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d Serbian Academy of Sciences and Arts. Knez Mihajlova 35, 11000, Belgrade, Serbia 
e University of Montenegro. Cetinjska 2, 81000, Podgorica, Montenegro   

A R T I C L E  I N F O   

Keywords: 
Optically stimulated luminescence 
Quartz 
Age models 
Revised chronology 
Loess 

A B S T R A C T   

This study presents a detailed investigation of the Kisiljevo loess-palaeosol sequence in north-eastern Serbia, 
offering a refined understanding of its paleoenvironmental dynamics. Contrasting our updated OSL chronology 
with a previous study, reveals discrepancies, particularly at 400 cm depth, where a considerable age underes-
timation is evident. While variations in sampling depth and methodology may contribute to some differences, the 
substantial deviation raises concern about the reliability of the earlier chronology. Our robust age-depth model 
constructed using Bayesian modelling, and the consistent increase in ages with depth suggest a potential un-
derestimation in the uppermost layer of the earlier study, possibly due to partial bleaching or post-depositional 
mixing. The Bayesian age-depth model portrays a continuous sedimentation history from the later stages of 
Marine Isotope Stage 3 (MIS 3) to the present day. The patterns in the calculated Mass Accumulation Rates reveal 
distinctive peaks during MIS 3 and the middle of MIS 2, deviating from typical dust deposition models. The MIS 3 
peaks in dustiness could be attributed to regional factors such as increased transportation rates, enhanced 
trapping efficiency, or elevated palaeowind intensity. This research not only enhances our understanding of the 
Kisiljevo LPS but also provides valuable insights into regional paleoenvironmental dynamics. The study em-
phasizes the importance of considering local geological variations in reconstructing past climates from sediment 
archives and sets the stage for further investigations into the factors influencing dust deposition in north-eastern 
Serbia. The MAR trends established here serve as a crucial reference for broader paleoclimatic interpretations in 
the Carpathian Basin.   

1. Introduction 

One of the most fundamental requirements for an accurate recon-
struction of the palaeoclimates from sediment archives (loess in this 
case) are reliable and independent absolute chronologies. In this 
context, during the last few decades, optically stimulated luminescence 
dating (OSL) established itself as one of the most utilized geochrono-
logical methods. One of the main reasons is that, contrary to other dating 
methods, OSL determines the time of the sediment deposition. Consid-
ering the predominant aeolian origin of loess, it is highly probable that 
the luminescence signal underwent complete resetting before deposi-
tion. This is a crucial prerequisite for luminescence dating, rendering 

loess deposits particularly well-suited for the application of lumines-
cence techniques (Wintle, 1993, p. 199). The first OSL chronology for 
the Kisiljevo LPS was reported by Perić et al. (2022a). In that study, only 
four quartz OSL ages were presented, for the lower 4 m of the profile and 
in a lower resolution. While, not always the case, OSL chronologies 
constructed with only few ages are often prone to errors and/or mis-
interpretations, especially when there are no overlying (or underlying) 
samples which could provide a certain degree of age control. Here we 
present an updated, high resolution OSL chronology for the Kisiljevo 
loess-palaeosol sequence (LPS) in north-eastern Serbia, using 63–90 μm 
quartz. We provide details about the conducted measurements, analyt-
ical procedures and characteristics of the observed OSL signals. Since 
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any inaccuracies in constructed OSL chronologies ultimately result in 
erroneous dust mass accumulation rate (MAR) calculations, here we 
constructed a new and improved age model using the rbacon age-depth 
modelling software (Blaauw and Christen, 2011). Subsequently, we 
apply the age model to reconstruct changes in MARs. To the best of our 
knowledge this study presents the most detailed luminescence-based 
chronology for a LPS in north-eastern Serbia. 

2. Regional setting and site description 

The Kisiljevo LPS is located on the eastern outskirts of the homon-
ymous village, situated at coordinates 44◦44′0″ N and 21◦25′0″ E, on the 
southern shores of a former Danube River channel (so called Srebrno 
Jezero artificial lake), approximately 29 km northeast of Požarevac city 
(Fig. 1). Positioned at an elevation of 69 m above mean sea level, the site 
extents in an east-west direction. Kisiljevo is situated in undulating 
lowlands, surrounded by low mountain ranges to the south. 

During the initial investigations, it was assumed that the Kisiljevo 
LPS is a small, isolated loess “spot” that may have been more extensive in 
the past but has been reduced to its current dimensions due to fluvial 
erosion (Perić et al., 2022a). However, upon a more detailed field sur-
vey, it was found that the investigated profile presents only a small, 
exposed section at the east most side of a (presumably) much larger loess 
plateau. Such a geomorphological setting is relatively stable and is 
therefore more likely to preserve a more continuous accumulation re-
cord (without sedimentary hiatuses) and be less susceptible to 
post-deposititonal reworking (Frechen et al., 2003). 

Although, the area is either covered by dense vegetation or agricul-
tural surfaces (most of which is private property) which made a more 
detailed investigation not viable, it was possible to conclude some 
general characteristics of the loess coverage, based on observations and 
field interpretations (following and detecting the loess horizon). The 
loess covered area extends ~2 km west of the investigated opened 
profile at Kisiljevo and at least another ~0.5 km south (Fig. S1). The 
northern side of the site, covered with dense forest and bush vegetation, 
shows a distinct loess horizon extending ~2 km in the north-west di-
rection. In at least two gullies the loess horizon is exposed at the top, 
where the visible thickness reaches more than 5 m (Fig. S2 and Fig. S3). 
At the furthest (visible) west boundary of the site, the thickness de-
creases, the loess horizon is less noticeable and farming surfaces 

gradually become dominant. To the south, the loess profile is traversed 
by a road connecting Kisiljevo to the nearby settlements of Ram and 
Biskuplje, dividing the loess exposure into two sections. The south sec-
tion is far less pronounced than the north one investigated in this study, 
reaching only ~2 m of thickness. Unfortunately, at present, it is not 
possible to determine the true extent of the loess covered area. Most of 
the surface south of the road was completely transformed into farming 
land and to the west it is covered by dense forest vegetation, which 
makes detailed surveys problematic. 

The examination of the geological profile involved a detailed anal-
ysis of the vertical loess cliff through in situ observations, as illustrated 
in Fig. 2. Previous investigations of the Kisiljevo LPS, determined the 
thickness of the section at ~8 m. However, during the field in-
vestigations and sampling, we were able to reveal another meter of loess 
sediment at the base, which sets the thickness of the Kisiljevo LPS at ~9 
m. 

In the vicinity of Kisiljevo, the prevailing Holocene soil is usually of 

Fig. 1. Map of loess distribution in the Vojvodina region and north-eastern Serbia, showing the geographical position of the Kisiljevo LPS and other key loess sites 
referred to in text. Distribution of loess, loess derivates, aeolian sand and alluvium is shown according to Lehmkuhl et al. (2018). Modified from Perić et al. (2022a). 

Fig. 2. The Kisiljevo LPS showing: A. the initial sampling surface by Perić et al. 
(2022a), and B. The surface sampled for this study. 
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chernozem characteristics. The recent soil layer (S0) at the sampling 
site, measures ~50 cm in thickness and is comprised of a Ck horizon 
containing abundant CaCO3 nodules ranging from 1 to 5 cm in diameter. 
Additionally, numerous crotovinas and root channels containing humic 
material are present. The transitional AC horizon, spanning 20 cm, ex-
hibits a porous nature with a silty loam texture and a granular structure. 
The subsequent silty loam Ah horizon, with a thickness ranging from 40 
to 60 cm, features a granular structure and includes carbonate pseudo-
mycelia (Perić et al., 2022a, Fig. 3). Beneath these layers lies the loess 
unit (L1), extending ~820 cm in depth and characterized by a light 
yellow to grey colour. This layer is coarse, porous, and massive, lacking 
visible signs of soil development. At the interface with the Holocene soil 
(S0), spherical soft carbonate nodules and humic infiltrations within old 
root channels are discernible. During previous investigations of the 
profile, it was noted that, at a depth of approximately 7 m, a distinct 
layer, potentially a tephra, is interbedded with the loess, measuring 
around 50 cm in thickness (Perić et al., 2022a). However, after a con-
ducted geochemical analysis, this assumption could not be confirmed. 
Moreover, during the recent field survey, this layer was not detectible. It 
is more likely that this darker layer presented a weakly developed 
palaeosol which was masked due to weathering. It is also possible that 
the vicinity of the Danube alluvial plain may have caused sudden 
changes in the deposition of local layers of different granularity which 
was subsequently misinterpreted as a tephra layer. 

3. Methods 

3.1. Sample preparation and facilities 

Compared to the strategy presented in the previous study (Perić 
et al., 2022a), the sampling for luminescence dating was conducted ~10 
m to the west (Fig. 2), thus avoiding the eroded and collapsed overhang 
part of the section. 

The luminescence dating samples were recovered by hammering 
stainless steel tubes (20 cm length, 5 cm diameter) into the freshly 
cleaned profile. A total of 19 samples were gathered, in a 50 cm reso-
lution, ranging from 10 cm to 900 cm depth. The luminescence samples 
underwent processing in the Lund luminescence laboratory, Lund Uni-
versity, Sweden under low-intensity red light conditions. The inner 
material of the cylinders was utilized for equivalent dose (De) mea-
surements, while the outer material (approximately 2 cm), likely 
exposed to sunlight, was used for determining water content and dose 
rates. 

For De measurements, the extracted sediment underwent wet sieving 
through 90, 63, and 40 μm sieves. Because of its abundance, and the 
experience from previous studies on OSL dating of Serbian loess (e.g. 
Perić et al., 2019, 2022a), the 63–90 μm material was chosen for sample 
preparation. The 63–90 μm sediment was treated with 10% HCL (60 
min) and 10% H2O2 (60 min) to eliminate carbonates and organic 
matter, respectively. To isolate the quartz fraction, the material was 
submerged in sodium heteropolytungstate dissolved in water (2.62 g 
cm− 3; LST ‘Fastfloat’) for 24 h. The >2.62 g cm− 3 quartz fraction was 
then treated with a 40% HF solution for 90 min to remove any remaining 
feldspar contamination. Subsequently, a 10% HCL treatment for 120 
min was applied to remove fluorides. After each treatment step, the 
samples underwent three washes with deionized water. All samples 
yielded sufficient quartz grains for reliable De measurements. The quartz 
grains were mounted as large 8 mm aliquots on stainless steel discs using 
silicone oil spray as an adhesive. Luminescence measurements were 
conducted using Risø TL/OSL DA-20 readers (Bøtter-Jensen et al., 2003) 
equipped with blue LEDs (470 nm, ~80 mW cm− 2) and infrared (IR) 
LEDs (870 nm, ~135 mW cm− 2). Irradiation was carried out using 
a90Sr/90Y beta source calibrated using the Risø calibration quartz, batch 
123 (Hansen et al., 2015). Quartz OSL signals were collected through 
7.5 mm of Schott U-340 (UV) glass filter. 

3.2. Dose rate measurements 

The sediment dose rate was measured using the μDose system, at the 
Lund luminescence laboratory, as described by Kolb et al. (2022) and 
Tudyka et al. (2023). Initially, the material underwent a drying process 
at 105 ◦C for a duration of 24 h, following which approximately 20 g of 
the sediment were finely ground to a size <20 μm. Subsequently, pre-
cisely 3 g of the dried and ground sample were placed in a 70 mm 
diameter holder. Finally, the concentrations of 238U, 232Th and 40K were 
determined by analysing the samples for >24 h. 

The dry dose rates for the radionuclides in the quartz were deter-
mined by applying the conversion factors presented by Guérin et al. 
(2011). The water content of the sediment was determined directly for 
each collected sample. However, in most cases, the calculated water 
content displayed very low values and ranged from 4% for sample 23001 
to 1% for samples 23005–23018. The observed low values could be 
attributed to prolonged exposure of the Kisiljevo section to air before 
sampling, as it is often the case for LPS in this region. 

Consequently, we deem the measured water content as unreliable 
estimates over geological time. Hence, relying on the topographic and 
geologic context for the site, along with insights from prior studies (e.g. 
Antoine et al., 2009; Perić et al., 2022a, 2022b; 2021; Schmidt et al., 
2010) the water content was approximated to be 12 ± 5%, assuming this 
value remained constant throughout the burial period. The alpha and 
beta attenuation factors were estimated using the calculations of 

Fig. 3. A. Preheat plateau results for sample 23003. The error bars represent 
one standard error. The dashed line is drawn on the mean De value calculated 
from all five temperature points. B) Preheat plateau/dose recovery test results 
for sample 23003. The dashed line is drawn at the ideal 1:1 dose recovery ratio. 
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Brennan et al. (1991) and Guérin et al. (2012) respectively, and dose 
rate conversion factors were obtained from Guérin et al. (2011). The 
contribution of cosmic radiation was taken into account and calculated 
based on the methodology outlined by Prescott and Hutton (1994). This 
calculation was performed for each sample, factoring in depth, altitude, 
and geomagnetic latitude, with an assumed uncertainty of 10%. 

3.3. De measurements 

Equivalent doses were determined employing the Single Aliquot 
Regenerative Dose (SAR) protocol, following the procedures of Murray 
and Wintle (2003, 2000). The quartz grains underwent measurements 
with preheat and cut-heat temperatures set at 240 ◦C and 200 ◦C, 
respectively. The choice of the preheat and cut-heat temperatures is 
discussed below. Optical stimulation was conducted for 40 s at 125 ◦C 
using blue LEDs. The relevant luminescence signal for analysis was in-
tegrated over the initial 0.16 s of the decay curve, with an early back-
ground (0.32–0.48 s interval) subtracted from the net signal. Sensitivity 
changes were corrected using the OSL signal to a test dose (10% of the 
assumed natural dose was applied in all measurements). Post each SAR 
cycle, a high-temperature bleach at 280 ◦C was conducted for 40 s, 
following the protocol by Murray and Wintle (2003). Intrinsic tests, 
including recycling and recuperation, were incorporated into each 
measurement as outlined in the SAR protocol (Murray and Wintle, 
2003). The purity of quartz grains was assessed through the IR depletion 
test (Duller, 2003). A tolerance of a 10% deviation from unity was 
applied for recycling and IR depletion tests. For the recuperation signal, 
a value of 5% of the natural signal was deemed acceptable. The aliquots 
that did not meet these requirements (1%) were rejected and not used 
for the De calculations. The outliers were identified using the inter-
quartile range (1.5 x IQR) and were not used in the De calculations (~2% 
of the measured aliquots). All the luminescence data were analysed 
using the Risø Analyst software, version 4.57 (Duller, 2015). The 
calculated Des for each sample present the weighted means of the indi-
vidual Des. The age calculation was conducted using the DRAC Dose Rate 
and Age Calculator v. 1.2 (Durcan et al., 2015). The calculated Des, OSL 
ages, and dose rates are presented in Table 1. 

3.4. Age-depth modelling 

The calculated OSL ages enabled us to construct an improved, 
continuous, and fully independent age versus depth model for the 
Kisiljevo LPS, over the investigated time period. Here we apply the 
Bayesian modelling method using the rbacon code by Blaauw and 

Christen (2011). The section thickness was set to 20 cm and the reso-
lution of the subdivisions along the sediment profile to 5 cm. 

To ensure consistent comparability across various regions and other 
repositories of dust, and to facilitate the estimation of past atmospheric 
dust flux (Albani et al., 2015), we have additionally calculated the Mass 
Accumulation Rate (MAR) (Kohfeld and Harrison, 2003), using the 
rbacon age-depth modelling results. The MARs were calculated using the 
equation:  

MAR = SR × BD × ƒeol                                                                        

where SR represents the sedimentation rate (m/a), BD is the dry bulk 
density and ƒeol is the fraction of aeolian sediment (Kohfeld and Harri-
son, 2001). Here, we presume that the source of the loess is entirely 
aeolian, and therefore, we assign a value of 1. 

In this study, direct measurements of BD were not conducted. 
Instead, estimates from other sections of the middle Danube, providing 
average values of 1.5 g cm− 3, were utilized (Újvári et al., 2010). The 
MAR values in this study are given without uncertainty estimates. 
Currently, there is no agreeable method to derive accurate uncertainty 
estimates for dust MAR from loess deposits (e.g. Perić et al., 2022b, 
2020; Stevens et al., 2011; Újvári et al., 2010). Beyond potential un-
certainties in bulk density estimates and the influence of 
post-depositional alteration, the application of simple Gaussian error 
propagation from luminescence ages might not be appropriate, as the 
uncertainty may not strictly follow a Gaussian distribution or be entirely 
random. Despite these challenges, it is posited that the absolute MAR 
estimates are proportionally more uncertain when compared to the 
luminescence ages (Perić et al., 2022b). 

4. Results 

4.1. Preheat plateau and dose recovery tests 

To establish suitable preheat conditions for the SAR protocol, we 
conducted a preheat plateau test on 18 aliquots from sample 23003 
(Murray and Wintle, 2000). During the initial preheat, temperatures 
ranging from 180 to 260 ◦C (in 20 ◦C increments; three aliquots per 
temperature point) were applied for a duration of 10 s. The cut–heat 
temperatures for the test dose preheat were consistently maintained 
40 ◦C lower than the preheat temperatures. The De value did not show 
any significant sensitivity to preheat temperature up to approximately 
260 ◦C. The recycling ratios are close to unity and the recuperation is 
close to 1% over the 180–260 ◦C first preheat period. 

A discernible plateau could not be observed in the of 180–260 ◦C 

Table 1 
Summary of depth information, sample codes, radionuclide concentrations, total dose rates, weighted average De values, OSL ages and total errors in ka for the Kisiljevo 
LPS. n represents the number of aliquots. Error terms are given as 1 standard error of the mean.  

Depth (cm) Sample ID K (%) Th (ppm) U (ppm) OSL dose rate (Gy ka − 1) n OSL De (Gy) OSL age (ka) 

10 23001 1.67 ± 0.06 11.23 ± 0.86 3.21 ± 0.26 3.21 ± 0.14 23 1.47 ± 0.13 0.46 ± 0.04 
50 23002 1.43 ± 0.07 11.18 ± 1.52 3.78 ± 0.46 3.06 ± 0.16 24 20.40 ± 1.07 6.66 ± 0.49 
100 23003 1.25 ± 0.07 9.08 ± 1.36 3.03 ± 0.41 2.57 ± 0.14 24 34.72 ± 1.93 13.50 ± 1.04 
150 23004 1.22 ± 0.07 10.73 ± 1.31 2.57 ± 0.39 2.54 ± 0.13 24 48.83 ± 1.86 19.22 ± 1.25 
200 23005 1.24 ± 0.06 10.16 ± 0.73 2.61 ± 0.22 2.52 ± 0.11 24 51.58 ± 2.14 20.51 ± 1.24 
250 23006 1.24 ± 0.07 9.16 ± 1.44 3.04 ± 0.43 2.54 ± 0.14 28 50.77 ± 1.49 19.97 ± 1.25 
300 23007 1.29 ± 0.07 12.43 ± 1.38 2.48 ± 0.41 2.67 ± 0.14 24 51.85 ± 1.25 19.45 ± 1.12 
350 23008 1.24 ± 0.07 10.92 ± 1.48 2.81 ± 0.44 2.59 ± 0.14 24 63.76 ± 2.12 24.64 ± 1.59 
400 23009 1.28 ± 0.07 12.61 ± 1.39 2.03 ± 0.41 2.56 ± 0.14 23 66.79 ± 1.98 26.11 ± 1.61 
450 23010 1.30 ± 0.06 10.11 ± 0.90 3.14 ± 0.27 2.65 ± 0.12 22 71.42 ± 2.04 26.92 ± 1.46 
500 23011 1.20 ± 0.07 7.67 ± 1.44 3.74 ± 0.44 2.53 ± 0.14 24 81.90 ± 3.82 32.37 ± 2.36 
550 23012 1.29 ± 0.07 9.73 ± 1.40 3.45 ± 0.42 2.67 ± 0.14 23 91.74 ± 3.35 34.40 ± 2.23 
600 23013 1.19 ± 0.06 12.37 ± 1.19 3.34 ± 0.36 2.73 ± 0.14 23 79.39 ± 2.66 29.10 ± 1.74 
650 23014 1.30 ± 0.06 11.16 ± 0.83 3.08 ± 0.25 2.69 ± 0.12 23 95.25 ± 4.02 35.45 ± 2.19 
700 23015 1.36 ± 0.07 13.46 ± 1.45 2.33 ± 0.43 2.72 ± 0.15 22 98.14 ± 4.09 36.15 ± 2.46 
750 23016 1.32 ± 0.07 9.43 ± 1.58 3.80 ± 0.48 2.73 ± 0.15 20 101.31 ± 4.88 37.05 ± 2.74 
800 23017 1.19 ± 0.07 10.32 ± 1.51 3.12 ± 0.46 2.52 ± 0.15 24 83.18 ± 4.44 32.99 ± 2.59 
850 23018 1.16 ± 0.06 8.89 ± 0.61 2.40 ± 0.18 2.25 ± 0.10 23 82.77 ± 3.74 36.87 ± 2.34 
900 23019 1.36 ± 0.06 11.14 ± 0.98 2.85 ± 0.29 2.67 ± 0.13 23 91.62 ± 2.81 34.36 ± 1.96  
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temperature range, where all the measured De values exhibited scat-
tering (Fig. 3A). Hence, we conducted a preheat plateau/dose recovery 
test on 18 bleached aliquots of sample 23003 in the same manner as for 
the preheat plateau test. Initial bleaching of natural aliquots was carried 
out using blue LEDs at room temperature for a duration of 100 s, fol-
lowed by a pause of 10,000 s. After the pause, additional bleaching was 
performed at room temperature for 100 s (Murray and Wintle, 2003). 
Following this, a laboratory β-dose was applied to the previously 
bleached aliquots, matching the assumed natural De (~25 Gy), and was 
measured using a SAR protocol (Murray and Wintle, 2000). The protocol 
involved variations in the preheat temperature within the range of 
180–260 ◦C, with the cut-heat temperature set 40 ◦C lower. The test dose 
was set at 20% of the given dose (~5 Gy) The results of the test are 
presented in Fig. 3B. The dose recovery ratio varied between 0.94 ±
0.06 for the 180 ◦C to 1.03 ± 0.00 for the 260 ◦C preheat temperature. A 
small plateau was observed between 240 and 260 ◦C. Consequently, 
based on these findings, we adopted a first preheat temperature of 
240 ◦C for 10 s and a cut heat of 200 ◦C for all quartz measurements in 
this study. 

To assess the effectiveness of the chosen SAR protocol, a dose re-
covery test (Murray and Wintle, 2003) was conducted on samples 
23005, 23009, 23014 and 23019 (six aliquots per sample). These ali-
quots underwent two bleaching sessions using blue LEDs, each lasting 
250 s at room temperature. A pause of 10,000 s was introduced between 
the two bleaching treatments. Subsequently, the aliquots were exposed 
to beta doses of approximately 40 (sample 23005), 60 (sample 23009), 
80 (sample 23014), and 110 Gy (sample 23019). The measurement was 
conducted in the same manner as for the preheat plateau/dose recovery 
test. The results of the test are shown in Fig. 4. The measured to given 
dose ratio ranged from 1.03 ± 0.05 for sample 23005 to 1.04 ± 0.06 for 
sample 23019. It can be seen that the chosen SAR protocol is able to 
accurately measure doses of up to at least 110 Gy administered before 
any thermal pre-treatment. 

4.2. Quartz OSL properties and De 

A representative dose response (DRC) and decay curve (inset) for 
sample 23005 are shown in Fig. 5. The dose response curves were best 
fitted using a single saturating exponential or an exponential + linear 
function. The optically stimulated luminescence (OSL) signal induced by 
blue light shows a rapid decay during the first second of stimulation, 

while the natural and regenerative decay curves are nearly indistin-
guishable from each other. This confirms that the OSL signal is domi-
nated by the fast component. The average recuperation (response to a 
zero dose) for all measured aliquots (n = 443) is very low, averaging at 
0.00 ± 0.02%. The recycling ratio was close to unity (1.00 ± 0.01) 
which confirms that the sensitivity change corrections during the SAR 
measurements were conducted accurately. The depletion ratio is like-
wise close to unity (0.98 ± 0.01) confirming that the extracted quartz is 
pure and no noticeable feldspar contamination is present. The recycling 
ratio, recuperation and depletion data for each sample are presented in 
Table S1. 

The calculated Des for the Kisiljevo LPS samples range from 1.47 ±
0.13 Gy (sample 23001) to 101.31 ± 4.88 Gy (sample 23016). The De 
values exhibit a generally increasing trend (within error limits) down to 
a depth of 600 cm cm (sample 23013). Here, a drop of 13 Gy is 
noticeable when compared to the overlying sample 23012 (550 cm 
depth). Below this depth, the samples continue to display increasing De 
values down to 800 cm (sample 23017) where a decrease of ~9 Gy is 
noticeable. 

Wintle and Murray (2006) proposed that, for the fast component of 
the quartz OSL signal, as measured through the SAR protocol, the upper 
dose limit should be set at 2 × D0, corresponding to 86% saturation of 
the laboratory dose-response curve. Hence, to assess the proximity of the 
natural sensitivity-corrected luminescence signals to laboratory satura-
tion for all quartz samples, we calculated the ratio between the natural 
sensitivity-corrected luminescence signal and the average maximum 
corrected luminescence signals induced by a dose of ~12,000 Gy. The 
maximum corrected luminescence signal was determined by construct-
ing a laboratory DRC up to 12,000 Gy using sample 23019 (for details 
see Data in Brief). The calculated average ratios of the 
sensitivity-adjusted natural signal to the laboratory saturation level vary 
from 0.14 ± 0.02 (for sample 23001) to 0.49 ± 0.06 (for sample 23002), 
yielding a mean value of 0.36 ± 0.02. Based on this criterion, all 
calculated OSL ages were accepted for the Kisiljevo LPS (Fig. 6A). 

As none of the quartz samples reached full laboratory saturation, we 
have conducted an additional saturation test according to Timar-Gabor 
and Wintle (2013), by adding large doses of 511 and 1022 Gy on top of 
the natural dose of sample 23019 (3 aliquots per dose). One aliquot per 
dose was rejected due to a depletion ration higher than 10%. 

Fig. 4. Dose recovery results for four of the Kisiljevo samples. The given irra-
diation doses were chosen to match as closely as possible the likely equivalent 
dose of each sample. The test doses were set at ~20% of the given dose. Three 
aliquots were measured per sample. The calculated Des present the weighted 
means of the individual Des. The solid line indicates the ideal 1:1 dose recovery 
ratio while the dashed lines represent 10% deviation from unity. 

Fig. 5. Representative sensitivity-corrected luminescence dose response curve 
for one aliquot of sample 23005. The sensitivity corrected natural signal is 
depicted as an open square and the dashed line shows the equivalent dose. The 
response to a zero dose (recuperation) is shown as open circle. The recycling 
point is represented as an open inverted triangle. The inset displays a typical 
decay curve of natural CW-OSL (continuous-wave OSL signal) (full blue line) in 
comparison to a regenerated signal (full black line) induced by a beta dose 
approximately equal to the equivalent dose. 
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Subsequently, dose-response curves were generated up to ~11,000 Gy. 
Both DRCs exhibited incomplete saturation levels. The measured De 
values were 526 ± 16 Gy for the 511 Gy dose and 995 ± 40 Gy for the 
1022 Gy dose. These results indicate doses approximately 11 ± 3% and 
10 ± 4% lower than the anticipated doses of 593 Gy and 1104 Gy 
respectively. These findings suggest that the 63–90 μm quartz from 
Kisiljevo is able of accurately measuring (nearly within 10% deviation) a 
known dose within the high-dose range (for details see Data in Brief). 
This disagrees with the findings of Timar-Gabor and Wintle (2013), 
Timar-Gabor et al. (2015) and Perić et al. (2021) for Romanian and 
Serbian loess respectively. Here, it was concluded that quartz from this 
region cannot be used for measuring a known given dose in the high 
dose range and that most measurements overestimated the expected 
doses. However, it must be noted, that in the mentioned studies, the 
investigated quartz was mostly fine-grained (4–11 μm). Given the lim-
itation and of the obtained data and scarcity of measurements, we do not 
necessarily imply that loess from this region is able to extend the current 
quartz OSL dating age limit. It is possible that the quartz characteristics 
are site or grain size specific and are not reproducible at other LPS in this 
region. Moreover, we recognize the probability that the measured doses 
might exceed the reliable range of measurement of natural doses in 
quartz OSL dating (Buylaert et al., 2007; Perić et al., 2019; Roberts, 
2008). However, we do consider that these findings are sufficient to 
initiate more detailed investigations on the saturation behaviour for 
quartz from the Carpathian Basin, encompassing more sites and 
different grain sizes. 

4.3. Age-depth model and dust flux estimates 

The constructed rbacon age-depth model is shown in Fig. 6B. It is 
noticeable that all the luminescence ages overlap with the age model 
(within 95% of confidence). The rbacon age-depth model shows a 
considerable level of sensitivity to the alterations in luminescence age 
with depth which yielded a more exponential age-depth function. 
Moreover, the model suggests fluctuating MARs at least within the error 
limits of the method used. 

The MARs for the Kisiljevo LPS are shown in Fig. 7 and range from 97 

to 581 g/m2/a, with a mean (x) of 417 g/m2/a and a median (x̃ ) of 421 
g/m2/a. During the investigated time period, three pronounced MAR 
peaks were observed: between 38 and 33 ka (MIS 3), between 32 and 30 
ka (end of MIS 3), and between 21 and 19 ka (MIS 2) with mean MARs of 
538, 559 and 516 g/m2/a respectively. All through the observed time 
interval, the MARs display high variability. Absolute maximum values 
were reached during the end of MIS 3 (centred at 31 ka) with x = 581 g/ 
m2/a, while the lowest MARs were, expectedly, observed during MIS 1 
(0.5–3 ka) with x = 97 g/m2/a. For the MIS 3 period, the MAR values 
range from 329 to 581 g/m2/a (x = 502 g/m2/a, x̃ = 507 g/m2/a). 

Although only the later part of MIS 3 is present at the site (41–29 ka), 
which is why we are not able to provide a complete picture of dust flux 

Fig. 6. A. OSL ages from the Kisiljevo LPS plotted against depth (black closed circles) and OSL ages from the initial study (opened white circles) presented in Perić 
et al. (2022a). B. Age-depth model for the Kisiljevo LPS. The black closed circles show the OSL ages. The grey shaded area represents the maximum and minimum age 
limits with a 95% certainty while the dashed line shows the mean age-depth model. The results were obtained using the rbacon age-depth modelling method (see text 
for details). The stratigraphic nomenclatures S0 and L1 are used following the stratigraphic model by Marković et al. (2015). 

Fig. 7. Dust Mass Accumulation Rate (MAR) as a function of age for the 
Kisiljevo LPS. Also presented are the MARs for the Irig, Nosak and Crvenka LPS. 
The curves present the MARs according to the mean ages at a 95% confidence 
interval. For a more realistic representation the results were smoothed using the 
loess smoothing technique with tricube weighting and polynomial regression in 
the SigmaPlot software version 11.0 (sampling proportion = 0.100; polynomial 
degree = 1). 
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for the period, the lowest MARs are observed during the middle stages of 
this phase (centred at 41 ka) with x = 348 g/m2/a, x̃ = 340 g/m2/a. 
There is an observable increasing trend towards the onset of MIS 2 
(Fig. 7), where the maximum MAR value for MIS 3 is reached. During 
MIS 2, the MARs display a high level of fluctuation, with two distinct 
peaks: between 21 and 18 ka with a mean MAR value of 516 g/m2/a. All 
through MIS 1, the MARs show a steady decrease towards present time. 

The peak MARs for MIS 1 are witnessed at the onset of the phase with 
x = 153 g/m2/a, while the lowest values are seen between 2 and 0.5 ka 
(x = 97 g/m2/a). 

5. Discussion 

5.1. OSL chronology and age-depth model 

The calculated quartz OSL ages for the Kisiljevo LPS are shown in 
Fig. 6A as a function of depth. It can be seen that the ages show a steady 
increase with depth, exhibit no large jumps or decreases and range from 
0.46 ± 0.04 ka for sample 23001 (10 cm depth) to 37.05 ± 2.74 ka for 
sample 23016 (750 cm depth), suggesting that the profile deposited 
between the later stage of MIS 3 and MIS 1. The sole exception is sample 
23013 (600 cm depth) where an age inversion, (outside of uncertainty) 
of ~5 ka was observed. This could potentially be an indicator for bio-
turbation at this depth, which resulted in post-depositional sediment 
mixing. From 600 cm depth, to the base of the profile, the OSL ages 
continue to increase down to a depth of 800 cm (sample 23017). 
Hereafter the ages display no significant increase, however, they still 
remain well within uncertainty limits. This could potentially be an 
indication of very high dust deposition activity during the middle and 
late stage of MIS 3, however, it can also suggest the possibility that the 
quartz from the Kisiljevo LPS reached the level of reliable measurement 
of natural doses. Indeed, there were several cases where, in spite of 
successfully performed dose recovery tests in high dose ranges, and the 
samples being well below the 2 × D0 limit, the natural doses showed no 
increases, displayed scattering and age inversions for samples beyond 35 
ka (>150 Gy). Such instances have been reported on a global scale, most 
notably in Romania (Constantin et al., 2014; Timar-Gabor et al., 2011, 
2017), Serbia (Perić et al., 2019, 2022b), Germany (Zhang et al., 2023), 
and even for the Chinese Loess Plateau (e.g. Buylaert et al., 2007; Chapot 
et al., 2012; Lai, 2010; Perić et al., 2019; Wang et al., 2021). This could 
imply that the lifetime of a natural quartz OSL signal may be consider-
ably shorter than the laboratory experiments suggest. Still, here we 
cannot confirm this assumption as it would require additional in-
vestigations on older samples from the Kisiljevo LPS, which, for this site 
is not possible (maximum depth at Kisiljevo LPS is 900 cm). Neverthe-
less, the three lowermost ages still show consistency (within uncer-
tainty) and are well below 150 Gy, which is why we include them in the 
age model. 

The rbacon generated age-depth model for the Kisiljevo LPS is pre-
sented in Fig. 6B. The mean ages show no jumps or reversals (within 
uncertainty), which suggests that no significant hiatuses or sedimenta-
tion breaks are present at the site. The L1 loess layer was dated between 
41.4 ± 2.6 ka and 6.7 ± 0.5 ka, encompassing MIS 3, MIS 2 and MIS 1. 
Since the composition of the Kisiljevo LPS is fairly uniform, with no 
obvious MIS 3 soil development, it was not possible to establish expected 
ages for this site, based on correlation of loess-soil stratigraphic 
boundaries to the marine benthic oxygen isotope record (Lisiecki and 
Raymo, 2005). According to our ages, it is obvious that dust deposition 
at Kisiljevo started during the middle part of MIS 3 and continues to the 
present day. It is possible that a weak MIS 3 palaeosol is present at the 
site which is not detectable, however it is more likely that the contin-
uous dust activity and deposition prevented the development of any 
significant soil layer during that period. Indeed, weakly developed 
paleo-soils are also very poorly visible on the nearby Nosak LPS 
(Marković et al., 2014) and Požarevac (Marković et al., 2021; Perić 
et al., 2021) profiles within the last glacial loess unit L1, indicating the 

dominance of dust input over pedogenetic processes. The age for the 
L1-S0 boundary was dated at 6.7 ± 0.5 ka, indicating that substantial 
loess accumulation was present well into the Holocene. Although there 
is a significant lack of detected and investigated LPS in north-eastern 
Serbia, which makes significant correlations not feasible, similar S0 
ages were reported for numerous LPS in the Vojvodina region: Crvenka 
(7.7 ± 0.6 ka; Stevens et al., 2011), Veliki Surduk (7.4 ± 0.7 ka; Perić 
et al., 2019) Stari Slankamen (7.3 ± 0.4 ka; Murray et al., 2014) and Irig 
(7.1 ± 0.5 ka; Perić et al., 2022b) which are in good agreement with the 
ages for Kisiljevo. 

5.2. Comparison to the previous chronology of the Kisiljevo LPS 

Fig. 6A and Table 2 show the chronology proposed by Perić et al. 
(2022a) in comparison with the OSL ages from this study. Here, we have 
to highlight (as stated in section 4.1) that the sampling was not con-
ducted at the same section of the profile. One of the reasons was that the 
original sampling surface became heavily eroded and weathered and the 
overhang which was present at the time of the primary field study 
collapsed. 

This made sampling of the initial surface not possible. In addition, 
only two ages were taken at the same depth in both studies (700 and 500 
cm), which is why we expect some degree of deviation between the two 
age sets. Nevertheless, to deem the initial ages reliable, this discrepancy 
should not exceed 10% for samples recovered at the same depth. 

It can be seen that the ages at 800 cm depth (790 cm in Perić et al., 
2022a) show an excellent correspondence in spite of the 10 cm sampling 
difference. The samples at 700 and 500 cm depth also display a good 
agreement (within uncertainty), albeit, in this case the ages presented in 
Perić et al. (2022a) display a slight underestimation in comparison to 
their counterparts from this study. Nevertheless, they are still well in the 
range of acceptable values. 

However, the largest discrepancy was observed between the samples 
at 400 cm (390 cm in the original study). Here, the initial sample shows 
an underestimation of 11 ka (outside uncertainty) when compared to its 
corresponding sample from this study. Such a large deviation is not 
justifiable by a methodological variance nor the slightly different sam-
pling depth. There are numerous causes that could explain the observed 
age deviation between the two samples, however, the two most likely 
reasons could be partial bleaching or post-depositional mixing. 
Although not likely, the sediment could have been unintentionally 
exposed to sunlight during the sampling which led to a partial resetting 
of the OSL signal, thus resulting in a lower age. One other possibility is 
post-depositional mixing due to bioturbation. There are clear signs of 
burrowing animal activities and distinct root channels on the sampling 
surface which could have mixed and disturbed this sediment layer. This 
would have largely affected the accuracy of the measurement procedure 
and subsequently resulted in a much younger age. 

Currently, we are unable to determine the exact cause of the 
observed age underestimation. However, given that the OSL ages pre-
sented in this study show a steady increase with depth, display no large 

Table 2 
Summary of depth information, sample codes, OSL ages and total errors in ka for 
the Kisiljevo LPS from this study and the study by Perić et al. (2022a).  

Sample 
(this 
study) 

Depth 
(this 
study) 

Age ka 
(this 
study) 

Sample ( 
Perić et al., 
2022a) 

Depth ( 
Perić et al., 
2022a) 

Age ka ( 
Perić et al., 
2022a) 

23009 400 26.1 ±
1.6 

ZAT 2/ 
0.395 

390 12 ± 1 

23011 500 32.4 ±
2.4 

ZAT 1/0.23 500 27 ± 3 

23015 700 36.2 ±
2.5 

ZAT 1/0.41 700 31 ± 4 

23017 800 34.4 ±
2.0 

ZAT 1/0.47 790 32 ± 3  
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jumps or inversions and are stratigraphically consistent, we conclude 
that the uppermost age at the Kisiljevo LPS presented by Perić et al. 
(2022a) is ultimately erroneous and should be considered as unreliable. 

5.3. MARs 

The calculated MARs for the Kisiljevo LPS are shown in Fig. 7 and 
Table S2. It can be seen that the MAR values display a high level of 
oscillations during the investigated time period. While it is generally 
accepted that higher rates of dust accumulation arise during the cold 
glacial phases while lower rates occur during the warmer, interglacial 
stages (Kohfeld and Harrison, 2003; Stevens et al., 2011; Sun and An, 
2005; Zhang et al., 1999, 2002), the MAR trend at Kisiljevo deviates 
from that model. Although, not the entirety of MIS 3 is represented at the 
site, which hampers a more complete dust flux interpretation, it can be 
seen that two distinct peaks in dustiness during this period occurred 
38–33 ka and 32–30 ka where the MARs reach their maximum values 
(centred at 31 ka). As already stated, there are no available chronologies 
for LPS in north-eastern Serbia where MIS 2 and MIS 1 are represented. 
The closest investigated LPS in this region is Nosak (Perić et al., 2020), 
where the MIS 7-MIS 3 period was dated. When compared to the Kisil-
jevo LPS, it is noticeable that the MAR trend at Nosak during MIS 3, 
displays some comparable features. Also, at Nosak, there is a distinct 
MAR peak during MIS 3, with very high values (682 g/m2/a), albeit 
occurring earlier in the phase than at Kisiljevo (42–36 ka). Here we 
consider the possibility that the high MIS 3 MARs could potentially be an 
artefact of dating uncertainties, however, given the fact that a similar 
trend is observed at another LPS in the vicinity (Nosak), it is more likely 
that this is a true representation of atmospheric dust activity for this 
region. 

Conversely, the most investigated LPS in the Vojvodina region show 
a more consistent MAR trend during MIS 3. For instance, at the Irig 
(Perić et al., 2022b) and Crvenka LPS (Stevens et al., 2011), no pro-
nounced MAR peaks are noticeable during MIS 3 (Fig. 7), instead a 
steady dust flux is observed throughout the phase. Such trend at Kisil-
jevo and Nosak, which differs from the ones observed at most LPS in 
Vojvodina, may be the result of site or region-specific factors. Increased 
transportation rates, improved trapping efficiency, elevated palaeowind 
intensity (Gavrilov et al., 2018), or the closer proximity of the Danube 
River could have played a role in the enhanced dust deposition during 
MIS 3. 

The MAR trend during MIS 2 is more agreeable with the general dust 
deposition model. There is a clear peak during the middle part of the 
stage (22–17 ka) where the MARs reach their maximum values for this 
phase (centred at 19 ka) after which a constant decreasing trend towards 
the onset of the Holocene is observable. Such pattern is broadly 
consistent with most LPS in the Carpathian Basin. For example at Veliki 
Surduk LPS (Perić et al., 2019), MAR peaks were noted ~30–20 ka, 
centred on 25 ka and extending towards the Holocene (Perić et al., 
2022b). In case of the Irig LPS the MAR peak was observed between 28 
and 21 ka where a mean value of 164 g/m2/a was recorded. A similar 
trend is notable at Crvenka LPS (Stevens et al., 2011), where increased 
dust deposition occurred ~28–19 ka. It is clear that peak dustiness at 
Kisiljevo transpired rather later in the phase than at other investigated 
LPS. This does not correspond with the increase of dust activity in 
Greenland (Ruth et al., 2007) nor the North Pacific (Hovan et al., 1989) 
which was observed ~26–23 ka. Moreover, the peak MARs at Kisiljevo 
during MIS 2 does not coincide with the Heinrich event 2 which is 
centred at ~24 ka (Hemming, 2004). During this period heightened 
atmospheric dust activity was recorded on an intercontinental scale, 
most notably: Greenland (Rasmussen et al., 2014), Western Europe 
(Stevens et al., 2020), and the Chinese Loess Plateau (Kang et al., 2015; 
Stevens et al., 2016). At present, there are no clear indications on the 
cause of this lag. However, several area specific factors could have 
caused a later increase of atmospheric dust activity at the Kisiljevo LPS, 
such as: the relative proximity of the Danube River as the main silt 

source, diverse geomorphological features of this area, more efficient 
trapping and/or palaeowind intensity (Perić et al., 2022b). 

During MIS 1 the MARs display a decreasing tendency. The highest 
values are recorded at the start of the Holocene, steady declining to-
wards the present. This is consistent with the majority of LPS in the 
Carpathian Basin (e.g. Fuchs et al., 2008; Murray et al., 2014; Perić 
et al., 2019) where atmospheric dust activity weakened with the onset of 
a warmer climate. 

6. Conclusions 

In conclusion, our updated, high-resolution OSL chronology for the 
Kisiljevo LPS in north-eastern Serbia has significantly enhanced our 
understanding of the paleoenvironmental dynamics in the region. The 
Kisiljevo LPS, initially thought to be a small, isolated loess “spot,” was 
revealed through a detailed field survey to be part of a much larger loess 
plateau, extending over 2 km north-west and at least 0.5 km south of the 
investigated profile. Despite challenges in determining the true extent of 
the loess-covered area due to terrain transformation, the findings shed 
light on the broader geological context of the region. Comparison with 
the previous chronology by Perić et al. (2022a) highlights discrepancies, 
particularly at 400 cm depth, where a substantial age underestimation is 
observed. While differences in sampling depth and methodology may 
contribute to some variations, the magnitude of the deviation raises 
concerns about the reliability of the earlier chronology. The robustness 
of our new age-depth model and the continuous increase in ages with 
depth suggest that the earlier chronology might have underestimated 
the uppermost layer, possibly due to partial bleaching or 
post-depositional mixing. The age-depth model, constructed using 
Bayesian modelling, showcases a continuous sedimentation history from 
the later stages of MIS 3 to the present day. The calculated MARs exhibit 
intriguing patterns, with distinctive peaks during MIS 3 and the middle 
of MIS 2, deviating from typical dust deposition models. The peak 
dustiness during MIS 3 might be attributed to regional factors like 
increased transportation rates, enhanced trapping efficiency, or elevated 
palaeowind intensity. This study not only refines our understanding of 
the Kisiljevo LPS but also contributes valuable insights into the regional 
paleoenvironmental dynamics, emphasizing the need for careful 
consideration of local geological variations in reconstructing past cli-
mates from sediment archives. The MAR trends provide a basis for future 
investigations into the factors influencing dust deposition in 
north-eastern Serbia and offer a valuable reference for broader paleo-
climatic interpretations in the Carpathian Basin. 
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Guérin, G., Mercier, N., Nathan, R., Adamiec, G., Lefrais, Y., 2012. On the use of the 
infinite matrix assumption and associated concepts: a critical review. Radiat. Meas., 
Proceedings of the 13th International Conference on Luminescence and Electron 
Spin Resonance Dating 47, 778–785. https://doi.org/10.1016/j. 
radmeas.2012.04.004, 10–14 July, 2011, Toruń, Poland.  
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