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Abstract

Bawa Yawan Rock Shelter is one of the critical Palaeolithic sites discovered recently in the
Central Zagros in Western Iran. The site exhibits a rich assemblage from the Middle
Palaeolithic (Zagros Mousterian) to the Epipalaeolithic, and it discloses one Neanderthal
canine tooth. The site stands out as one of the handfuls of Palaeolithic sites in the Central
Zagros that contain human remains. Therefore, establishing a reliable chronology revealing
the temporal period in which Neanderthals inhabited the region plays a significant role in our
understanding of the human past in the region. We employed luminescence dating in
combination with Bayesian modelling to improve the precision of the estimated ages. Our
results indicate that the Middle Palaeolithic assemblages unearthed from geological layers
GH3 to GH5 in the site fall in the [58-80] ka time frame (68% credible interval). More
importantly, the Bayesian age for the layer containing the Neanderthal remains exhibited [65-
71] ka (68% ). This age contradicts the previous *C-based chronology. We argue that it is likely
that the 4C dates underestimate the timing of the Middle Palaeolithic industries at Bawa
Yawan.

Furthermore, our study reveals the first luminescence age for the Epipalaeolithic in the
Central Zagros, which

is dated to [13—15] ka (68%).

Keywords: Luminescence dating; Bayesian modelling; Middle Palaeolithic; Epipalaeolithic;
Neanderthals; Central Zagros
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1 Introduction

The Central Zagros has long been the centre of attention for Palaeolithic studies in Western
Iran. Recently, human fossil remains, although sparsely discovered, proved the presence of
Neanderthals and Anatomically Modern Humans (AMHs) during the Middle and Upper
Palaeolithic (Heydari-Guran et al., 2021a; Trinkaus et al., 2008; Trinkaus and Biglari, 2006;
Tsanova, 2013; Zanolli et al., 2019). In addition, an abundance of caves and rock shelters
preserving rich Middle-Upper to Epipalaeolithic assemblages distinguishes this area (Heydari-
Guran and Ghasidian, 2020, 2017).

Notably, the Kermanshah Province, in Western Iran and its spectacular Bisotun Massif are
renowned for encompassing several famous archaeological sites that have witnessed
Palaeolithic cultures and were investigated in attempts to decipher them (Biglari, 2001). This
brings our attention to the Bisotun (Hunter) cave, which was excavated by Coon in 1948, who
uncovered one of the first Mousterian industries for this region (Biglari, 2001; Coon, 1951).
Later, Smith (1986) excavated another cave (Ghar-e Khar) representing the continued
assemblages from the Middle, Upper to Epipalaeolithic (Shidrang et al., 2016). Mar-Tarik, Mar-
Aftab, and Mar-Dodar caves were other key sites that opened doors to buried Mousterian
culture in the Central Zagros in the Bisotun Massif (Biglari, 2001; Jaubert et al., 2009, 2006).
Mar-Dodar, however, was marked since it renders assemblages associated with the Upper and
Epipalaeolithic as well as the Mousterian industries (Biglari, 2001). Another exceptional
discovery in Kermanshah Province occurred in the Warwasi Rock Shelter, which was first
excavated in 1961 (Braidwood et al., 1961; Hole and Flannery, 1968) and represented
remarkably continuous assemblages associated with the Middle, Upper to Epipalaeolithic
culture (Olszewski, 1993; Olszewski and Dibble, 2006; Tsanova, 2013).

During the last decade, the new Palaeolithic research in the Kermanshah Region began in the
framework of “Human evolution in the Zagros Mountains” (HEZM) including documenting new
sites, conducting test excavations aimed at understanding the history of various hominin
occupations and their behaviour from the Lower Palaeolithic until the beginning of the Neolithic
(Heydari-Guran and Ghasidian, 2020, 2017). Recent excavations in the Gelimgoush Cave
presented the Upper Palaeolithic layer dated back to ca. 40 ka as well as the Bronze Age
occupations (Heydari-Guran et al., 2021b).

In close vicinity of Kermanshah, in the Lurestan Province, the sites of Pasangar (Bazgir et al.,
2014; Hole and Flannery, 1968) and Yafteh (Hole and Flannery, 1968; Otte et al., 2011) are best-
known examples for the Upper Palaeolithic culture of the Central Zagros. In addition, Gilvaran
and Kaldar caves (Bazgir et al., 2017, 2014) represented the rich Middle Palaeolithic technology
below the lithic artefacts associated with the Upper Palaeolithic.

The aforementioned sites were only some of the Palaeolithic excavations’ history in the Central
Zagros, and new explorations are in progress to get a grip on the bigger picture of Late
Palaeolithic cultures in the area. Overall, the need for a reliable time frame in which prehistoric
humans lived has risen by increasing the number of excavations and unfolding the buried
cultural affinities of the Central Zagros. The necessity for chronological studies in the Central
Zagros seems even more significant since absolute dates are only available for a few sites (Bazgir
et al., 2017; Becerra-Valdivia et al., 2017; Otte et al., 2011).

Importantly, chronological studies play a major role in solving the key questions as to whether
one culture (e.g., Zagros Aurignacian, Late Upper Palaeolithic) is rooted or locally evolved from
a former one (e.g., Zagros Mousterian) which has been invariably engaged the archaeologists
(Olszewski and Dibble, 2006; Tsanova, 2013). More crucially, the time of Neanderthal and AMH
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arrivals into the Central Zagros, the period during which they may have coexisted in the area,
and finally, the precise timing of Neanderthal disappearance can be determined through
reliable dating techniques.

Our study attempts to improve our knowledge of the timing of Late Palaeolithic human
occupations in the Central Zagros. Our focus will be on Kermanshah Province and one of the
latest Palaeolithic discoveries in the Rock Shelter of Bawa Yawan (Fig. 1). This site stands out
from several prior findings in this region since it provided direct evidence of Neanderthal
occupation (canine tooth) in this region. The archaeological record recovered from the site
noteworthily rendered assemblages associated with the Middle, Upper, and Epipalaeolithic
cultures. This sequence was recently dated using the *C method, suggesting that the
Neanderthal occupied the site between 43,600 a cal. BP and 41,500 a cal. BP (Heydari-Guran et
al., 2021a).

However, previous studies showed that *C dates for Middle-Upper Palaeolithic assemblages
could be underestimated due to the limited time range of the method (e.g., Higham, 2011;
Higham et al., 2009; Wood et al., 2013; Zhang et al., 2022; Zilhdo et al., 2021) and frequent
contamination (e.g., Deviéese et al., 2021). As such, due to the importance of the site for the
region, it seems vital that other dating methods with a longer age range (covering the Middle
Palaeolithic) are applied to the site to establish an independent chronology. The method we
employed at Bawa Yawan is luminescence dating. This technique has been coupled with
archaeological studies across the globe and successfully ascertained the time frame from
Epipalaeolithic to the Lower-Middle Palaeolithic (e.g., Daura et al., 2021; Demeter et al., 2022;
Godfrey-Smith et al., 2003; Grine et al., 2007; Groucutt et al., 2021; Guo et al., 2015; Heydari et
al., 2022; lovita et al., 2012; Malinsky-Buller et al., 2016; Sun et al., 2010; Wintle, 2008).

Our study aims to establish the first luminescence-based chronology for the Bawa Yawan Rock
Shelter and compare the new dates with the earlier study using the '4C dating. Furthermore,
we provide the first absolute luminescence age representing the Epipalaeolithic culture for the
Central Zagros.

Notably, Bayesian modelling tailored to luminescence data is employed to improve the
precision of the ages by incorporating the stratigraphic relationships between the geological
layers. We test whether Bayesian luminescence chronologies confirm the radiocarbon dates or
if they contradict the previous study.

1.1 Bawa Yawan Rock Shelter: Geological layers and archaeological findings

The abundance of vast plains with sufficient water supply provided by the Gamasiab and
Dinevar Rivers amid the Central Zagros foothills likely rendered a suitable environment for
prehistoric humans (Biglari, 2001). This seems to be the main reason why the Kermanshah
Province encompasses a vast suite of prehistoric sites. Based on geological and
geomorphological records, Heydari-Guran and Ghasidian (2017) categorised these sites into
four key subzones. Their preliminary survey identified 265 sites offering human industries
attributable to the Middle to Epipalaeolithic time. These field investigations revealed the
importance of rock shelters in Palaeolithic excavations, as the buried assemblages are most
likely to be preserved from erosion and weathering.

The Bawa Yawan Rock Shelter was first discovered in 2009 due to a field survey in which many
lithic artefacts were observed following nearby road constructions (Heydari-Guran and
Ghasidian, 2017). The site sits right below the southern slope of limestone cliffs with an
elevation of 50 m in the Nawdarwan Valley, where about 50 more palaeolithic sites have been
identified (Heydari-Guran et al., 2021a).
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Later, during 2016-2018, the site was subject to systematic excavations disclosing in situ
assemblages mainly attributed to the Middle and Upper Palaeolithic. The excavations opened
two main trenches on the west and the east of the cliffs, with an area of 14 m? and 6 m?,
respectively (cf. Fig. 3 in Heydari-Guran et al., 2021a).

The archaeological findings in Bawa Yawan originated from five geological horizons (GH)
separated due to their sedimentary properties, including their colour and granulometry (Fig. 2)
(Heydari-Guran et al., 2021a). The topmost layer with a thickness of 50 cm is GH1, which is
distinguished from other geological layers by its dark reddish-brown colour. The evidence of an
erosional discordance separated this layer from the ones below. This layer offers no Palaeolithic
findings, only some modern materials (Heydari-Guran et al., 2021a).

GH2 is extended in reddish-brown colour over 80-95 cm thickness. This deposit consists of
particles ranging from clay to larger pebbles and cobbles. The archaeological findings from this
layer are categorised into the Middle, Upper, and Epipalaeolithic. Fragmented faunal remains,
such as birds, Bovidae, and caprinae, were also obtained from this layer (Heydari-Guran et al.,
2021a).

Layer GH3 is visible at about 95 cm depth, and its dull and dark reddish-brown colour separates
it from other layers. The layer is rich in calcium carbonate mixed with some pebbles. It
comprises fewer lithic artefacts than other layers, mainly attributed to the Middle Palaeolithic
(using the Levallois flaking technology). GH4 spans 65 cm and appears in a light reddish-brown
colour. The number of cobbles here increases significantly compared to the other layers
(Heydari-Guran et al., 2021a). On the other hand, the number of lithic artefacts associated with
the Middle Palaeolithic markedly drops in this layer.

The last excavated layer (GH5) is 150 cm thick and is of dark reddish-brown colour due to the
abundance of iron oxide. The grain size ranged from silt and sand grains to pebbles (i.e.
limestones from the wall shelter). The layer offers the richest Palaeolithic assemblages
(associated with the Zagros Mousterian) compared to the other overlying layers. In addition, it
contains burnt bones and faunal remains. Unlike the other layers, the number of faunal remains
in GH5 is abundant. Faunal species, including Bovidae, Antilopinae, and Equidae have been
identified in this layer (Heydari-Guran et al., 2021a)

2 Material and methods

Optically Stimulated Luminescence dating (OSL; Huntley et al., 1985) was applied to quartz
and polymineral grains to determine when grains were exposed to sunlight. This timing is
assumed to be equivalent to the burial time of the sediment (i.e., minerals), including
deposited archaeological findings, which are associated with the dates of human occupations
in the rock shelter.

Luminescence dating benefits from the ability of particular minerals (e.g., quartz and feldspar)
to absorb the dose administered to them due to the natural decay of radionuclides, mainly
238y, 232Th, and “°K. In the laboratory, we estimate the recorded dose in the mineral by
measuring the natural and regenerated luminescence signals. This estimated dose is an
equivalent dose (De) since it estimates the dose minerals have received during their burial
period. In addition, the environmental dose rate (i.e. the dose per unit time) is approximated
and allows for ascertaining sediment age by dividing the equivalent dose (D) by the dose
rate.

To estimate the ages of the sediments at Bawa Yawan, we took six samples from GH2 to GH5.
From each layer, only one sample was extracted except for GH5, from which three samples
were taken using opaque tubes. For simplicity, henceforth, sample names are preceded by
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“BaYa” for Bawa Yawan. The first sample (BaYal) was taken outside the trench from the
uppermost GH2 outcrop, where Epipalaeolithic lithic artefacts were identified. Samples
BaYa2, BaYa3, BaYa4 and BaYa5 were taken inside the trench from the profile wall. The last
sample BaYa6 was taken from the bed of the trench.

2.1 Sample preparation

Sample preparation for luminescence dating followed standard procedures (Preusser et al.,
2008). Samples were prepared under subdued orange light conditions (ca 589 nm, sodium
vapour lamp) appropriate for luminescence samples. Wet sieving was performed on the
samples to extract grains ranging from 20 um to 41 um. This grain-size range was selected
since no sufficient material was available in larger grain sizes (see Fig. S1 in supplementary
material). The samples were then treated with HCl (10 %) until no more reaction was
observed, and this was followed by soaking in HCI (35 %) for one hour to dissolve any
remaining carbonates. The samples were treated with H,0; (30%) for 48 hours to eliminate
organic materials. We kept a part of the so-prepared samples (polymineral) for infrared light-
stimulated luminescence (IRSL) measurements. The other part was soaked with a mixture of
hexafluorosilicic acid (H2SiFs, 37%) plus nitric acid (HNOs3, 68%) (a solution of 90% of
hexafluorosilicic acid plus 10% of nitric acid) for one week to obtain purified quartz grains.
This procedure was followed by another wash in HCI (15 %) overnight to remove Ca-fluorides.
Finally, wet sieving was applied again to discard grains smaller than the target grain size.

2.2 Instrumentation and source calibration

We used two Freiberg Instruments lexsyg SMART TL/OSL systems (Richter et al., 2015) for our
measurements. The system used for the D. estimation of the quartz grains (called S2)
facilitated five blue LEDs (458 A 10 nm, max. 70 mW cm) and five infrared LEDs (850 A 3 nm,
max. 300 mW cm). The power densities were set to 40 mW cm? (blue stimulation) and 100
mW cm? (infrared stimulation) during continuous wave (CW) stimulation. Luminescence
signal of quartz was detected through a UV filter set (Hoya U340, 2.5 mm, and Delta BP 365/50
EX) in front of a Hamamatsu H7360-02 photomultiplier tube (PMT). For the D. estimation of
the polymineral fraction, the system (called S1) used five infrared LEDs (850 A 3 nm, max. 300
mW cm), which were set to 100 mW cm™ during CW stimulation. Luminescence signal of
polymineral was detected using a Schott BG 39, 3 mm in conjunction with an AHF-BL HC
414/46 and a Schott NG 11, 1 mm filter.

We specifically calibrated the ®°Sr/°°Y sources for our samples due to the small grain size (20—
41 um). We used grains from sample BaYa3 for the calibration with the polymineral material
and sample BaYa4 for the calibration with the quartz grains. The samples were first bleached
using a solar simulator (Honle UVA CUBE400) following the procedure applied for dose
recovery test (see the detail below) and then irradiated with an external 3’Cs gamma-source
in the laboratory of Gif-sur-Yvette (Laboratoire des Sciences du Climat et de I'Environnement,
France, cf. Tribolo et al., 2019). The samples received doses of 106 Gy and 212 Gy,
respectively. We measured the given dose using a single-aliquot regenerative dose (SAR)
protocol (Murray and Wintle, 2000) with the same setup as our measurements (see below).
The result showed that the luminescence readers S1 and S2 delivered dose rates of ca 11.3
Gy min* and ca 8.6 Gy min™! on polymineral and quartz grains from the grain size fraction 20—
41 pum, respectively (see Sec. S1).
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For the measurements, several hundred grains, either quartz or polymineral, were mounted
on stainless-steel cups using silicone oil (1 mm spray mask). We measured 20-25 aliquots per
sample for the polymineral and 37-40 aliquots for the quartz fractions.

2.3 Luminescence sighal measurements

Luminescence signals from quartz and polymineral were measured separately to establish
two series of ages for our samples. This approach was employed to gain additional
information on the minerals' signal bleaching (resetting) history (Murray et al., 2012). In doing
so, we can assess Whether or not the complete signal resetting occurred before the deposition
at the site, which is a key assumption for estimating an exact age. Below, we detail the signal
measurements for both quartz and polymineral.

2.3.1 Quartz signal measurements

The blue OSL was used to determine the D. through the SAR protocol (see Table S1 for
protocol details).

The measured luminescence signal often combines several superimposed signals, while the
fast-decaying signal shows several advantages for dating (Wintle and Murray, 2006). First, the
domination of the fast decaying signal in Bawa Yawan samples was tested by comparing the
shapes of the OSL signal of sample BaYa2 with the fast component dominated calibration
quartz ( Risg batch 90, Hansen et al., 2015) following the approach of Bos and Wallinga (2012).
A preheat-plateau test was performed to monitor the dependency of the estimated D. on the
thermal treatments in the SAR protocol. In this test, a series of temperatures from 220 °C to
280 °C (20 °C increments) was applied to three samples (BaYal, BaYa2, and BaYa5), and five
aliquots were used to measure the D.. The cut-heat was always set at 20°C lower than the
corresponding preheat temperature in each step. The temperature on a plateau was
considered an appropriate temperature for the SAR protocol.

In addition, we carried out a dose-recovery test on two samples by measuring six aliquots for
samples BaYal and BaYa2. The aliquots were first bleached for 100 s inside a Honle UVACUBE
400 solar simulator to deplete the natural luminescence signal. This step was followed by a
10,000 s pause that allows for the decay of the 110 °C peak (Wintle and Murray, 2006). Then,
the samples were bleached for a second time for 100 s to empty charges in the fast
component, potentially transferred from the shallow 110 °C trap during the pause. Finally,
samples BaYal and BaYa2 received a beta dose of 33 Gy and 149 Gy (close to their expected
Devalues) inside the OSL reader, and the SAR protocol was applied to test whether the given
dose could be satisfyingly recovered.

We used the initial channels 1-2 (first 0.2 s) for the signal stimulated with blue and subtracted
the late background using channels 300—400 (last 10 s). The SAR protocol was applied to
multi-grain aliquots of quartz to determine the equivalent dose (De). Four regenerative points,
approximately 56 Gy, 112 Gy, 224 Gy, and 449 Gy, were used to construct the dose-response
curves for samples BaYa2 to BaYa6, with a test dose of 56 Gy. A different setup was used for
sample BaYal due to its lower D. compared to other samples: regenerative doses of 14 Gy,
28 Gy, 56 Gy, and 112 Gy, with a test dose of 14 Gy. A single saturating exponential equation
was used to fit the dose-response curves forced through the origin.

2.3.2 Polymineral signal measurements
The post-infrared infrared stimulated luminescence at 290 °C (pIRIRSL290) was applied to the
polymineral fraction to estimate the D.. This signal was selected since it was proven that it
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does not suffer from anomalous fading, or at least the signal loss is insignificant (Buylaert et
al., 2012; Thiel et al., 2011; Thomsen et al., 2008). The protocol settings for this measurement
were derived after Buylaert et al. (2012) (see Table S2 for the details of the setting).

We used four regenerative doses (19 Gy, 38 Gy, 76 Gy, and 152 Gy) with a test dose of 19 Gy
to construct the dose-response curve for BaYal. These regenerative doses were increased to
66 Gy, 133 Gy, 265 Gy, and 531 Gy, with a test dose of 66 Gy for samples BaYa2 to BaYa6. The
single saturating exponential function was also used to fit the regenerative dose points to
build up the dose-response curve, which passed through the origin.

The dose-recovery test was conducted on two samples (BaYal and BaYa2). The samples were
bleached for 72 hours in the solar simulator, and then they received doses of 43 Gy and 170
Gy, respectively. The given dose was measured using the plIRIRSL,g0 protocol with the test
doses of ca 18 Gy and 64 Gy for BaYal and BaYa2, respectively.

2.4 Dose rate estimation

Radioactive nuclides of the U-series, the Th-series, and K emit alpha, beta particles, and
gamma- rays. The contribution from every type of decay is estimated to approximate the
environmental dose rate as a whole. The input from cosmic rays and the internal activities of
K (10 £ 2%) after Smedley et al. (2012) and Rb Mejdahl (1987) for feldspar grains were also
considered in the calculation.

We employed high-resolution, low-background gamma-ray spectrometry (Guibert and
Schvoerer, 1991) to estimate the concentrations of U, Th, and K. This allows for approximating
the amount of alpha-, beta- and gamma-dose rates separately.

In order to improve the accuracy of the beta and gamma-dose rates (derived from gamma-
ray spectrometry), the sediment samples were sieved and separated in two series: less than
2 mm (series 1) and between 2 mm and 1 cm (series 2). Initially, the contribution of the beta
dose rate was taken into account only from the particle size of less than 2 mm. However,
recent studies argued that larger particles than 2 mm up to 1 cm in a heterogenous
environment could also play a non-negligible part in beta-dose rate fraction (Martin, 2015;
Tribolo et al., 2017). Therefore, the beta dose rates were determined using both series 1 and
series 2 to better represent the contribution of this part.

The sediment samples were first powdered using a planetary mill before being sealed in
plastic boxes of 12 cm3 and stored before the measurements for at least three weeks. The
equivalent U, Th, and K concentrations were obtained for both particle size series using
gamma-ray spectrometry. The values from both series were then converted into dose rates
using the conversion factors by Guérin et al. (2011). The alpha-dose rates were determined
only based on the radionuclide concentrations of series 1.

To determine the beta dose rate, first, we estimated the beta dose rate for each series. Then,
we calculated the weighted mean of both series using the relative weight of each fraction.
This, in total, gives us the beta dose rate originating from particles smaller than 1 cm.

Martin (2015) showed that the true beta dose rate was always lying in a range somewhere
between the contributions of <1 cm and <2 mm. Thus, the final beta dose rate was calculated
using the average of fractions <1 cm and <2 mm (Martin, 2015; Tribolo et al., 2017), which
represents the best estimate for the beta dose rate in this environment.

For the gamma dose rate, however, the contribution from the fraction <1 cm was considered.
Although this approach would not give us the ideal estimate, it could improve the obtained
value as it reflected grains larger than 2 mm (up to 1 cm).
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The water content was measured after storing the sediment samples in an external furnace
at 50°C for around one week. These values ranged between 15 £ 6 % and 17 + 7 %. Except for
sample BaYa4, for which the value was 14 + 5 %. We increased this value to 16 + 6 % for
consistency with the other two samples (BaYa5 and BaYa6) taken from the same unit (GH5).
The obtained dose rates were then corrected for the water content (Aitken, 1985; Guérin and
Mercier, 2012; Nathan and Mauz, 2008). The effect of the grain size-dependent attenuation
for alpha and beta dose rates was corrected after Guérin et al. (2012) and Martin et al. (2014).
We used the value of 0.03 + 0.01 (OSL quartz, Mauz et al., 2006) and 0.09 + 0.01 (mean of the
values reported in Schmidt et al., 2018 for pIRIR290 protocol) for the alpha-efficiency in order
to determine the beta equivalent alpha dose rate contribution. The cosmic-dose rate was
estimated from the geographic position and burial depth of each sample (Prescott and
Hutton, 1994) using the function calc_CosmicDoseRate() in the (R Core Team, 2023) package
‘Luminescence’ (Kreutzer et al., 2023, 2012).

2.5 Bayesian chronology

Bayesian modelling was employed to improve the precision of each time frame using the R
package “BayLum” (Christophe et al., 2023; Philippe et al., 2019). This modelling allows for
including independent chronological information of the site, e.g., stratigraphic relationships,
for reducing age uncertainties.

This model was applied to analyse quartz OSL signals and created posterior dose-response
curves through a single saturating exponential function. Simultaneously, the Gaussian
distribution was used to generate equivalent dose posterior probability for each sample,
which, combined with the dose rate, led to the age probability distribution. We applied the
function SC_Ordered() to include the stratigraphic constraints and improve the precision of
obtained ages, as was displayed in an earlier study (Heydari et al., 2020). The systematic error
was modelled by generating the theta matrix (Guérin et al., 2021).

3 Results

3.1 Quartz D.

The perfect matching in the shape of the OSL signals of sample BaYa2 and the calibration
quartz indicates that the fast-decaying component is dominating the OSL signal of sample
BaYa2 (Fig. S2). The results of the preheat plateau test for samples BaYal, BaYa2, and BaYa5
are illustrated in Fig. S3. We observed a plateau between 260 °C to 280 °C, 220 °C to 260 °C
and 240 °C to 260 °C for samples BaYal, BaYa2 and BaYa5, respectively. Based on this
observation, a preheat temperature at 260 °C was selected for the measurement of the D, of
all samples.

Dose-recovery ratios for samples BaYal and BaYa2 were 1.03 + 0.02 and 0.95 + 0.04,
respectively, which are in the acceptable range of 0.9—1.1. These ratios indicate that the
parameters in the SAR protocol are appropriately adjusted for these samples.

The recuperation ratio after delivering a zero dose was consistently below 5 % of the natural
signal. A repeat of the first regenerative dose point (recycling ratio) was used to monitor the
sensitivity changes due to previous thermal treatments and irradiations. The means of
recycling ratios for each sample ranged from 0.90 + 0.05 to 0.95 + 0.01, inferring its close
consistency within 10 % of unity (Murray and Wintle, 2000). The possibility of contamination
by feldspar grains was examined by using IR depletion ratio (Duller, 2003). This ratio was
within 10 % of unity for all samples. Therefore, no significant evidence for feldspar
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contamination was observed. Figure 3a illustrates the preheat TL curves, blue stimulated
shine-down curves, and corresponding dose-response curves for sample BaYa4 as an
example. The D. values and their uncertainties (obtained using the software package
“Analyst”; Duller, 2015) are quoted using the arithmetic mean and the standard error of the
mean, which ranged from 34+1 Gy to 20417 Gy for samples BaYal to BaYa6 (Table 3). The D.
distribution for sample BaYa4 is illustrated as an example using the Abanico plot (Fig. 4a)
(Dietze et al., 2016).

Except for BaYal, which was taken from the external outcrop at the top of the profile, the D.
values for BaYa2 to BaYab6 fall in the high dose range, between 139+3 Gy and 20417 Gy. This
means these values were obtained after projecting the sensitivity-corrected natural signal
(Ln/T») onto the non-linear part of the dose-response curve. In such a circumstance, as was
discussed in previous studies, the accuracy of the D. estimate could be dubious, and D.tends
to be underestimated (e.g., Duller, 2007; Heydari and Guérin, 2018). To evaluate the accuracy
of the obtained D. for our samples, we first estimated the characteristic saturation dose value
(Do) through a single saturating exponential function for the last two samples with the largest
D. values. We constructed dose-response curves using regenerative points ranging from 36
Gy to 1224 Gy (in total 11 points). The results are shown in Fig. S4. The Do values for BaYa5
and BaYa6 were 117 Gy and 107 Gy, respectively. For both samples, the determined D, values
are lower than 2Dy, justifying the estimate's accuracy (Wintle and Murray, 2006).
Nevertheless, Heydari and Guérin (2018) showed that applying Bayesian models to estimate
D. for samples lying in the non-linear part of the dose-response curve or close to saturation
can lead to more accurate results. Thus, we applied the Bayesian modelling using Gaussian
distribution and estimated D. values for two samples (with the largest D. values BaYa5 and
BaYa6), which resulted in the [180-193] Gy and [190-214] Gy intervals (68% credible
intervals), respectively. These ranges are consistent with the values obtained through the
non-Bayesian approach within their uncertainties (195 + 6 Gy for BaYa5 and 204 + 7 Gy for
BaYa6), indicating that D. underestimation does not seem to be likely for this dataset.

3.2 Polymineral D,

The first dose-recovery ratios were 0.97 £ 0.03, 0.94 + 0.01 for samples BaYal and BaYa2
(each sample three aliquots). We then tried to modify the protocol by varying the test-dose
values (Colarossi et al., 2018) to potentially improve the dose-recovery ratios (Wintle and
Murray, 2006). We increased the value of the test dose from the 56 Gy used in the first test,
to 85 Gy for BaYa2, which resulted in ratios of 0.83 + 0.03. We also reduced the value of the
test dose for this sample to 43 Gy, which led to 0.91 + 0.07. Therefore, we selected the first
protocol settings for our final measurements, which provided the most satisfactory result
compared to the two other protocols.

Figure 3b displays preheat TL curves, infrared light-stimulated shine-down curves, and
corresponding dose-response curves of the pIRIR2g0 signal for sample BaYa4 as an example.
The D. for BaYal was 50 + 1 Gy, and BaYa2 to BaYa6 ranged from 168 * 3 Gy to 259 * 8 Gy.
The D, values for all samples were estimated using the mean of the distribution, and the
corresponding uncertainty was ascertained through the standard error of the mean. The
Abanico plot was used to visualise the D, distributions for sample BaYa4 as an example (Fig.
4b).
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3.3 Does rate results

The equivalent concentrations of U, Th, and K are listed in Table 1 according to particle sizes
(series 1 and 2).

The alpha-dose rates ranged from 0.12 + 0.02 to 0.17 + 0.02 Gy ka™! for the quartz grains and
from 0.37 + 0.03 to 0.53 + 0.04 Gy ka* for the polymineral fraction. Beta-dose rates were
calculated using the concentrations from series 1 and 2, and they ranged from 1.26 + 0.10 to
1.65 * 0.14 Gy kal. The gamma dose rates were also determined using series 1 and 2
concentrations ranging from 0.70 + 0.02 to 0.86 + 0.04 Gy ka™. The internal dose rate for
feldspar accounted for 0.11 + 0.03 Gy ka™%, and the cosmic dose rates fell between 0.15 + 0.02
Gy ka?! to 0.24 + 0.02 Gy ka™. The final dose rates for quartz and polymineral ranged from
2.26 + 0.10 Gy ka'to 2.84 + 0.15 Gy ka' and 2.62 + 0.11 Gy ka' to 3.30 + 0.15 Gy ka!,
respectively. The beta and gamma dose rates contribute 55-58 % and 29—-31% to the external
dose rates. The alpha dose rates for quartz and polymineral were about 5-6 % and 14-16 %
of their total dose rates.

3.3.1 Radioactive disequilibria

Disequilibrium in the U-decay chain can impact the accuracy of luminescence dating. This can
happen under various environmental conditions in which intermediate radioactive products
are transported mainly due to fluctuations in the groundwater system.

The chemical mobility of 226Ra often causes disequilibrium in the U-decay chain. To examine
whether this is the case in our sediments, the effective concertation of U was estimated using
elements of 23*Th, 234MPa, and 234U from the top of the chain (pre-??°Ra) and also from 2!*Pb
and 2¥Bi at the bottom of the chain (post-*?Ra).

The concentrations of 238U determined from the top of the U-decay chain range from 2.23 +
0.10 ppm to 4.79 £ 0.15 ppm for series 1 and from 2.09 + 0.09 ppm to 4.22 £ 0.11 ppm for
series 2. The concentrations derived from the bottom of the chain of series 1 vary between
1.91+£0.03 ppmto 2.90 £ 0.03 ppm and from series 2 between 2.30 £ 0.03 ppm to 3.25 £ 0.03
ppm. To better visualise the disequilibria observed in these datasets, we determined the
ratios by dividing the effective 238U concentration from the pre-?2°Ra and the post-??°Ra to
232Th due to its immobility after (Guibert et al., 2009). These ratios for series 1 and 2, alongside
the equilibrium line, are presented in Figure 5. As shown in this figure, the radioactive
equilibrium is evidently discerned for series 2 for samples BaYa2 to BaYa6. Moreover, this
figure depicts a typical plot of a series of samples that have undergone a recent arrival of 238U
after Guibert et al. (2009). According to this observation, the effective U concentrations were
used only from the bottom part of the chain to minimise the impact of recent U arrival in the
site for these samples.

3.4 Age results and Bayesian chronology

Luminescence ages are established for all six samples using quartz (blue OSL) and polymineral
fraction (pIRIRSL290). The OSL and pIRIRSL,g0 ages for the BaYal sample were 14 + 1 ka and 18
+ 1 ka, respectively. The pIRIRSL29p age is older than the corresponding OSL age. An age gap is
noticed below this sample where BaYa2 was taken. The luminescence-derived time frame for
this sample based on quartz OSL and pIRIRSL290 on polymineral exhibited 59 + 3 ka and 61 £ 3
ka, respectively. Here, both time frames perfectly agree with one another within their
uncertainties. The dating for sample BaYa3 from GH4 rendered 68 + 4 ka and 64 + 3 ka through
OSL and pIRIRSL290, again within uncertainties in good accordance between the two ages. For
the layer beneath, GH5, quartz, and polymineral ages yielded 65 * 4 ka, and 62 + 3 ka,
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respectively and thus show excellent consistency. The OSL and plRIRSL.go ages of the
lowermost sample were 69 * 4 ka and 73 + 4 ka for sample BaYa5 and 73 +5 kaand 79 £ 5 ka
for BaYa6, respectively. Again, the ages are consistent within uncertainties here, and BaYa6
seems slightly older than BaYa5, which follows the stratigraphic position in the profile (see
Sec. S1).

Figure 6 illustrates the Bayesian age probability distribution for the six samples using quartz
OSL data. The ages are reported in 68% and 95% credible intervals.

The youngest age resulted in [13-15] ka (68% credible interval). The age results for the
subsequence samples read BaYa2 [58-64] ka, BaYa3 [63-68] ka, BaYa4 [65-71] ka, BaYa5 [68-
74] ka, and BaYa6 [72-80] ka (all 68% credible interval). They follow the expected stratigraphic
order as they increase smoothly within the depth. The impact of stratigraphic constraints is
observed in the Bayesian chronology, and its incorporation into the modelling has reduced
the random error and resulted in age intervals of higher precision.

4 Discussion

4.1 Reliability of the obtained luminescence ages

One of the main critical premises controlling the accuracy of luminescence age is the
complete resetting of the signal before the deposition. In this study, we benefited from the
quartz OSL and plRIRSL,90 (on polymineral fraction) signals to probe whether the natural
dosimeters were fully reset before deposition and whether the estimated D. carries a former
dose originating from an earlier stage of sedimentation.

It has been shown that the bleaching rate of quartz OSL is far (orders of magnitude) faster
than the pIRIRSL90 signal (Murray et al., 2012). This means that if the quartz OSL and
pIRIRSL290 ages are consistent, the possibility of incomplete bleaching of these natural
dosimeters is unlikely. In our data set, it is easily discerned that the ages based on these two
signals overlap within the uncertainties. Hence, we conclude that incomplete bleaching is not
a probable scenario at the Bawa Yawan Rock Shelter. The only exception for which no
overlapping is observed is sample BaYal. This sample resulted in the youngest age range in
which the pIRIRSL290 age of 17-19 ka is older than the OSL of 13-15 ka. It is known that the
pIRIRSL290 signal often contains a residual dose that is hard to bleach and contributes to the
measured natural signal. The amount of the residual dose for well-bleached samples typically
ranges from 5-20 Gy after (Buylaert et al., 2011). Although these values cannot significantly
impact the larger Devalues, their contributions to the small D¢ (as is the case for sample BaYal)
can be considerable. The residual doses were calculated for all samples (except for BaYa3 and
BaYa4) using a simple assumption that polymineral and quartz ages for each sample should
lead to equal value. The obtained residual doses account for 7-21 Gy, consistent with Buylaert
et al. (2011). The pIRIRSL.gp ages are slightly younger than the quartz OSL for two samples,
BaYa3 and BaYa4. While they are not statistically distinguishable within uncertainty, the
insignificant fading rate reported for the pIRIRSL,90signal (Thiel et al., 2011) could explain this
minor age discrepancy.

As a result, we conclude that the quartz OSL ages are more reliable, and Bayesian modelling
was only employed for this dataset. The central dose for each sample was estimated by
selecting the Gaussian distribution. The low range of overdispersion (Galbraith et al., 1999)
for all samples (7-24%, Table S3) combined with the D. distributions display (Fig. 4) favour this
choice, and the average seems to be a reasonable representative value expressing the final
D. for each sample.
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In this study, aside from the sediment particles smaller than 2 mm, we included a higher range
(up to 1 cm) to better estimate the beta dose rate. We used this procedure because Martin
(2015) argued, supported by simulations of the heterogeneous environment, that the true
beta dose rate emanated not only from the fine grains (less than 2 mm) but also from the
larger grain size (smaller than 1 cm). Thus, the weighted mean according to the weight
proportion of these two grain size distributions is the best quantity representing the beta
dose rate. Nevertheless, estimating the gamma dose rate based on radionuclide
concentrations originating only from particles less than 1 cm in a heterogeneous environment
(like Bawa Yawan) does not seem like an ideal approximation. The presence of limestones,
known to be low in radioactivity, could shift our gamma dose rate estimate towards the lower
values. So, in that case, it is likely that our ages are underestimated. But despite that, it is
important to take into account that the contribution of the beta dose rate in the final dose
rate is much higher than the gamma dose rate (about two times), and this means that
probable underestimation cannot be significant given the uncertainty.

We also benefited from the Bayesian modelling, which was developed specifically for OSL
data and allowed for incorporating the stratigraphic relationships in the site. This combination
improved the precision of the age range (up to ca 38% for the Bawa Yawan Rock Shelter), as
already demonstrated for other Palaeolithic sites in Iran (Heydari, 2020; Heydari et al., 2021,
2020). While 1C dates are available for the site, they were not combined with the OSL ages
since it appears likely that they are underestimated.

4.2 Timing of Epi- and Middle Palaeolithic culture at the Bawa Yawan Rock Shelter

In the following, the obtained ages are reported within 68% credible intervals.

The youngest sample, BaYal, was taken from the topmost GH2, where the lithic artefacts
associated with Epipalaeolithic culture were unearthed. The Bayesian age interval resulted in
[13-15] ka and rendered the first luminescence age for the Epipalaeolithic industries in the
Central Zagros. This time frame is consistent with the 4C date (13,400-13,300 a cal. BP)
estimated at the Bawa Yawan for the Epi-palaeolithic (Heydari-Guran et al.,, 2021a).
Moreover, it agrees in general with the temporal period of 23/22-11.5 ka cal. BP suggested
for the Epipalaeolithic culture in the Levant (Bar-Yosef and Belfer-Cohen, 2010). Our
estimation also aligns with the 4C time frame established for the Epipalaeolithic in Iraqi
Kurdistan in closer vicinity (ca 19,600—-13,000 a cal. BP) (Asouti et al., 2020).

Below GH2, the OSL ages determined for GH3 to GH5 correspond to assemblages that were
mainly attributed to the Middle Palaeolithic, known as Mousterian culture. The Bayesian
chronology for these three layers falls between [58-80] ka.

This age range is in good accordance with the time frame of 50-75 ka ascertained for the
latest Neanderthal fossils found in the Levant. (e.g., Bar-Yosef and Meignen, 2001; Been et
al., 2017). Closer to the site, at Shanidar cave in the Northern Zagros, the preliminary output
of luminescence chronological study suggested a period of 60-70 ka for the Neanderthal fossil
discovered at the site (Pomeroy et al., 2020).

The human remains (Neanderthal canine tooth) unburied in GH5 is a spectacular finding in
Bawa Yawan for which the Bayesian modelling resulted in [65-71] ka. While this age range is
consistent with other chronological data established for the Neanderthal presence in the
Levant or the North Zagros, it does not support the preliminary 14C date for this layer. The *4C
date exhibited between 41,500-43,600 a cal. BP (Heydari-Guran et al., 2021a), which is
younger than the luminescence age [65-71] ka obtained for this layer.
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Therefore, we argue that the %C age for this layer is not within the reliable limits of
radiocarbon dating and is most likely to underestimate the accurate timing of Neanderthal
presence at Bawa Yawan. Thus, the Bayesian OSL estimate seems more justified. This
conclusion is also supported by various studies in which *C dates (older than ca 30 ka)
underestimated the target event, and luminescence ages seem to provide a more robust time
frame due to its higher age range limit (e.g., Briant and Bateman, 2009; Long and Shen, 2015;
Palstra et al., 2021; Song et al., 2015).

5 Conclusions

We established the luminescence-based chronology for the Palaeolithic site of Bawa Yawan
in the Central Zagros. The ages were estimated using quartz OSL signal and pIRIRSLz90 on
polymineral. The overall consistent ages indicated that the dosimeters were fully bleached
before deposition, and the possibility of overestimation due to incomplete bleaching could
be safely ruled out at the site.

We employed Bayesian modelling on OSL data and combined it with stratigraphic constraints
to improve the precision of the chronology. Our chronological study revealed the first
luminescence-based age for the Epipalaeolithic culture in the Central Zagros, which narrowed
down to [13-15] ka (68% credible interval). Furthermore, the Bayesian chronology for GH3 to
GH5 containing the Middle Palaeolithic assemblages yielded the range of [58-80] ka (68%
credible interval). Notably, GH5 comprised the Neanderthal canine tooth, dated to [65-71] ka
(68% credible interval). This age range is larger than the previously determined *C date for
this layer and contradicts it.

Based on our study, we suggest caution in dating the Middle Palaeolithic assemblages with
the 1%C method since it is likely that this method underestimates the temporal range of the
event of interest. We argue that applying another dating method, like luminescence, with a
higher age range is essential for this particular temporal period.
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Figure 1. Study area of Bawa Yawan. The central map shows the important Palaeolithic sites
close to Kermanshah city (a). The upper-right map shows the map of Iran, including the
studied site in Western Iran (b). The photo displays the Bawa Yawan rock shelter (limestone
cliffs) on the north-eastern valley terrace (c).
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Figure 2. Profile sketch of the western trenches below the limestone cliffs. Five geological
horizons (GH1 to GH5) are distinguishable, and Bayesian OSL ages for the samples are
presented.
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Figure 5. Evaluation of the disequilibrium in the decay chain of 238U for determined dose rates
series 1 (left) and series 2 (right). The ratios of 238U(post-226Ra)/?32Th and 238U(pre-22°Ra)/ %3?Th
are shown for all the samples. The ratios for samples BaYa2 to BaYab6 in series 1 show
considerable disequilibria. Series 2 is considered to be in radioactive equilibrium except for
BaYa5 and BaYa6.
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Figure 6. Bayesian posterior age distributions for all six samples. Stratigraphic constraints
were included in the modelling. The results are presented with 68% and 95% credible
intervals.

Table captions:
Table 1. Radionuclide concentrations of x <2 mm and 2 mm < x < 1 cm fractions. U top (pre-

226Ra) is estimated using the equivalent concentrations of the elements of 234Th, 234mPa, and
234U, U bottom (post-22°Ra) is ascertained from 21*Pb and 2'*Bi at the bottom of the chain.

Sample U top U bottom
names K (%) c (ppm) c (ppm) c Th (ppm) c
X <2 mm fraction
BaYal 1.57 0.02 2.23 0.10 2.28 0.03 6.63 0.07
BaYa2 1.46 0.03 2.52 0.13 2.01 0.03 6.71 0.09
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BaYa3 1.42 0.03 241 0.13 191 0.03 6.47 0.09

BaYa4 1.73 0.03 3.91 0.15 2.34 0.04 7.75 0.10
BaYa5 1.99 0.03 3.73 0.15 2.63 0.04 9.22 0.10
BaYab 1.85 0.03 4.79 0.15 2.90 0.03 8.78 0.09
2 mm < x<1cm fraction

BaYal 0.52 0.01 2.09 0.09 2.30 0.03 2.34 0.05
BaYa2 0.83 0.02 2.83 0.12 2.72 0.04 3.93 0.07
BaYa3 0.84 0.02 3.07 0.12 2.86 0.04 3.68 0.06
BaYa4d 0.51 0.02 3.38 0.11 2.97 0.04 2.30 0.05
BaYa5 0.47 0.02 3.61 0.13 3.11 0.04 2.20 0.05
BaYab 0.64 0.01 422 0.11 3.25 0.03 3.02 0.05

967

968

969

970 Table 2. The alpha (for quartz and polymineral), beta, gamma, and cosmic dose rate estimates
971 for all samples. Alphaq and Alphasy refer to alpha dose rates estimated for quartz and
972  polymineral, respectively.

973
Sample Alphaq Alphapm Beta Gamma Cosmic

name (Gy/ka) c (Gy/ka) c (Gy/ka) o (Gy/ka) c (Gy/ka) c
BaYal 0.13 0.02 0.42 0.03 1.35 0.10 0.70 0.02 0.24 0.02
BaYa2 0.13 0.02 0.40 0.03 1.31 0.10 0.73 0.02 0.20 0.02
BaYa3 0.12 0.02 0.37 0.03 1.26 0.10 0.70 0.02 0.18 0.02
BaYa4d 0.15 0.02 0.45 0.03 1.45 0.12 0.76 0.03 0.17 0.02
BaYa5 0.17 0.02 0.52 0.04 1.65 0.14 0.86 0.04 0.16 0.02
BaYa6 0.17 0.02 0.53 0.04 1.61 0.14 0.86 0.04 0.15 0.02

974

975

976

977  Table 3. Summary of quartz OSL and polymineral pIRIRSL290 De values, dose rates (Dys), and
978  the relative ages (the uncertainties are presented within 1o) using the software “Analyst”.
979  Bayesian ages using “BayLum” for quartz samples are shown with 68 % credible interval.
980

Quartz OSL Polymineral pIRIRSL290 Bayesian Quartz OSL

Sample D. D, Age D. D, Age Age

name (Gy) c (Gy/ka) o (Ka) o (Gy) o (Gy/ka) c (ka) c (ka)

BaYal 34 1 2.43 0.11 14 1 50 1 2.82 0.11 18 1 [13-15]
BaYa2 139 3 2.37 0.10 59 3 168 3 2.75 0.11 61 3 [58-64]
BaYa3 154 5 2.26 0.10 68 4 168 4 2.62 0.11 64 3 [63-68]
BaYa4d 164 6 2.52 0.13 65 4 181 3 2.94 0.13 62 3 [65-71]
BaYa5 195 6 2.84 0.15 69 4 242 8 3.30 0.15 73 4 [68-74]
BaYab 204 7 2.79 0.14 73 5 259 8 3.26 0.15 79 5 [72-80]

981
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