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Abstract

Tabun Cave, located on the slopes of Mount Carmel (Israel), constitutes one of the key
Levantine Palaeolithic sites because of its exceptionally long sequence (ca. 25 meters) that has
yielded a suite of lithic industries spanning the Lower and Middle Palaeolithic periods. This
site is also known to have produced human remains found in the Middle Palaeolithic layers: a
Neanderthal female skeleton (C1), and a mandible (C2) commonly classified as Homo sapiens
but whose attribution is still debated.

Determining the chronology of Levantine Palaeolithic caves has often been limited by
severe diagenetic processes, affecting the accuracy of age results obtained using trapped-charge
dating methods. Characterising the mineralogical composition of the sediments in such
conditions is an important step that was done in this study using Fourier transform infrared
(FTIR) spectroscopy. We show that most of our sediment samples underwent diagenesis from

the decomposition of guano, ash or bones, based on the presence of authigenic phosphates,



which may impact the dose rate. Considering this information, we report here age results
obtained using post-infrared infrared stimulated luminescence (pIRIR290) of polymineral fine
grains for Tabun Cave.

Our pIRIR290 ages are in overall agreement with thermoluminescence (TL) dating
results obtained previously on burnt flints, reinforcing the antiquity of key transitions in the
Middle Pleistocene record from Tabun Cave. The ages suggest that the Lower to Middle
Palaeolithic transition at Tabun, possibly coinciding with the arrival of Homo sapiens in the
Levant, may be constrained between 265 + 26 ka (late Lower Palaeolithic, Bed 72, Unit X) and
288 * 29 ka (early Middle Palaeolithic, Beds 63-64, Unit IX), while the age of the base of the
overlying mid-Middle Palaeolithic Layer C (Unit I; Beds 22-19) ranges between 204 + 18 ka
and 192 + 14 ka. Consequently, the Tabun C2 mandible discovered at the base of Layer C may

prove to be among the oldest Homo sapiens fossils found outside Africa.
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1. Introduction

The long sequence of Tabun Cave has yielded Lower Palaeolithic (LP) occupations with
Acheulean and Acheulo-Yabrudian lithic industries, and Middle Palaeolithic (MP) occupations,
with Mousterian industries (Garrod and Bate, 1937; Jelinek et al., 1973) (Fig. 1). It remains
debated whether the transition from the LP to the MP in the Levant involved a continuity of
lithic traditions or the introduction of new populations (Shimelmitz et al., 2016; Meignen and
Bar-Yosef, 2020; Zaidner and Weinstein-Evron, 2020; Shimelmitz et al., 2021). A
stratigraphical unit directly underlying the MP deposits was defined by Jelinek (1982) (Unit X)
as transitional between the LP and MP, although this attribution has been the subject of debate.
The same unit was argued to have been form as a mixture of LP and MP material (Bar-Yosef,
1994). However, a recent investigation of Bed 72, at the bottom of Unit X, shows it is part of
the Acheulo-Yabrudian, representing the very end of the LP (Shimelmitz et al., 2021).
Accordingly, obtaining precise ages for constraining the very end of the LP and the beginning
of the MP at Tabun is of great importance. The timing of this transition in the Levant has been
broadly bracketed to 270-200 ka based on age estimates derived from the youngest ages of
Acheulo-Yabrudian layers and the earliest ages of early MP layers at Tabun, Qesem and Misliya
caves (Fig. 1a, Mercier and Valladas, 2003; Gopher et al., 2010; Mercier et al., 2013; Valladas
etal., 2013).



The division of the MP period in the Levant is also debated. Until the end of the 20"
century, it was commonly divided into three chrono-cultural phases based on the lithic
industries of Tabun Layers D, C, and B (Copeland, 1975), corresponding to the commonly used
designations early, middle, and late MP, respectively. The pace of change from one phase to
another in this sequence and the extent of similarities in lithic technology across Levantine sites
from either one of the phases remains debated as well (e.g., Shea, 2014; Oron et al., 2024).
Within this division, the end of the early MP is not well defined, with some researchers placing
it as late as ca. 130-140 ka (e.g., Shea, 2014; Zaidner et al., 2021), while others propose it to
be around 160 ka (e.g., Valladas et al., 2013; Goder-Goldberger and Bar-Matthews, 2019;
Wojtczak and Malinsky-Buller, 2022). The available ages from Tabun Cave reinforce the latter
timeline with mean thermoluminesence (TL) ages of 196 + 21 ka for Layer D (Beds 30 and 32
of Unit Il) and 165 + 16 ka for Layer C (Beds 20 and 21 of Unit I; Mercier and Valladas, 2003).

The different ideas concerning the beginning of the mid-MP in Tabun, with its
characteristic technology and connection with the Tabun C2 hominin mandible, has introduced
much uncertainty into discussions (Hovers, 2009; Groucutt et al., 2019; Zaidner et al., 2021).
Some of the sites ascribed to this cultural and lithic technological phase have provided ages in
Marine Isotopic Stage (MIS) 5 (Grin et al., 2005; Hovers, 2009; Zaidner et al., 2021; Barzilai
et al., 2022). However, this is in disagreement with the earlier ages from Tabun Layer C that
appear to extend the range back into mid MIS 6 (Mercier and Valladas, 2003) and
biostratigraphic considerations drawn from the microfaunal assemblages (Weissbrod and
Weinstein-Evron, 2022). Thus, new dating is critical to re-evaluate these discrepancies.

Establishing a robust chronological framework for Tabun Cave remains essential to
refining the timing of early modern human dispersals, understanding their adaptation to climate
change, and examining the possibility of contemporaneity between different human biological
groups in the Levant. Previous chronological determinations from Tabun yielded ages which
were found to be much older than those of depositional units with similar lithic industries at
other regional sites, causing considerable uncertainty in efforts to reconstruct a robust
evolutionary sequence for the region. Parts of the Tabun sequence were dated using electron
spin resonance (ESR) and ESR combined with U-series (ESR/U-series) of tooth enamel (Griin
and Stringer, 2000; Rink et al., 2004) and TL of burnt flints (Mercier et al., 1995b; Mercier et
al., 2000; Mercier and Valladas, 2003). The TL results suggest that the sequence between Units
X1V and I ranges from ca. 415 ka (bottom of Bed 90, Unit X1V, Mercier et al., 2000) to ca. 165
ka (mean age for the bottom of layer C, Unit I, Mercier and Valladas, 2003). Combined ESR/U-

series dating from another part of the cave, associated with the early Acheulo-Yabrudian, has
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given an age of ca. 387 ka for this industry (Rink et al., 2004). For the upper part of this
sequence, the ESR/U-series age of 135 +60/-30 ka (Griin and Stringer, 2000) is broadly in
agreement with the mean TL age of 165 + 16 ka (Mercier and Valladas, 2003).

This review of the existing chronological data shows that it is essential to bear in mind
that trapped-charge dating results from Tabun may have been impacted by diagenetic processes
affecting both the dated sample and its depositional environment (Weiner, 2010). This is
highlighted in several studies about diagenesis in caves in the Levant (e.g., Weiner et al., 1993;
Weiner et al., 2002) and elsewhere (e.g., Karkanas et al., 2000, Han et al., 2010), demonstrating
the often severe alterations that archaeological materials and mineralogical assemblages have
undergone over time due to geochemical processes. For instance, in Hayonim Cave (Figure 1a),
spatial variation in the dose rates (measured with in-situ dosimeters) was observed and
correlated with the distribution of authigenic minerals formed on site as a result of diagenesis
(Weiner et al., 2002). Mercier et al. (2007) further identified distribution of mineral
assemblages in the sections where dosimetry was conducted in relation to the location of the
burnt flints selected for TL dating in order to tease apart their potential effects upon the obtained
ages. They showed that “abrupt” dose variations (at a 10 cm scale) were significantly correlated
with the gamma dose rate received by the flints.

Our present dating program at Tabun Cave was undertaken together with detailed
sedimentological analysis of the exposed sections of Jelinek’s former excavation (Friesem et
al., 2021). Sediment samples (n=9) were collected for mineralogical analysis and direct dating
using luminescence of polymineral fine grains, applied at the cave for the first time. The post-
infrared infrared stimulated luminescence (pIRIR) protocol at 290°C (e.g., Thiel et al., 2011)
was chosen as a suitable technique considering the presumed antiquity of the sediments and the
expectation that the quartz grains had reached dose saturation. Unlike the conventional IRSL
signal measured at 50°C, the post-IR IRSL signal suffers from less fading and is based on the
signal measured at 290°C obtained after an IRSL bleach at 50°C and a preheat at a high
temperature (=300°C).

To gain critical insight into variation in dose rates, the level of diagenesis in the sampled
sediment was assessed using the well-established method of Fourier transform infrared (FTIR)
spectroscopy (Weiner and Goldberg, 1990; Goldberg et al., 2022). FTIR has often been used to
understand diagenetic processes and assess the preservation state of archaeological
assemblages.

The age results provided by this study are of relevance to evaluating two main issues of

chronological and evolutionary significance: (1) The timing of the transition between the
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Acheulo-Yabrudian of the late LP and the MP; and (2) the timing of the end of the early MP
and the beginning of the Tabun C phase of the mid-MP.

2. Tabun Cave

Tabun Cave is located on the western slope of Mount Carmel, facing the coastal plain
(Fig. 1la). The cave contains a 25 m deep accumulation of archaeological sediments,
encompassing layers spanning from the LP to the MP (Fig. 1b-c and Fig. S1). The site was first
excavated by D.A.E. Garrod between 1929 and 1934, who divided the massive sequence into
seven layers: Layers G—F at the bottom are attributed to the LP Acheulian culture, Acheulo-
Yabrudian Layer E marking the late LP, and Layers D—B assigned to the MP (Garrod and Bate,
1937). Subsequently, A. Jelinek’s excavations between 1967 and 1971 concentrated on the
middle part of Garrod’s sequence, ranging from the MP Layer C down to the LP Layer E of the
Acheulo-Yabrudian (Jelinek et al., 1973). A. Ronen later excavated the very lowest LP layers,
equivalent to Garrod Layers G-F, as well as different parts of Layer E in 1975-2003 (Ronen et
al., 2011). Recently initiated excavations by M. Weinstein-Evron, R. Shimelmitz and I.
Hershkovitz, focus on the uppermost part of the sequence (Garrod’s Layer B), which has not
been excavated since 1934.

The almost century-long research at the cave has encompassed contributions to
delineating the cultural divisions of the Near Eastern Palaeolithic (e.g., Garrod, 1962; Copeland,
1975), the reconstruction of long-term environmental changes, including geological, botanical
and zoological proxy records (e.g., Bate, 1937; Jelinek et al., 1973; Friesem et al., 2021; Lev et
al., 2023), technological evolution (e.g., Garrod and Bate, 1937; Jelinek, 1982, 1990; Ronen et
al., 2011; Shimelmitz et al., 2020), and the changing modes of human occupation and fire use
(e.g., Albert et al., 1999; Meignen et al., 2006; Shimelmitz et al., 2014; Kuhn et al., 2018; Kuhn
and Stiner, 2019).

The human remains of the cave, retrieved from Garrod’s excavation (McCown and
Keith, 1939), are of great importance due to the presence of several hominin populations,
especially within the MP layers. The most complete fossil (Tabun C1) is that of a female burial
found at the upper part of Layer C, whose attribution to a specific phase of the MP at the cave
remains controversial (Garrod and Bate, 1937; Bar-Yosef and Callander, 1999). It is usually
classified as Neanderthal (Tillier, 2005). Below it, at the base of Layer C, a human mandible
(Tabun C2) was attributed to Homo sapiens (Rak, 1998) or archaic Homo (Harvati and Lopez,
2017).



While Garrod’s work paved the foundations of our understanding of the site, it is
Jelinek’s research that significantly enhanced the resolution of investigation: What Garrod
initially divided into three layers (C—E), Jelinek further divided into a set of 14 units and 86
layers (Beds; 1-85, 90): Unit I aligns with Layer C of the mid-MP and encompasses Beds 1—
26, Units 11-1X correspond to Layer D of the early MP, and Units X—XIV correspond to Layer
E of the Acheulo-Yabrudian (Jelinek, 1982) (Fig. 1c).
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Fig. 1. Location of Tabun Cave (in red) (a), view of the cave with Garrod’s layers (b), and the stratigraphic
sequence with Garrod’s layers (A to G; Garrod and Bate, 1937) and the later excavations by Jelinek (1982) (I to
X1V) and Ronen’s layers R62 to R75 (Ronen et al., 2011) (c). For a detailed view of Units | and I, the reader is

referred to Fig. S1.

The division of the sequence into three Major Sedimentological Units (MSUs) by
Jelinek et al. (1973) has been recently refined by Friesem et al. (2021). MSU |11 forms the major
part of the cave’s accumulation and runs from its base to the end of Garrod's Layer D. It is
composed primarily of aeolian sediments, consisting mainly of sand and silt, with the
proportion of the latter increasing towards the top of the sequence. The sediments are



characterised by extensive diagenesis. MSU 11 is equivalent to Garrod's Layer C and consists
of a series of laminae varying in colour and composition. Its components include terra rossa
soil, which originated from an opening of the cave’s chimney, and massive amounts of bat and
bird guano at various stages of diagenesis. Evidence of human occupation, especially the use
of fire, is abundant at the lower part of MSU Il. The recent micromorphological analysis of the
MP section also offered some refinement for the boundary between Units I-11 and identified
some differences between the western and eastern profiles. While in the eastern profile the
lower part of Unit | reaches Bed 25, in the western profile Bed 22 forms the lowest part of this
unit. The layer defined by Jelinek as Bed 23 at the western profile and originally assigned by
him to Unit I, was now found to be parallel to the upper part of Unit Il and to form part of MSU
Il (Friesem et al. 2021).

3. Material and Methods
3.1. Sediment samples

A set of nine sediment samples were subjected to this research retrieved from both the east and
west sections of Jelinek’s excavation (Table 1). They include: (1) three samples from the base
of Unit I (Layer C), ranging from Beds 19-22; (2) a single sample from Bed 23 west, which
was formerly assigned by Jelinek (1982) to the base of Unit I at the western section but recent
micromorphological research shows it is part of Unit Il (Upper Layer D) (Friesem et al., 2021);
(3) two samples from Unit 11, Beds 27 and 28 (Upper Layer D); (4) two samples from Unit IX
(Lower Layer D) including Beds 63-64 on the western section and Bed 63 on the eastern
section; and (5) a single sample from Unit X, Bed 72 (Upper Layer E) which is among the
uppermost LP occupation layers, formerly assigned as transitional LP-MP.

Sediment samples were collected at night from fresh sections and kept in light-proof
bags. Al,03:C dosimeters were placed in the section, next to the sampling location, for a year
to record the gamma dose rate. The sediments were prepared in the luminescence laboratory
under subdued red light and measurements were performed at Archéosciences Bordeaux
(Pessac, France). The polymineral 4-11 pum fraction was extracted by decantation using
Atterberg according to Stokes’s law. The organic matter and carbonates were eliminated using

H20, (30%) and HCI (10%), respectively.



3.2. Luminescence

Multigrain measurements were conducted using the single aliquot regeneration (SAR) protocol
(Murray and Wintle, 2000) and the pIRIR290 protocol was applied. For this purpose, a thin and
homogeneous layer of grains was deposited on cups and measured on a Lexsyg Smart TL/OSL
reader (Richter et al., 2015) following the protocol displayed in Table 2. Infrared laser diodes
were used for stimulation (power density: 30 mW-cm) and the signal was detected with a
combination of optical filters (Schott BG 39-3 mm; AHF Brightline HC 414/46-3.5 mm).

As the pIRIR290 signal does not bleach as fast as the ones measured at lower temperatures
(e.g., Buylaert et al., 2011), a residual dose may remain even after several days of bleaching
(Kars et al., 2014). To assess the residual dose as a function of bleaching time, the TAB 5
sample was bleached in a solar simulator (Hénle 500) for 4, 24, 48 and 120h (three aliquots
each). The residual doses range from ~20 Gy (4h bleaching) to ~8 Gy (120h) (Fig. S2). The
measured residual doses are low compared to the accumulated doses and, since it is not possible
to precisely determine the level of bleaching at the time of deposition, these residual doses were

not subtracted from the measured equivalent doses.

TAB # Depth (m) Layer Unit Bed Section
(Garrod and Bate, 1937)  (Jelinek, 1982)  (Jelinek, 1982)
15 -2.73 C | 19 E
3 -1.97 C | 20 W
-2.12 C | 21-22 w
5 -2.25 D (upper, formerly C) In* 23 west w
6 -3.56 D (upper) I 27 E
17 -3.87 D (upper) I 28 E
12 -4.36 D (lower) IX 63-64 w
18 -4.88 D (lower) IX 63 E
10 -5.73 E upper X (transitional) 72 w

Table 1. List of the sediment samples analysed in this study. The match between the different layers, units and
beds are presented in Fig. 1 and Fig. S1. *While Bed 23 west was originally defined by Jelinek as the base of
Unit | at the western section, the new geoarchaeological research found it to form the upper part of Unit 11
(Friesem et al. 2021).

The preheat (PH) temperature used for the measurements was selected based on the dose
recovery tests (DRT) conducted on sample TAB 5 using three different PH temperatures of
250°C, 300°C and 320°C, and using two techniques:

1) Adding a dose (142 Gy) on the top of the natural dose (unbleached aliquot). The

recovery ratios were calculated by normalising the recovered value to the sum of the



given irradiation dose and the mean equivalent dose measured on natural aliquots (5 to
15 aliquots depending on the PH temperature);

2) Bleaching the sample for 4h, adding a dose (568 Gy) similar to those measured in the
oldest samples (602 Gy), and subtracting the residual dose measured after 4h. The
recovery ratios were calculated by subtracting the residual dose from the recovered
value and normalised by the given dose.

The best recovery ratios were obtained with a PH temperature of 300°C (0.99 £+ 0.04 when
adding a dose on natural) and 0.89 £ 0.02 (when adding a dose after a 4h bleach). At 250°C,
the recovery ratios were overestimated (1.32 + 0.03, added dose on natural, and 1.31 + 0.07,
added dose after 4h bleach), and underestimated at 320°C (0.91 + 0.02, added dose on natural,
and 0.77 £ 0.05 added dose after 4h bleach). Given the relatively high temperature of the second
stimulation step (290°C), which selectively targets more stable electron traps, it was assumed
that the fading rate of the measured pIRIR290 signal was close to zero and, if this was not the
case, this could have led to an underestimation of the accumulated dose. It should also be noted
that, if such an underestimation exists, it is partly offset by the fact that no residual dose was
subtracted.

Step Treatment

1 Given dose

2 Preheat (300°C for 60 s)

3 IR stimulation for 200 s at 50°C
4 (Ly) IR stimulation for 200 s at 290°C
5 Given test dose

6 Preheat (300°C for 60 s)

7 IR stimulation for 200 s at 50°C
8 (Ty) IR stimulation for 200 s at 290°C
9 IR stimulation for 60 s at 325°C
10 Returnto 1

Table 2. pIRIR29 SAR measurement protocol applied to polymineral fine grains.

For each sediment sample, the alpha and beta dose rate was derived from its U, Th and
K contents measured with a laboratory gamma-ray spectrometer equipped with a high-
resolution, broad energy Ge (BEGe) detector. The dosimeters were analysed using the
procedure described in Kreutzer et al. (2018b). pIRIR290 ages were calculated with the 1 o error
range taking into account beta absorption factors of 0.015 (U), 0.020 (Th) and 0.002 (K) (Guérin



et al., 2012); alpha attenuation factors of 0.85 (U) and 0.87 (Th) (Brennan et al., 1991); an a-
value of 0.067 + 0.012 (Kreutzer et al., 2018a) and a K-content assumed in the feldspar grains
of 12 + 1%. A value of 70 = 10 pGy/a was calculated for the cosmic dose rate, based on the
equation of Prescott and Hutton (1988). The water content was assessed to be 15% based on
Mercier et al. (1995b) (2-24% measured).

The luminescence data were processed using Analyst v. 4.57 (Duller, 2007): The signal
was integrated using the first 5 s and background was subtracted from the last 50 s. The
following criteria were applied for the data selection: a recycling ratio limit of 10%; a
recuperation < 5% of the natural signal; a maximum test dose error of 10%; and a test dose
signal > 3 sigma above background. For each sample, 5 to 7 aliquots were measured following
the SAR protocol (Table 2) and allowed to obtain normalised dose response curves (DRC).
These data were fitted with an exponential function (Fig. S3a) in order to construct a global
growth curve (GGC; Fig. S3b), on which Ln/T, signals measured for 15 additional aliquots were
plotted to compute individual equivalent doses (De) (Fig. S4). The central age model (CAM,
Galbraith et al., 1999) was used to calculate the equivalent dose for each sample.

3.3. Fourier transform infrared (FTIR) spectroscopy

The mineral composition of each sediment sample was determined using FTIR
spectroscopy. Measurements were carried out at the Kimmel Center for Archaeological Science
(Weizmann Institute of Science, Rehovot, Israel) using a Thermo Scientific Nicolet iS5
spectrometer in 32 scans at 4 cm resolution in the 4000-400 cm™ spectral range. The sediment
was mixed with KBr (~40 mg) and pressed into a 7-mm pellet. The spectra were analysed using
OMNIC v. 9.6 and mineral identification was based on the Kimmel Center for Archaeological
Science Infrared Standards Library (Weizmann Institute of Science), available at

https://centers.weizmann.ac.il/kimmel-arch/infrared-spectra-library.

4. Results and discussion

As expected for polymineral fine grains, the distribution of equivalent doses is
homogeneous for most of the samples, except for TAB 12 and 10 whose distribution appears
scattered. However, considering their error range, the De overlap (Fig. S4). Dosimetric data and

PIRIR290 ages are presented in Table 3 and Fig. 2.
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TAB# Bed (layer) nGGC nLy/Ty D¢ (Gy) Dose rate (UGy/a)

Alpha Beta Soim::a " Total Age (ka)
15 19 (C) 5 15 264+3 245+33 757+12 355+18 1357+38 195+%16
3 20 (C) 7 15 232+2 141+18 444+13 620+32 1205+38 192+14
4 21-22 (C) 5 15 384+5 433+56 789+16 663+33 1885+66 204+18
5 23west (D upper) 5 15 442 +5 499+64 905+18 613+32 201773 21920
6 27 (D upper) 5 15 3734 346+46 620+16 45622 1422 +53 262 +23
17 28 (D upper) 5 15 47245 703+93 1060+11 610+29 2373+98 199+ 19
12 63-64 (D lower) 6 15 602+22 641+83 923+10 525+25 2088+86 28829
18 63 (D lower) 5 15 523+7 693+90 1570+18 504+24 2766+94 18917
10 72 (E upper) 6 15 499+19 516+67 728+11 638+28 1882+72 26526

Table 3. Luminescence and dose rate data, and ages obtained at Tabun Cave. The beta dose rate includes the

internal (19 + 2 uGy/a) and external contributions. The cosmic dose rate was estimated to 70 + 10 uGy/a and

added to the gamma dose rate measured by Al,O3:C dosimeters. The beta dose rate was calculated from U, Th

and K content measured in the sediment and presented in Table S1. n GGC = number of aliquots measured with

the SAR protocol that passed criteria and used to construct the GGC. n Lo/T, = number of Ln/T, signal measured
and plotted on the GGC. Note that the D were calculated using both SAR D. and interpolated Ln/Thn.

The pIRIR2g0 ages range cover the sequence from Bed 72, the very upper LP, for which
an age of 265 + 26 ka was obtained, to layer C, Unit I, Bed 19 of the mid-MP, which provided

an age of 195 + 16 ka; they increase overall with depth and are in agreement with the previously

obtained TL ages at 1 o (Fig. 2). However, we observe two ages incongruent with their

stratigraphic position, one at the base of the sequence where Bed 63-64 is dated to 288 + 29 ka
(TAB 12) and 189 £ 17 ka (TAB 18), and another higher in the stratigraphy where Bed 27 is
dated to 262 + 23 ka (TAB 6) while the underlying Bed 28 gave an age of 199 + 19 ka (TAB
17).
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Fig. 2. Comparison of pIRIR2g ages with published TL results from Mercier and Valladas (2003). The black

diamonds refer to the samples where phosphates have been identified with FTIR.

To explain these results, it is noted that the dose rate is highly variable from one bed to
the other, but also within the same bed (Fig. 3). This is especially apparent in the case of Beds
27 and 28, in which the beta dose rate ranges from 620 + 16 (TAB 6) to 1060 + 10 uGy/a (TAB
17) and within Bed 63-64, in which it ranges from 923 + 10 (TAB 12) to 1570 + 18 pGy/a
(TAB 18). These variations are directly related to differential contents in radioelements, U for
Bed 27-28 and K for Bed 63/64 (Table S1 and Fig. 3). Of note here is sample TAB 5 that was
also retrieved from Unit Il in upper Layer D, yielding a date of 219 + 20, not much different
from that of TAB 17. In the case of the difference between TAB 12 (Beds 63/64) and TAB 18
(Bed 63), it may have to do with the fact that the two samples were taken from different profiles
evincing different sedimentological regimes. While the western profile (the provenance of TAB
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12) demonstrates clear stratification of Unit IX underlying Units VIII and VII, in the eastern
profile (the provenance of TAB 18), Unit IX is covered by lenses of sediments, termed Units
VI and 1V, and the much younger Unit Il (Fig. 1c). A part of the original deposits that probably

accumulated in this part of the cave seems to have washed away.
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Fig. 3. Graphic representation of U, Th and K content (top) and alpha, beta and gamma dose rate (bottom) in the
different beds.

Moreover, it has been shown that changes in the mineral assemblages at a small scale

due to geochemical conditions may induce significant variations in the dose rate (Mercier et al.,
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1995a; Weiner et al., 2002). In particular, when organic material is present in archaeological
layers and breaks down (e.g., guano, fossil bones and teeth), phosphates are released and the
pH decreases. Consequently, carbonates, particularly the more soluble forms such as aragonite
and calcite, dissolve in acidic water. As a result, authigenic phosphates may form from the
reaction between the original phosphates and calcium ions. The nature of the resulting
secondary minerals will depend on the pH and the phosphate concentration (Fig. 1 in Weiner
etal., 2002): the initial formation is carbonate hydroxyapatite, followed by more stable minerals
such as crandallite, montgomeryite, leucophosphite, and taranakite.

At Tabun Cave, sources of phosphates were present as a result of human activity,
particularly hunted animal bones, which were dissolved due to organic acids (derived from bat
guano, plant decay, humic acid, etc.), or slightly acidic water, and released phosphate ions in
solution that, upon reacting with calcium ions, promoted the formation of secondary carbonate
hydroxyapatite. Other less soluble authigenic phosphates (e.g., montgomeryite, crandallite) are
also found in parts of the sequence where little or no calcite is preserved (Goldberg and Nathan,
1975).

Friesem et al. (2021), who studied the Tabun stratigraphy in detail using FTIR and
micromorphology among other techniques, demonstrated the presence of calcite, transformed
clay (showing alteration attributed to chemical weathering), carbonate hydroxyapatite coming
from the decomposition of guano, ashes and bones, heat-altered and unheated clay minerals,
and authigenic minerals such as crandallite, leucophosphite, and montgomeryite. Our FTIR
measurements were performed on the dated sediment samples used for the gamma spectrometry
analyses in order to investigate their mineral composition, to assess their state of preservation
and better understand dose rate variations (i.e., variations in radioelement contents among
samples located within the same bed or in closely adjacent beds). The spectra are provided in
Fig. S5. We observe the presence of calcite in small quantity in most of the samples (peaks at
1420, 876, 712 cm™), quartz (1080, 797-779, 695 cm™), clay minerals (3420, 470 cm™), and
authigenic phosphates (PO) (Table 4 and Fig. S5e). In the case of TAB 3, the presence of the
phosphate bands vs (1035 cm™) and v4 (604 and 567 cm'™®) suggests that the sediment is entirely
phosphatised (Fig. S5b), similar to TAB 15, where v3 and v4 are associated with clay minerals
and quartz (Fig. Sba).

The presence of calcite in most of the samples indicates that the sediment did not
undergo significant alterations, calcite being one of the less stable polymorph of CaCO3 after
aragonite, except if this calcite is the result of a more recent event. However, the presence of

montgomeryite (at 590 cm™), associated with little calcite (i.e., TAB 5 and 6) (also observed
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by Goldberg and Nathan, 1975), suggests that the sediment suffered localised diagenetic
processes, just as the phosphatised sediments of TAB 15 and 3. The transformation of the
mineral assemblages over time indicates that the dose rate (especially the beta component
whose impact is limited to a few millimetres) may not have remained constant at the scale of
the dated grains, which in turn could have impacted the age results.

In Fig. 2, pIRIR290 ages are represented as a function of depth (beds). One of the samples
in which authigenic phosphates have been identified (black diamonds), TAB 18, appears to be
younger. Nonetheless, this anomaly does not seem to affect significantly other samples, such
as TAB 15, 3, 4, 5, 12 and 10, whose ages are stratigraphically consistent with the age of TAB

17, which appears to be well-preserved.

Authigenic Transforming
phosphates clays
+ +

TAB # Calcite Quartz Clay minerals

15 (C)

3(C)

4 (C)

5 (D upper)
6 (D upper)
17 (D upper)
12 (D lower)
18 (D lower)
10 (E upper)

+ 4+ 4+ o+

+ + + + + + + + o+
+ + + + + + + + o+

Table 4. Mineral identification in the dated samples. The FTIR spectra are available in Fig. S5. Among the
authigenic phosphates, carbonate hydroxyapatite was identified in TAB 15, 3, 4, 12, 18, 10 and montgomeryite
in TAB 5 and 6.

Moreover, we cannot exclude the possibility that part of the discrepancy between the
age results is related to the residual dose, which may not have been the same for all samples
(e.g., TAB 6 and 12), even though, as mentioned earlier, this effect is likely limited given the
relative value of the residual dose compared to the mean equivalent dose. We cannot also rule
out the possibility that fine sediments may have been episodically washed through the chimney
from older soils present on the plateau above the cave, without undergoing sufficient bleaching
during this transport.

In spite of all these points, which are difficult to quantify and partly inaccessible today,
our pIRIR2go results are globally in agreement at 16 with the TL ages obtained on burnt flints
and updated by Mercier and Valladas (2003). Exception is sample TAB 6 (Fig. 2), although one

notices that the TL ages are also highly variable within the same layer. For example, in Bed 41
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(Unit V), the age range covers up to 100 ka. Mercier and Valladas (2003) observed spatial
variations of the gamma dose rate correlated with high U and K content measured locally in
sediment samples taken at relevant locations in this bed. This led to significant differences (15
to 20%) between the dose recorded by the dosimeters and those derived from U, Th and K
contents. In Unit IX (Beds 66-68), where variations of the gamma dose rate were also observed,
the bones were completely dissolved as a result of strong geochemical changes. In the case of
burnt flints, for which the gamma dose rate can be a significant fraction of the dose rate, such
variations may have impacted the ages. In Hayonim Cave (Fig. 1a), Weiner et al. (2002)
identified three main mineral assemblages: one with calcite-dahllite, one mainly composed of
authigenic phosphates such as montgomeryite, leucophosphite and siliceous aggregates
(containing a high level of K; Schiegl et al., 1994), and another with altered clays. Mercier et
al. (1995a) calculated the dose rate from U, Th and K content measured in the first two types
of these assemblages. They showed that the dose rate in the assemblage comprising authigenic
phosphate can reach values up to ca. 1200 uGy/a, which is almost twice the dose in the calcite-
dahllite assemblage (ca. 500 uGy/a). A similar observation has recently been made in Galeria,
in the Sierra de Atapuerca (Spain), where Campanfia et al. (2023) proposed that the source of
discrepancies between TT-OSL, ESR/U-series and paleomagnetism ages is the presence of
phosphates (crandallite), which lead to an underestimation of the ages obtained by trapped-
charge dating methods. Interestingly, in Arago Cave (France), Han et al. (2010) showed that
ESR/U-series ages obtained from fossil enamel are older in the phosphatised area than in the
unaltered one.

In a study of cave diagenesis, including samples from Hayonim Cave, Karkanas et al.
(2000) suggested that diagenesis may happen soon after sediment deposition, and may occur at
the surface or just below it. If that was the case in Tabun Cave, then the feldspars from the dated
polymineral fractions may have been exposed to the current dose rate during most of the burial
time and the diagenetic processes may not have significantly affected the age results. However,
if this was not the case, diagenesis within the sediments could be a major limitation for trapped-
charge dating methods in general, especially when diagenesis impacts both short-range (beta)
and long-range (gamma) particles, which must be considered when dating grains instead of
large artefacts, like flints.

Our study supports the use of FTIR as a pre-screening method, i.e., when it can be
applied in the field before collecting samples for trapped-charge dating. Indeed, mineralogical
analyses of the sediments give useful insights into spatial variation in the magnitude and nature

of diagenetic processes, which is particularly relevant for reconstructing the dose rate for teeth
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and burnt flints dated by ESR and TL, respectively. For instance, for samples that were not
found in the immediate vicinity of the sections, correlating the contexts for both samples and
dosimetry based on the mineral assemblages is essential to reconstruct the gamma dose rate and
provide reliable ages (Weiner et al., 2002).

5. Conclusions

Investigating the nature of the mineral assemblages in potentially altered contexts is essential
to target the best location for dating and understand the spatial variation of the dose rate,
particularly in cave sites. For this purpose, FTIR spectroscopy gives useful indications for the
interpretation of dosimetric data, and especially for TL and ESR dating, in order to correlate
the mineral assemblages present in the context of the sample and those in which the dosimeters
are inserted.

Luminescence (pIRIR290) ages have been obtained for a series of nine sediment samples
from Tabun Cave. They indicate that the sediments taken from Jelinek’s Units X—I were
deposited between 265 + 26 ka (Bed 72) and 195 + 16 ka (Bed 19).

Regarding the transition between the LP and MP of the Levant, the earliest age obtained
in the current analysis is from Bed 72. This layer is placed at the base of Jelinek’s Unit X (Beds
70-72). While Jelinek (1982) defined this unit as "transitional™ between the LP and MP, recent
analysis by Shimelmitz et al. (2021) suggested that Bed 72 better represents the very end of the
Acheulo-Yabrudian complex and the termination of the LP in the Tabun sequence. The age of
265 * 26 ka obtained for Bed 72 is statistically indistinguishable from the mean TL age results
of both Unit X (267 + 22 ka) and Unit XI (264 £ 28 ka) (Mercier and Valladas, 2003). This
early age, which indicates the end of the LP in Tabun, aligns with other dating results from the
Levant, such as at Misliya Cave, which provided ages as early as 250 ka for the Acheulo-
Yabrudian Complex (Valladas et al., 2013). However, this series of ages does not align with
other dating results from Qesem Cave that yielded ages as late as 200 ka (Mercier et al., 2013;
Falguéres et al., 2016).

The age range for Beds 63-64 at the upper part of Unit IX is 288 + 29 to 189 + 17 ka.
The initial appearance of Mousterian industries characterised by the Levallois technology
should fall within this range. Building on further reinforcing evidence from the intensively
dated early MP layer at Misliya (Valladas et al., 2013; Hershkovitz et al., 2018), we propose an

earlier onset of this phase (earlier than 250 ka). Here however, future dating of Beds 62—69
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(Unit IX) may shed further light on the antiquity of the early MP in the Levant. Given these
limitations, our present study brackets the LP—MP transition between 265 + 26 ka and 288 + 29
ka, lending more credibility to the generally proposed age of ca. 250 ka for this transition
(Valladas et al. 2013) than much younger estimates.

The end of the early MP (Layer D) should correspond to the ages of Bed 23 west (219
+ 20 ka) and Bed 28 (199 + 19 ka) of Jelinek’s Unit II. The early age of 262 + 23 ka obtained
from Bed 27 of Jelinek’s Unit II seems unlikely within the overall distribution of ages.
Excluding this date, the ages from the lower part of mid-MP Layer C range from 204 + 18 ka
to 192 £ 14 ka, giving a weighted mean age of 196 + 9 ka to the lower part of Layer C/Unit I.
While there is ongoing debate regarding the precise timing of the transition between the early
and middle phases of the MP, with estimates ranging between 140-160 ka (e.g., Valladas et al.,
2013; Shea, 2014; Goder-Goldberger and Bar-Matthews, 2019; Zaidner et al., 2021; Wojtczak
and Malinsky-Buller, 2022), our results support the early limit of this range, and imply an even
older age for this transition. Nonetheless, one must keep in mind that the lack of a clear
boundary between the middle and late phases of the MP across Levantine sites has been
acknowledged (e.g., Shea, 2014; Oron et al., 2024), and this may also be the case of the
boundary between its early and middle phases.

Lastly, in case the beginning of the MP in the Levant is indeed contemporaneous with
the arrival of Homo sapiens in the region, as commonly argued (Hershkovitz et al., 2018;
Meignen and Bar-Yosef, 2020; Zaidner and Weinstein-Evron, 2020), then this pivotal event
may have occurred earlier than commonly believed (as well as any transitional processes
involved; Shimelmitz et al., 2021). Furthermore, the newly obtained ages may place the Tabun
C2 mandible, found at the base of Layer C, within an especially early timeframe ranging
between 204 + 18 ka to 192 + 14 ka. In case the identification of the mandible as early Homo
sapiens (Rak, 1998) holds, then this specimen, together with Misliya-1, are among the oldest
fossils of Homo sapiens outside of Africa (e.g., Hershkovitz et al., 2018; Harvati et al., 2019).
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