3 kg# 1 in the soil complex at the
base of the sequence (Fig. 2). The penultimate loess
unit 14 shows low values of c. 11" 10# 8m3 kg# 1,
which increase regularly toward the top of subunit
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Surduk Soil

Fig. 2. Stratigraphy and low field magnetic susceptibility record of the Surduk loess section. Pedosedimentary units and sample locations for
IR-OSL dating with their laboratory numbers and IR-OSL age estimates in kiloyears (kyr) are indicated. Unit description: 1=Reworked
Chernozem/top soil; 1/2=Bioturbated horizon between top soil and underlying loess; 2 and 3=Calcareous loess; 4=Grey brown humic soil
‘Surduk Soil’; 5 and 8=Sandy loess with granular structure; 6=Greyish weak humic horizon; 7 and 9=Light brown sandy to clayey sandy
silts (weakly developed Bw horizons); 10a=Sandy loess with numerous sand layers; 10b=Laminated sandy loess; 11=Homogeneous light
grey loess; 12=Brown grey humic silt (Ah horizon/Chernozem soil); 13=Dark brown clayey silt with aggregates and numerous biotubules
(horizon of Chernozem); 13a/b=Greyish transitional horizon; 14=Homogeneous calcareous loess.
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13b indicating the highest values. Subunits 13a/b and 13a
show a decrease in the MS values in three different steps,
at about 84.5" 10# 8m3kg# 1, 76.6" 10# 8m3kg# 1

and 60" 10# 8m3 kg# 1. Unit 12 corresponds to
another step in the decreasing trend of MS values
(c. 35.9" 10# 8m3 kg# 1), unit 11 corresponds to the
last step (18.8" 10# 8m3 kg# 1) toward the minimum
‘glacial’ values. MS in the first Upper Pleistocene loess
(units 10 to 5) is low, especially in the basal sandy unit
(minimum of 14.4" 10# 8m3 kg# 1). The Surduk soil
(c. 22.9" 10# 8m3 kg# 1) shows much lower values than
in the basal pedocomplex or in the top soil. The upper
loess, units 3 to 2, yield the lowest values
(c. 10.1" 10# 8m3 kg# 1) with an increasing trend
on top of the series due to Holocene sediment con-
tamination. The Holocene soil indicates an increasing
trend from c. 28.5" 10# 8m3 kg# 1 at the base to
c. 62.5" 10# 8m3 kg# 1 in the uppermost layer, the
latter value remaining lower than in the basal soil
complex owing to the modern erosion and reworking of
the upper part of this soil.

Compared with the sediment succession, the MS
record of Surduk shows a clear correlation between
highest MS values and the main humic and clayey soil
horizons as in units 12, 13 and 14 (‘Surduk Soil’). This
observation infers that the enrichment in magnetic
minerals responsible for high MS values is linked to
pedological processes, as proposed by several authors
from Chinese loess sequences (Heller & Evans 1995;
Sun & Huang 2006). This pedological enrichment
in magnetic minerals (magnetite and maghemite) has
been attributed to bacterial activity (magnetotactic
bacteria) within soil horizons (Maher & Taylor 1988)
and can be used as a proxy of palaeoprecipitation
(Maher et al. 2003).

Apart from the record of the last interglacial and
early glacial interval, the MS record shows similarities
with measurements performed in both Dolni Vestonice,
in the Czech Republic, and Vyazivok in Ukraine
(Rousseau et al. 2001). In all sequences the two main

aeolian deposits show very low values and bracket
slightly higher measures corresponding to the inter-
mediary soil complexes.

IR-OSL dating results including analytical data from
_D and DE determination are listed in Table 1. None
of the samples showed significant radioactive dis-
equilibrium and no anomalous fading was detected
after three months of storage, with general fading ratios
between 0.9 and 1.1! 0.1, except for two samples
(BT144, BT 149) with a fading ratio of 0.8! 0.2. The
IR-OSL measurements were characterized by very good
reproducibility. Shine-plateau tests applied to all samples
resulted in constant DE values for increasing integrals,
which is an indication for sufficient bleaching. Examples
from the IR-OSL measurements are given in Fig. 3.

IR-OSL ages are plotted in Fig. 3 with their strati-
graphic information and according to sampling depth.
The calculated ages represent an age range from
15.8! 1.8 kyr in the upper part of the section to
120.7! 13.7 kyr at its bottom. Within error limits, all
age estimates are in stratigraphic order.

Sample BT 149 was taken from the calcareous loess
of unit 14 below the main soil complex of units 12 and
13; providing an age of 120.7! 13.7 kyr, this is in
agreement with an expected penultimate climatic cycle
age. The ages obtained below and above the basal hu-
mic soil complex (unit 12/13) confirm its interpretation
as the pedosedimentary budget of the Last Interglacial
and of the first interstadials of the Upper Pleistocene
(MIS 5e to 5a).

The lower Upper Pleistocene sandy loess sample BT
147 in the middle of unit 10 yields an age of 66.0!
7.4 kyr, but sedimentation of this lower sandy loess
starts at 82.6! 9.6 kyr (BT 148) with unit 11 directly
overlying the upper unit of the basal soil complex.

From the underlying sandy loess and interstadial soil
complex (units 9 to 4) four IR-OSL ages were calcu-
lated. Two samples with ages of 53.1! 5.9 kyr (BT 146)
in the lowermost incipient soil (unit 9) and 53.4!
6.0 kyr (BT 145) in the sandy loess of unit 8 followed by

Table 1. IR-OSL dating results.

Sample Depth (m) D a-value U (mm/g) Th (mm/g) K (%) _D (Gy/kyr) DE (Gy) IR-OSL
age (kyr)

BT 140 2.60 1.15! 0.1 0.05 3.05! 0.09 9.77! 0.46 1.41! 0.03 3.20! 0.32 50.41! 2.38 15.8! 1.8
BT 141 4.90 1.15! 0.1 0.10 3.36! 0.10 10.83! 0.49 1.44! 0.03 3.95! 0.42 77.80! 3.69 19.7! 2.3
BT 142 8.00 1.15! 0.1 0.08 3.52! 0.10 11.79! 0.52 1.57! 0.03 4.00! 0.42 145.19! 6.22 36.3! 4.1
BT 143 8.40 1.15! 0.1 0.05 3.49! 0.09 12.50! 0.52 1.58! 0.03 3.70! 0.38 117.49! 6.11 31.8! 3.7
BT 144 9.80 1.15! 0.1 0.07 3.67! 0.11 12.34! 0.55 1.61! 0.04 4.06! 0.43 161.56! 9.12 39.8! 4.8
BT 145 11.60 1.15! 0.1 0.06 3.19! 0.07 11.09! 0.40 1.57! 0.03 3.57! 0.37 190.60! 8.14 53.4! 6.0
BT 146 12.70 1.15! 0.1 0.06 3.12! 0.10 11.13! 0.53 1.58! 0.04 3.56! 0.37 188.80! 7.69 53.1! 5.9
BT 147 14.20 1.15! 0.1 0.06 3.38! 0.09 11.59! 0.49 1.67! 0.03 3.76! 0.39 247.90! 10.61 66.0! 7.4
BT 148 15.80 1.15! 0.1 0.06 3.53! 0.10 12.25! 0.54 1.70! 0.03 3.89! 0.41 321.46! 16.14 82.6! 9.6
BT 149 19.40 1.15! 0.1 0.06 2.99! 0.11 10.49! 0.56 1.38! 0.04 3.25! 0.34 391.90! 16.39 120.7! 13.7

Note: D=Water content given as the ratio of wet sample weight to dry sample weight; a-value=a-efficiency factor; U-, Th- and K-con-

centrations based on low-level g-spectrometry (in none of the samples was significant radioactive disequilibrium present); U-concentrations

calculated from 214Bi and 214Pb activities; _D=effective dose rate; DE=equivalent dose.
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the uppermost sample (BT 144) from the weak brown
soil of unit 7, which yields an age of 39.8! 4.8 kyr. The
sediment from the humic ‘Surduk soil’ (unit 4) yields an
age of 31.8! 3.7 kyr (BT 143). The entire loess and in-
terstadial soil complex is therefore allocated to the
Middle Pleniglacial (MIS 3).

The top 8.2m of the section, defined as units 2 and 3,
represents thick accumulations of loess. From these

units, three IR-OSL ages could be determined. Sample
BT 142 taken at the beginning of loess unit 3 indicates
an age of 36.3! 4.1 kyr. At 3.9m depth, sample BT 141
with an age of 19.7! 2.3 kyr represents the onset of
pronounced loess accumulation during the Last Glacial
Maximum. Sample BT 140 from 2.6m depth yields an
age of 15.8! 1.8 kyr, representing the end of the last
Pleniglacial or onset of the Lateglacial.

Mean sedimentation rates can be estimated based on
the calculated IR-OSL ages. Sedimentation rates of
c. 0.1–0.2mm/yr are characteristic of the basal humic
soil complex up to onset of the Upper Pleniglacial
around 20 kyr. This estimation of the sedimentation
rate is based on seven calculations between the follow-
ing IR-OSL ages: BT 149 to BT 148 (0.1! 0.04mm/yr),
BT 148 to BT 147 (0.1! 0.07mm/yr), BT 147 to BT 146
(0.12! 0.08mm/yr), BT 145 to BT 144 (0.13! 0.07
mm/yr), BT 144 to BT 143 (0.18! 0.12mm/yr) and BT
142 to BT 141 (0.19! 0.05mm/yr). No sedimentation
rates could be calculated for mean age reversals between
BT 146 to BT 145 and BT 143 to BT 142. It should be
noted that these mean age reversals might represent high
pulses of sedimentation. For the following period,
especially for the youngest part of the Upper Plenigla-
cial, loess accumulation increases sharply to values of
c. 0.6mm/yr. This estimation is based on two values
calculated for the time range between BT 142 and BT
141 (0.58! 0.4mm/yr), and between BT 141 and the top
of the profile (0.61! 0.02 mm/yr), with the top of the
profile representing the end of loess accumulation at the
Pleistocene/Holocene transition c. 11.5 kyr ago.

The sedimentation rates of 0.1–0.2mm/yr for the
lower section and 0.6mm/yr for the upper section,
which are based on individual calculations between
samples, are confirmed by the slope of the correlation
line from the data set of the lower and upper section.
However, the given sedimentation rates are only mean
values and can differ to much higher or lower values.
The latter is true, for example, for periods of soil
formation where sedimentation rates were assumed to
be strongly reduced.

The highest sedimentation rates are obtained for the
Upper Pleniglacial, a result similar to the general pat-
tern described for all European series (Frechen et al.
2003; Haesaerts et al. 2003), and corresponding to the
interval during which Greenland’s atmosphere was the
dustiest (GRIP Members 1993; Johnsen et al. 2001).
This is also the interval during which high dilated
aeolian material was deposited in the Rhine Valley,
characterizing the occurrence of strong winds prevail-
ing at both 451 and 501N (Renssen & Bogaart 2003;
Renssen & Vandenberghe 2003).

The chronostratigraphical framework defined in
Surduk infers that the main change in the sedimentol-
ogy, with the pedocomplex at the base and the aeolian
sediments above, may correspond to the MIS 5/4
boundary at c. 75 kyr (Kukla & Briskin 1983;

Fig. 3. IR-OSL measurement results of sample BT 141. A. Shine-
down curves for the natural and artificial irradiated subsamples. Each
curve represents the mean of 5–10 measurements. Additive doses are
indicated. B. Saturating exponential growth curve with an estimated
DE of 77.8! 1.99Gy. ForDE calculation, the integral from 0–40 s was
used after subtracting the ‘late light’ signal from 50–60 s. C. DE shine-
plateau test for increasing integrals with a meanDE represented by the
broken line (77.8! 1.99Gy). Constant DE values over time indicate
sufficient bleaching.
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Martinson et al. 1987). This boundary has already been
documented in western, central and eastern European
loess sequences (Antoine et al. 1999, 2001; Rousseau
et al. 1998, 2001). Furthermore, the highest sedimenta-
tion rates observed in the Upper Pleniglacial imply that
loess deposition in Europe was fairly homogeneous in
terms of general timing. Such a uniform response over
this large an area indicates major climatic shifts, though
the transported material originated from various sour-
ces and varied from place to place due to regional con-
text and conditions.

The similarity between the Surduk eolian sequence
with other European sequences, located on a northern
transect at about 501N, indicates that they are all com-
plete, especially since in all series weakly developed soils
separate the two main loess sub-series. We then infer
that units 10, 9 to 3, 2 to subunit 1/2 correspond toMIS
4, 3 and 2, respectively. Unit 1 corresponds to the
Holocene, units 12 and 13 to MIS 5, and the penulti-
mate loess, unit 14 to the top of MIS 6.

According to the stratigraphy, high-resolution grain-
size analysis, MS and organic carbon analysis and IR-
OSL chronology, the Surduk loess section yields one of
the most detailed dated environment and climate chan-
ges during the last interglacial–glacial climatic cycle in
the south southeastern Carpathian basin.

Conclusions

IR-OSL dating of the Surduk loess section demon-
strates its excellent suitability for establishing high re-
solution chronologies. Within error limits, the
calculated ages are in stratigraphic order, comprising
the last interglacial–glacial cycle, and reinforce the
chronostratigraphical interpretation of the pedosedi-
mentary sequence. Estimated sedimentation rates show
a strong increase during the younger part of the Upper
Pleniglacial, confirming results obtained from loess re-
gions in central Europe (Lang et al. 2003; Frechen et al.
2003). Based on the given chronostratigraphy and in
combination with further investigations on palaeocli-
matic proxies from the high resolution continuous
sampling (grain size, organic carbon d13C, molluscs,
etc.), a complete palaeoclimate interpretation of the
Surduk loess section is in progress.
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