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Sungir revisited: new data on chronology, stratigraphy, and diet of the key Upper Paleolithic site, central Russian Plain
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Wide ranging dates were previously obtained for the Sungir burial complex in the central part of European Russia. The major problem was the contamination caused by consolidants used during the recovery of human bones in the 1960s. The stratigraphy and spatial structure of the Sungir site were also not well understood previously. New radiocarbon and stable isotope data are generated for the Sungir burials. While some dates were younger due to incomplete removal of contamination, the XAD 14C age on S-1 burial (ca. 29,780 BP) was found to be statistically the same as the previously performed HYP 14C age for this burial (ca. 28,890 BP). Animal bones below the burial date to ca. 28,800-30,140 BP, suggesting that both this layer and human burials date to roughly this age range. This shows that future research needs to eliminate potential contamination from consolidants through analyses such as FTIR, prior to 14 C dating. Carbon and nitrogen stable isotopes (δ13C, δ15N) of collagen were measured in order to determine the diet of the Sungir humans. The chronology and stratigraphy of Sungir do not contradict to correlation of its lithic artifacts with the Streletskian assemblage as the East European variant of the Final Szeletian technocomplex.

INTRODUCTION

 [START_REF] Hoffecker | Desolate landscapes: Ice-age settlement in Eastern Europe[END_REF][START_REF] Hoffecker | Modern humans: their African origin and global dispersal[END_REF][START_REF] Brantingham | The Early Upper Paleolithic beyond Western Europe[END_REF][START_REF] Anikovich | Early Upper Paleolithic in Eastern Europe and implications for the dispersal of modern humans[END_REF][START_REF] Vasil'ev | Le Sungirien (ERAUL[END_REF]; the general patterns of the paleodiet have been determined [START_REF] Richards | Stable isotope evidence for increasing dietary breadth in the European mid-Upper Paleolithic[END_REF]; and DNA was extracted and analyzed for several early modern humans [START_REF] Seguin-Orlando | Genomic structure in Europeans dating back at least 36,200 years[END_REF][START_REF] Fu | The genetic history of Ice Age Europe[END_REF][START_REF] Sikora | Ancient genomes show social and reproductive behavior of early Upper Paleolithic foragers[END_REF]). Among these sites, Sungir (a.k.a. Sunghir and Sungir') is of primary interest and importance worldwide for Upper Paleolithic archaeology, physical anthropology and ecology, primarily because its burials are extremely rich in artifacts and adornments, the good preservation of bones, and the possibility to reconstruct for the first time the design and size of complex clothes [START_REF] Bader | Sungir. Paleolithic burials[END_REF][START_REF] Gilligan | Climate, clothing and agriculture in prehistory: linking evidence, causes, and effects[END_REF].

The Sungir site is located in the central part of the Russian Plain (561030 N, 403030 E), on the outskirts of the city of Vladimir, near the promontory created by the Klyazma River and the small Sungir Creek (Figure 1). It was discovered in 1955, and excavated under ON Bader's leadership in 1957-1977. Three well-preserved human burials (one in Grave 1, and two in Grave 2) with a highly diverse assemblage of grave goods, undoubtedly the richest one recorded for the Paleolithic period worldwide (Bahn 2001: 428-429;[START_REF] Pettitt | The Palaeolithic origins of human burial[END_REF]Pettitt ), were discovered in 1964Pettitt and 1969 [START_REF] Bader | Eine ungewöhnliche paläolitische Bestattung in Mittelrußland[END_REF][START_REF] Bader | Sungir. Paleolithic burials[END_REF][START_REF] Trinkaus | The people of Sunghir: burials, bodies, and behavior in the earlier Upper Paleolithic[END_REF]. Studies on a smaller scale were conducted in 1987-1995 by NO Bader, andin 2000-2005 by NO Bader and AB Seleznev. The latest small-scale investigations were carried out in 2014-2015 by [START_REF] Gavrilov | The studies on the Sungir Upper Paleolithic site in 2014-2015[END_REF]. So far, Sungir is unique for its large collection of artifacts and human fossils. Details of the site's archaeology, stratigraphy, and physical anthropology can be found in the Supplementary Online Material.

Studies of the chronology and diet for the people buried at Sungir were initially undertaken in the early 2000s [START_REF] Pettitt | Direct AMS radiocarbon dates for the Sungir mid Upper Palaeolithic burials[END_REF]Kuzmin et al. 2004), and continued in the 2010s [START_REF] Dobrovolskaya | Direct radiocarbon dates for the mid Upper Paleolithic (eastern Gravettian) burials from Sunghir, Russia[END_REF][START_REF] Marom | Single amino acid radiocarbon dating of Upper Paleolithic modern humans[END_REF]Kuzmin et al. 2014;[START_REF] Nalawade-Chavan | New hydroxyproline radiocarbon dates from Sungir, Russia, confirm Early Mid Upper Palaeolithic burials in Eurasia[END_REF]. However, the previously obtained results of radiocarbon ( 14 C) dating were not consistent. Attempts were made to extract the organic part of human bones free of possible contamination caused by the treatment with a butyral solution in alcohol and BF-2 glue (phenol polyvinyl acetate), as it is well-documented [START_REF] Bader | Sungir. Paleolithic burials[END_REF].

Hydroxyproline (HYP) radiocarbon dating is suggested as the most reliable compound when bones are treated with consolidants [START_REF] Marom | Single amino acid radiocarbon dating of Upper Paleolithic modern humans[END_REF][START_REF] Nalawade-Chavan | New hydroxyproline radiocarbon dates from Sungir, Russia, confirm Early Mid Upper Palaeolithic burials in Eurasia[END_REF]. Comparison with material treated with XAD resin indicates that HYP 14 C ages tend to be slightly older [START_REF] Devièse | Increasing accuracy for the radiocarbon dating of sites occupied by the first Americans[END_REF]. This could be due to either incomplete removal of contaminants using XAD resin or column bleed of the High Performance Liquid Chromatography (HPLC).

Before the present study, direct 14 C ages were generated for the Sungir humans on bulk and ultrafiltered collagen, and HYP extracted from the collagen, and they varied from ca. 19,160 BP ca. 30,000 BP, respectively (Table 1). These dates are distributed in a kind of helter-skelter pattern, without a clear trend (Figure 2), although the HYP dates seem to consistently provide the oldest 14 C ages.

Unfortunately, the parameters for the quality of collagen in several cases are either reported incompletely or not given at all (Kuzmin et al. 2014; Re-evaluation of the site's stratigraphy and spatial structure (including burials and habitation place), and correlation of 14 C dates run on animal bones and 14 C values produced for the human burials, were also timely tasks. We report here a new series of 14 C dates obtained for the human bones in 2020-2022, with an analytical control of contamination by infrared spectroscopy. We also establish a reliable stratigraphy of the entire complex of Sungir, including the burials and occupation site, and the dietary patterns of the Sungir humans based on the carbon and nitrogen stable isotope values of collagen.

MATERIALS AND METHODS

Burials and their stratigraphy

The human burials (also called graves) at Sungir are situated in the southwestern part of the site, about 3 m apart from each other. Grave 1 contained the skeleton of an adult male (S-1). In the upper part of the grave, on a patch of ocher, a human cranium (S-5) lay on a large stone tablet. Grave 2 contained a double burial of sub-adult males (S-2 and S-3). The same grave included a partial human femur labeled as S-4. In addition, bones of a postcranial skeleton were found in the upper part of Grave 2.

The data on ancient DNA [START_REF] Sikora | Ancient genomes show social and reproductive behavior of early Upper Paleolithic foragers[END_REF]) allowed the identification of all major Sungir humans (S-1, S-2, S-3, and S-4) as males. Analysis of mtDNA genomes placed them in haplogroup U, common in the Paleolithic and Mesolithic of Western Eurasia and Siberia. Phylogenetic analysis of the Y chromosome sequence established that all these modern humans belong to the early divergent lineage of haplogroup C1a2, similar to the Kostenki 14 individual directly 14 C-dated to ca. 37,990 cal BP [START_REF] Marom | Single amino acid radiocarbon dating of Upper Paleolithic modern humans[END_REF]; see also [START_REF] Kuzmin | Direct radiocarbon dating of Late Pleistocene hominids in Eurasia: current status, problems, and perspectives[END_REF]. It was also found that S-1, S-2, and S-3 were not close relatives (third degree or nearer). Therefore, the double burial (S-2 and S-3) was not a joint grave for relatives (siblings), as it was previously suggested by some researchers.

We undertook a complete revision of the data on the stratigraphy and distribution of artifacts and features (larger hearth pits and smaller hearths), disturbed areas from the extraction of clay for a brick factory in the 1950s, and the position of bone samples collected for 14 C dating. In order to do so, all field documentation and archival records for 1958-2015, now stored at the Institute of Archaeology, Russian Academy of Sciences in Moscow, were digitized. Previous reconstructions of the stratigraphy and spatial position of artifacts at Sungir [START_REF] Bader | Sungir. Verkhnepaleoliticheskaya stoyanka[END_REF][START_REF] Kaverzneva | The characteristic of the station Sungir' cultural deposit with the regard for the permafrost deformations[END_REF][START_REF] Seleznev | Stoyanka Sungir: voprosy organizatsii zhilogo prostranstva[END_REF][START_REF] Soldatova | Spatial distribution and problems in the interpretation of radiocarbon dates of the Sungir site, Russia[END_REF] were incomplete.

As a result of our analysis, a two-dimensional map of the finds' density ("heat-map") was created. It allows us to observe more closely the concentrations of artifacts, bones, and other features, especially in excavation pits II and III. For Pit II with burials, we recorded in more detail the spatial distribution of different categories of finds, such as artifacts, concentrations of charcoal, red ocher, animal bones, and humic-enriched spots. Finally, we securely established the stratigraphic position of the level in the upper part of the cultural layer in which the burial pits were constructed. The 14 C dates generated previously on the human and animal bones from Sungir are presented in Table 1. The new 14 C dating of the Sungir human bones (S-1, S-2, and S-3 individuals) was conducted at the Royal Institute for Cultural Heritage (abbreviation and laboratory code RICH; in Brussels, Belgium) in late 2020 -early 2022; and at the National Museum of Natural History (laboratory code ECHo; in Paris, France) in late 2021 (Table 2). Materials were acquired upon agreement of scientific cooperation between the N.N. Miklouho-Maklay Institute of Ethnology and Anthropology (Moscow, Russia) and the Royal Institute for Cultural Heritage for projects in the field of Paleolithic chronology of Russia, signed on 1 October 2020.

At the RICH laboratory, for collagen extraction [START_REF] Longin | New method of collagen extraction for radiocarbon dating[END_REF] method was used with additional steps. First, the samples were cleaned mechanically with a Dremel ® rotary tool equipped with a diamond cut-off wheel. The porous parts of bone, which can be a source of contamination, were removed and the cortical part was selected. Between 0.5 and 1 g of a sample was placed into round-bottomed plastic tubes (16 × 100 mm) to be able to use Ezee™ syringe filters (polypropylene with a polyethylene filter and a 60-90 μm pore size) for the demineralization process. The samples were immersed in a 2.4 M HCl solution for 15 min, the HCl was removed using Ezee™ syringe filters and the samples rinsed thoroughly with Milli-Q™ water. This step also eliminates some organic contaminants (like fulvic acids), and breaks some collagen hydrogen bonds for the further solubilization in water [START_REF] Longin | New method of collagen extraction for radiocarbon dating[END_REF]). To remove any other contaminants such as humic acids (Arslanov and Svezhensev 1993), the bone pieces were placed into a 0.25 M NaOH solution for 15 min, and rinsed with Milli-Q™ water and Ezee™ syringe filters. The pieces were again submerged in HCl at a lower concentration (0.3 M) for 5 min, in order to remove atmospheric CO 2 which could have been absorbed during the previous step, and to neutralize the base if still present. After this procedure, the bones were rinsed again with Milli-Q™ water. The treated bone fragments were transferred into Duran ® glass tubes, containing a pH3 HCl solution, and left at 90°C for 10 hr. Then, the solution was filtered with a Büchner funnel and a Millipore ® glass fiber filter (7 μm pore size, i.e., about 525 kDa threshold), and the extracted materials were freeze-dried overnight. Prior to collagen extraction, the solvent procedure (see Wojcieszak et al. 2020) was performed for RICH-27484.1.1 and RICH-27485.1.1. For RICH-30583.1.1, RICH-30584.1.1, RICH-30585.1.1 and RICH-30793.1.1, the samples were placed twice in toluene for 15 min in an ultrasound bath before the solvent procedure to eliminate the beeswax that was identified by FTIR on the surface of RICH-30584.1.1. The samples RICH-27985.1.1, RICH-27985.2.1, RICH-27986.2.1 and RICH-27986.1.1 were not suspected to contain contaminants and were not subjected to any solvent immersion. Sometimes, two collagen extractions were performed on different pieces of the same sample.

The collagen parameters (the yield; atomic C:N ratio; and the carbon and nitrogen contents) and the color and texture of the extracted collagen were checked to control the collagen quality (van Klinken 1999). Well-preserved collagen is usually white and fluffy while degraded collagen appears brown and crystalline [START_REF] Boudin | Cross-flow nanofiltration of contaminated protein-containing material: State of the art[END_REF]. For modern bones, the content of collagen is ca. 20% wt; after burial, the amount of collagen drops. The carbon and nitrogen contents should range between 15.3% to 47% wt, and 5.5% to 17.3% wt, respectively [START_REF] Ambrose | Preparation and characterization of bone and tooth collagen for isotopic analysis[END_REF]. The effectiveness of this collagen extraction method was proved by inter-laboratory dating of bone with a known upper age limit [START_REF] Kuzmin | A laboratory intercomparison of AMS 14 C dating of bones of the Miesenheim IV elk (Rhineland, Germany) and its implications for the date of the Laacher See eruption[END_REF]. More information about the pre-treatment protocol is available in Wojcieszak et al. (2020).

The quality control of the pretreatment and the 14 C dating was assessed using background/blank samples. The background sample for bones older than 5000 years is the last interglacial (MIS 5e) cervical vertebra of a Pleistocene bison (Bison priscus Boj.) from the Krasny Yar outcrop, Novosibirsk Province, Siberia, Russia. The fraction of the modern (percent of modern carbon, pMC) value for this bone is 0.38  0.02 pMC.

All samples were transformed into graphite using the automatic graphitization system AGE [START_REF] Ervynck | Assessing the radiocarbon freshwater reservoir effect for a northwest-European river system (the Schelde basin, Belgium)[END_REF], and 14 C concentrations were measured with accelerated mass spectrometry (AMS) at the Radiocarbon Laboratory of the Royal Institute for Cultural Heritage, using the 0.2 MV MICADAS AMS machine [START_REF] Boudin | RICH -a new AMS facility at the Royal Institute for Cultural Heritage, Brussels, Belgium[END_REF]. The Calib Rev 8.1.0 software (available at http://calib.org/calib) and atmospheric 14 C data from [START_REF] Reimer | The IntCal20 Northern Hemisphere radiocarbon age calibration curve (0-55 cal kBP)[END_REF] were used to transform 14 C dates into calendar ages (Table 2).

At the National Museum of Natural History laboratory in Paris, samples were cleaned using XAD resin following [START_REF] Stafford | Study of bone radiocarbon dating accuracy at the University of Arizona NSF Accelerator Facility for radioisotope analysis[END_REF][START_REF] Stafford | Radiocarbon, 13 C and 15 N analysis of fossil bone: removal of humates with XAD-2 resin[END_REF][START_REF] Stafford | Accelerator radiocarbon dating at the molecular level[END_REF]. Devièse et al. ( 2018) compared 14 C dates prepared using both HPLC and XAD resin, and came to the conclusion that these methods are currently the only ones that are able to remove environmental and museum-derived contaminants entirely.

Bone samples were demineralised in 0.2 M HCl, washed in 0.1M NaOH for 20 min (if discolouration appeared, new NaOH was added for another 20 min), and washed again in 0.1 M HCl for 10 min.

Samples were rinsed with Milli-Q™ between each step. After that, bones were gelatinised in weak (pH 3) HCl acid at 90° C until dissolution, filtered using glass filter units (mesh size 10-20 μm), frozen using liquid nitrogen, and lyophillized in clean (baked out) vials. Lyophillized collagen was dissolved in 1 mL of pure (sub-boiling distilled) 6 M HCl, and hydrolysed at 110° C for 24 hours. The hydrolysate was passed through pre-conditioned XAD columns, prepared with a filter frit at the bottom, filled with  100 μl (ca. 1 cm) of XAD 2 resin slurry, and covered with the top filter frit. The columns were washed with 20 mL of 1 M HCl and preconditioned with 10 mL of 6 M HCl. After the sample hydrolysate had passed through, the column was washed with one bed volume of 6M HCl to collect any amino acids in the void space and added to the collected sample. The extracted material was dried and rinsed with Milli-Q in small open beakers on the hotplate in the fumehood. Afterwards, collagen was transferred in 200 μl of Milli-Q to combustion tubes using glass Pasteur pipettes, frozen in the refrigerator, and lyophillized. and silver fibrewool). The CO 2 gas was transferred to a semi-automated H 2 reduction line using iron as a catalyst. Target samples were run alongside standards (bone blanks, oxalic acid, and phthalic acid).

Graphite targets were pressed and analysed on the same day with the ECHo-MICADAS at the Laboratoire des Sciences du Climat et de l'Environnement (LSCE) in Saclay, France (laboratory code ECHo). Data reduction was performed by BATS software (version 47) (Wacker et al. 2010). The first few scans were discarded to eliminate possible contamination of the target with ambient air between target pressing and AMS measurement. Radiocarbon ages were calculated from F 14 C [START_REF] Reimer | IntCal04 terrestrial radiocarbon age calibration, 0-26 cal kyr BP[END_REF], which is corrected for background and isotopic fractionation using 13 C/ 12 C. Measurement parameters such as 12 C current and 13 CH current were checked. Time and isobar corrections were made prior to validation.

Normalisation, correction for fractionation, and background corrections were applied for each individual run by measuring the oxalic acid II NIST standard and the phthalic anhydride blanks. In order to take into account systematic errors, an error of 30% was imposed to the blank value.

Stable isotope analysis

Stable isotope analysis was performed at the RICH laboratory on a Thermo Flash EA/HT elemental analyzer, coupled to a Thermo DeltaV Advantage Isotope Ratio Mass Spectrometer via ConfloIV interface (ThermoFisher Scientific, Bremen, Germany) at the Department of Earth and Environmental Sciences, University of Leuven (Leuven, Belgium). Standards used were IAEA-N1, IAEA-C6, and internally calibrated acetanilide. Analytical precision was 0.25‰ for both δ 13 C and δ 15 N based on multiple measurements of the standard acetanilide. About 1 mg of collagen from each skeleton was used for this analysis.

At the National Museum of Natural History, bone collagen samples (320-380 μg each) (not treated with XAD resin) were weighed in tin capsules and analyzed with a Thermo Scientific EA Flash 2000, coupled to a Delta V Advantage isotopic mass spectrometer. Isotopic values of all samples were measured relative to the laboratory standard alanine, which has a reproducibility of 0.3% wt for N, and 0.6% wt for C. δ 13 C and δ 15 N values are reported relative to the VPDB and AIR, respectively. Analytical precision is  0.2‰ (2σ) for both δ 13 C and δ 15 N values.

Carbon and nitrogen stable isotope compositions were measured as the ratios of the heavy isotope to the light one (i.e. 13 C/ 12 C or 15 N/ 14 N), and are reported in delta (δ) notation as parts per thousand (per mill, ‰):

δ 13 C (or δ 15 N)  ([R sample / R standard ]  1)  1000
where R is 13 C/ 12 C or 15 N/ 14 N, relative to internationally defined standards for carbon (Vienna Pee Dee Belemnite, VPDB) and nitrogen (Ambient Inhalable Reservoir, AIR). Carbon and nitrogen concentrations in bone gelatin in relation to the bulk weight were also determined for all samples included in this study; these are referred to as the weight percentage of carbon and nitrogen (% C and % N). These quality indicators provide information on protein degradation. The atomic C:N ratio (C:N atom ) of the bone collagen samples was used to classify the samples as uncontaminated or contaminated [START_REF] Deniro | Postmortem preservation and alteration of in vivo bone collagen isotope ratios in relation to palaeodietary reconstruction[END_REF][START_REF] Ambrose | Preparation and characterization of bone and tooth collagen for isotopic analysis[END_REF]. Samples with values outside of the 2.9-3.6 range were regarded as unreliable For comparison of new stable isotope values for Sungir and other Early Upper Paleolithic sites in Central and Eastern Europe, all the available data are presented in the Supplementary Online Materials, Table S2 (including previous δ 13 C and δ 15 N data for Sungir) and Figures S5-S6.

Fourier Transform Infrared (FTIR) spectroscopy analysis

FTIR spectra were acquired with a Bruker Vertex 70 in transmission mode with KBr pellets available at the Royal Institute for Cultural Heritage. A few milligrams of the samples were ground with KBr powder to form the pellets. A Deuterated Triglycine Sulphate (DTGS) detector was used to obtain a spectral range from 4000 to 370 cm -1 (Figures S7-S16). The spectra were recorded with 64 scans and a 4 cm -1 resolution employing the OPUS software. It was also used to apply an atmospheric compensation to remove the signal from atmospheric CO 2 and H 2 O. Eight samples (four S-1 fragments, three vertebrae and a rib; two S-2 fragments of a rib and a vertebra; and two S-3 fragments of a rib and a vertebra) were analyzed before and after the collagen extraction, except for the S-1 fragment of a vertebra from which no collagen was left over after the 14 C measurement. For the bones before collagen extraction, the surface was scraped with a scalpel for sampling. The attributions of the vibrational bands were deducted by comparing them to publications on the subject [START_REF] Sato | An infrared and Raman study of the isotopic species of alpha-quartz[END_REF][START_REF] Jackson | Beware of connective tissue proteins: assignment and implications of collagen absorptions in infrared spectra of human tissues[END_REF][START_REF] Morris | Recent developments in Raman and infrared spectroscopy and imaging of bone tissue[END_REF][START_REF] Muyonga | Fourier transform infrared (FTIR) spectroscopic study of acid soluble collagen and gelatin from skins and bones of young and adult Nile perch (Lates niloticus)[END_REF][START_REF] Olsen | Characterisation and blind testing of radiocarbon dating of cremated bone[END_REF][START_REF] Lebon | Screening in situ bone and teeth preservation by ATR-FTIR mapping[END_REF][START_REF] Chen | Application of micro-Fourier transform infrared spectroscopy (FTIR) in the geological sciencesA review[END_REF][START_REF] Kontopoulos | Bone diagenesis in a Mycenaean secondary burial (Kastrouli, Greece)[END_REF]. The FTIR attribution of polyvinylacetate is described in Wei et al. (2012).

RESULTS AND DISCUSSION

New 14 C dates and their evaluation

The new 14 C values for the two main Sungir graves with the S-1, S-2, and S-3 individuals (Table 2) were run on presumably non-contaminated collagen; however, the real picture turned out to be more complicated. The quality of the collagen was controlled by FTIR spectroscopy, and collagen yield and C:N atom ratio (van Klinken 1999; [START_REF] Brock | Reliability of nitrogen content (%N) and carbon:nitrogen atomic ratios (C:N) as indicators of collagen preservation suitable for radiocarbon dating[END_REF]. No traceable amount of contamination was found in some 14 C-dated collagen using FTIR analysis, such as RICH-27985.1.1. However, the threshold for detection of a consolidant using the FTIR method does not guarantee the complete removal of contamination, and this should be kept in mind. The RICH-produced dates are clearly younger compared to those previously produced on HYP (Tables 12). According to our experience with the Sungir samples, a C:N atom ratio of more than 3.3 can testify contamination by a consolidant. However, several samples with C:N atom of 3.2-3.3 returned 14 C dates which were found to be unreliable and were rejected (see Table 2).

Before collagen extraction (see representative spectra in Figure S7), the FTIR spectra are characteristic of bone with the vibrational bands of the mineral and organic fractions (hydroxyapatite and collagen). Some additional bands showing the presence of calcite, quartz and other silicates (such as clay)

were also noticed, depending on the sample (in Figure S7, not all data are shown, only representative spectra). No organic consolidants were detected on the surface of the major part of bones, but they were found in the extracted collagen of most of the samples (Figures S9-10 and S13-16). For the S-2 vertebra, beeswax was identified on the surface of the bone; it was present in large quantity (Figure S8), but was not detected in the extracted collagen of RICH-30584 (Figure S9).

For the collagen analyses, the spectra of the S-1 (RICH-27985.1.1), S-2 (RICH-27484.1.1), and S-3 (RICH-27485.1.1) individuals did not show the presence of a contaminant (Figures S10-S12). S-2 and S-3 have a collagen content of between ca. 6-15%, demonstrating a good preservation (Table 2). For the S-1 samples (rib -RICH-27985.2.1, Figure S10; and vertebra -RICH-27986.1.1 and RICH-27986.2.1, Figure S13), contaminants were detected. The additional bands seen in the spectra compared to pure collagen spectra are highlighted in green in the tables of Figures S10 and S13 The wavenumbers detected can correspond to a modified PVAc with some phosphates. The pretreatment performed with toluene and other solvents allowed us to eliminate beeswax which was not detected by FTIR in the extracted collagen of RICH-30584.1.1 (Figure S9), only the PVAc-like compound with phosphates was detected in the collagen. Samples showing clear signs of contamination all have a younger age than the non-contaminated samples (Table 2). The more intense the vibrational bands of the contaminant are compared to the collagen signal, the younger the 14 C dates are (Figures S10-S11). It is therefore plausible to assume that the contaminant is biobased or partially biobased because the 14 C dates on contaminated collagen are younger than the 14 C values of non-contaminated samples. This is possible because PVA glue is made of acetic acid (which can be biobased) and ethylene.

The FTIR spectra presented by [START_REF] Nalawade-Chavan | New hydroxyproline radiocarbon dates from Sungir, Russia, confirm Early Mid Upper Palaeolithic burials in Eurasia[END_REF] are similar to the ones in Figure S7, with a higher amount of calcite for their spectra of S-2 and S-3. [START_REF] Marom | Single amino acid radiocarbon dating of Upper Paleolithic modern humans[END_REF] and Nalawade-Chavan et al. ( 2014) stated that their analyses allowed them to suspect the presence of a conservation material consisting of a polymer made of tree sap (termed kanefol) with polyvinybututyral, phenol/formaldehyde and ethanol; however, their spectra do not show the presence of these compounds. [START_REF] Bader | Sungir. Paleolithic burials[END_REF] stated that the human bones were treated with a solution in ethanol of BF-2 glue (which is The 14 C dating of the S-1 individual was particularly challenging (Tables 12). In previous attempts, the collagen yields (when values were available) were low, from less than 1% to 0.6%, and, as a result, these 14 C values, as well as the others, cannot be accepted as reliable (Table 1). In the first round of the current 14 C dating campaign, a piece of the S-1 vertebra (sample ID B-2020) yielded a very small amount of collagen (0.5%) and was clearly contaminated (C:N atom = 3.6); the 14 C date is 15,660  52 BP (RICH-27486.1.1) (Table 2), and this is too young and therefore unreliable. Four other pieces (vertebrae and rib) were also selected. One of them (vertebra, sample ID C-2020) was found to be contaminated (Figure S13), with 14 C dates of 19,751  107 BP (RICH-27986.1.1) and 25,500  189 BP (RICH-27986.2.1).

Out of two collagen extractions from the rib (sample ID A-2020), one was found to be contaminated (Figure S10), with a 14 C date of 24,640  171 BP (RICH-27985.2.1). The second extraction of collagen from this rib gave non-contaminated collagen as detected by FTIR (Figure S10), 14 C-dated to ca. 26,100  203 BP (RICH-27985.1.1). On the one hand, we cannot exclude the possibility of contamination by a consolidant in low amount, and to be on the safe side we rejected this value as well (Table 2). On the other hand, this 14 C date is very similar to an age for the S-5 cranium found on top of the S-1 burial pitca. 26,040 BP (Table 1). The S-5 cranium was 14 C-dated using amino acids but not HYP.

The 14 C date produced on XAD-treated collagen of the S-1 vertebra is ca. 29,780  420 BP (Table 2). This is statistically the same (χ2 (0.05) = 3.80, T' =3.84) as the HYP 14 C age obtained for this individual [START_REF] Nalawade-Chavan | New hydroxyproline radiocarbon dates from Sungir, Russia, confirm Early Mid Upper Palaeolithic burials in Eurasia[END_REF], providing support that these are reliable age estimates for the S-1 individual.

The results of 14 C dating for the S-2 and S-3 skeletons were also not straightforward (Table 2). For S-2, three 14 C values are from ca. 21,790 BP to ca. 25,910 BP (XAD). For S-3, three 14 C dates are from ca. 24,930 BP to ca. 26,930 BP (XAD). Even though collagen preservation is good, these 14 C ages are still considerably younger than the HYP dates performed on the same material, suggesting that contamination remnants were still present in these samples.

Correspondence to site stratigraphy and animal 14 C dates

As for the previous reconstruction of the stratigraphic position for graves 1-2 [START_REF] Bader | Sungir. Verkhnepaleoliticheskaya stoyanka[END_REF][START_REF] Bader | Sungir. Paleolithic burials[END_REF], it was the result of an excavation method practiced by ON Bader. He was able to record the large areas enriched with humic matter and ocher (up to a size of 2 m across), according to arbitrary excavation levels, but it was more difficult to incorporate small pieces and spots of charcoal within the boundaries of burial pits into the site's stratigraphy. Ocher, humic matter, and charcoal were concentrated in accordance with the orientation of the burial pits, starting from Horizon 2 (Figure S18). This marks Horizon 2 as the top of the burial pits. We can now establish that the graves were dug from the arbitrary level 2 or the boundary between arbitrary levels 2 and 3, that is, in the upper part of the paleosol containing a cultural A large concentration of ocher above Burial 2 (Fig. 3,A) is displaced ca. 1 m to the southeast in relation to the contour of the bottom of the burial (Fig. 3,B). This shift can be explained in two ways.

Firstly, it can mark the platform next to the grave pit. Secondly, such a shift may be the result of the displacement of cultural remains caused by post-depositional processes (like solifluction) of the cultural layer that occurred after the burial. Deformations of this kind were recorded throughout the Sungir site [START_REF] Bader | The Upper Paleolithic site Sungir (graves and environment)[END_REF]. It is important to emphasize that these disturbances did not affect the strata layers underlying the paleosol (Fig. 3,B, below the thin dotted line). For this reason, the bottoms of the grave pits, as well as the human bones, turned out to be generally undisturbed.

In the absence of independent chronological markerslike the volcanic ash with a known age at the Kostenki 1 and 14 sites (e.g., Kuzmin 2019)it is only possible to compare the 14 C dates of the burials with the 14 C values on animal bones from the occupation layer of Sungir which can serve with some reservations as the terminus post quem. This required a complete revision of the site's stratigraphy and spatial position of artifacts (Figures S17-S18). Based on the analysis of the stratigraphy and distribution of artifacts and faunal remains for an area near the burials (Figure S17), only some of the 14 C dates run on animal bones can be correlated with the stratum related to the graves (Table S1). Based on original field documentation and reconstruction of the spatial structure of excavation pits I-III (Figures S17-S18), we checked the correspondence of information about the position of bones selected for 14 C dating (Table S1).

In some cases, there are clear mistakes with grid numbers and year of excavation, and we detected this for the first time.

After evaluation of the stratigraphic position of all 14 C-dated animal bone samples, we found that among the early set of animal 14 C values (Table S1) the specimen from Pit II, located most closely to the graves and originating from the layer below them, produced a 14 C age of ca. 28,800 BP (GIN-9028) (Table S1; Figure S17). Several other samples of animal bones from excavation pits I and III, collected in the 1950s -1980s (Table S1) and presumably associated with a layer stratigraphically below the graves, are 14 C-dated to ca. 26,300-27,600 BP. Unfortunately, it is not possible to establish precisely the stratigraphic relationship between all 14 C-dated animal samples and graves due to incomplete recording during the excavations, and these dates can be considered only as tentatively corresponding to strata below the burials (Table S1).

The latest excavation campaign at Sungir in 2014-2015 [START_REF] Gavrilov | The studies on the Sungir Upper Paleolithic site in 2014-2015[END_REF] gave us a chance to recover animal bones associated with the level below the graves. This was achieved by meticulous control of the site's stratigraphy, after the revision of [START_REF] Bader | Sungir. Verkhnepaleoliticheskaya stoyanka[END_REF] division of strata (see [START_REF] Stulova | Accumulations of archaeological remains in excavation area 3 of the Sunghir site[END_REF]. The new 14 C dates on samples of reindeer and unidentified bones are within the interval of ca. 28,900-30,140 S1). These particular 14 C values can now serve (at least temporarily) as the terminus post quem for the human burials, and are the earliest for the habitation (i.e. cultural) layer of the Sungir site.

The different radiocarbon ages of the Sungir burials

The wide ranging 14 C ages obtained from the Sungir burials seem to indicate that various quantities of museum-derived consolidants were still present in some samples. Formaldehyde, which was used in the consolidation process of these samples, is known to induce cross-linking [START_REF] Schellmann | Animal glues: a review of their key properties relevant to conservation[END_REF]. It seems therefore most likely that some of the contamination from the consolidants had cross-linked to the collagen molecules, and it was not fully removed neither with classical ABA treatment nor with solvent washes. Only 14 C dating of the HYP fraction and collagen after extraction with XAD resin are able to remove cross-linked contamination, and it seems that even the XAD was not able to remove all contamination in S-2 and S-3, as the HYP were still older, and more XAD resin should have been used.

We began our 14 C dating campaign of the Sungir humans in 2020 with the expectation that vertebrae and ribs, as the least informative bones for physical anthropological purposes (see [START_REF] Alekseeva | Homo sungirensis. Upper Palaeolithic man: ecological and evolutionary aspects of the investigation[END_REF], were not treated by consolidants when discovered in the 1960s. This, however, turned out to be not true, as it is now confirmed by FTIR analysis of collagen extracted for dating. In some cases, the degree of contamination could be relatively small, and it is impossible to quantify this using FTIR. In such a situation, the continuation of dating the unique human bones of Sungirwhich after numerous samplings look like a "pocked lunar surface" [START_REF] Pettitt | Fast and slow science and the Palaeolithic dating game[END_REF](Pettitt : 1076))does not look productive, unless a clear protocol for its analytical investigation prior to 14 C dating will be established and executed. Nevertheless, there is a dearth of techniques that can measure the presence of consolidants such as PVA glue with a high degree of sensitivity. The XAD treatment can be helpful in the removal of contamination from both the burial environment, such as humic acids, as well as museum-derived conservation products.

We should keep in mind that the archaeological objects of the Sungir site were recorded at different levels. Post-depositional disturbances cannot be considered as the main reason for this. The experience of the excavations [START_REF] Bader | Sungir. Verkhnepaleoliticheskaya stoyanka[END_REF][START_REF] Seleznev | Stoyanka Sungir: voprosy organizatsii zhilogo prostranstva[END_REF][START_REF] Gavrilov | The studies on the Sungir Upper Paleolithic site in 2014-2015[END_REF] showed that the scale of postdepositional disturbances varied depending on the location. Both vertical and horizontal displacements did not lead to the destruction of artifact accumulations or shallow artificial depression-like pits in the cultural layer. This conclusion is confirmed by ON Bader's field drawings. Thus, we have reason to think that Sungir has a complex archaeological stratigraphy. The graves, charcoal, and accumulations of faunal bones are not necessarily contemporaneous.

The four animal bones found below the burial layer (Table S1) date to ca. 28,800-30,140 BP, while the HYP 14 C ages on the burials date to ca. 28,650-30,100 BP for S-1 and S-4 [START_REF] Marom | Single amino acid radiocarbon dating of Upper Paleolithic modern humans[END_REF][START_REF] Nalawade-Chavan | New hydroxyproline radiocarbon dates from Sungir, Russia, confirm Early Mid Upper Palaeolithic burials in Eurasia[END_REF]. The XAD 14 C age of S-1 also falls within this age range. The 14 C dates on the animal bones were done on bulk collagen, and it is unknown if they contain any cross-linked humic acids, which could make them slightly too young. Nevertheless, these 14 C ages seem to concur with the conclusion that both the cultural layer and human burials date to roughly 28,800-30,100 BP. Narrowing down these ages further is difficult considering the larger errors of the 14 C dates. The S-5 skull dated to ca. 26,040 BP was found above the S-1 burial and its younger age could be correct, keeping in mind the low collagen yield and high C:N ratio.

Diet of the Sungir humans

A previous study of the human diet at Sungir, based on ratios of carbon and nitrogen stable isotopes in bone collagen, allowed researchers to establish that these people consumed mainly protein from terrestrial mammals [START_REF] Richards | Stable isotope evidence for European Upper Paleolithic human diets[END_REF]Richard et al. 2001;[START_REF] Trinkaus | The people of Sunghir: burials, bodies, and behavior in the earlier Upper Paleolithic[END_REF]. The average values for S-1 -S-3 in this study ( 13 C = -19.7  0.2‰;  15 N = +11.8  0.2‰) confirmed this conclusion (Table S2). They are similar to the stable isotopic composition for gray wolf ( 13 C = -19.8‰;  15 N = +9.8‰). The average  15 N value for reindeer (+5.7  0.1‰) (Trinkaus et al. 2014) (Figure S5) is within one trophic level of enrichment for humans (ca. 3-5‰) who consumed reindeer protein [START_REF] Drucker | Carbon and nitrogen stable isotopes as tracers of change in diet breadth during Middle and Upper Palaeolithic in Europe[END_REF][START_REF] Hedges | Nitrogen isotopes and the trophic level of humans in archaeology[END_REF]. The results of stable isotope analysis for Pleistocene mammals in Eastern Europe, although not numerous, support this reconstruction [START_REF] Drucker | Isotopic analyses suggest mammoth and plant in the diet of the oldest anatomically modern humans from far southeast Europe[END_REF][START_REF] Drucker | Stable isotope evidence of human diet in Mediterranean context during the Last Glacial Maximum[END_REF]. Other terrestrial animals, like horse, saiga, and bison, were probably also consumed. Fish as a possible source of protein should be also considered.

Zooarchaeological data are in accord with this conclusion; most of the animal bones from Sungir belong to reindeer, Arctic fox and horse; woolly mammoth and gray wolf are also frequently present [START_REF] Alekseeva | Fauna for hunting at the Sungir site[END_REF]. Bones of other carnivores and ungulatesbrown bear, wolverine, cave lion, saiga, and bisonare rare. Reindeer bones, often representing young animals, are heavily fragmented. Taking into account the location of the site near a large river (Figure 1), we can assume that people practiced seasonal (summer-fall) hunting of reindeer at the ford, and possibly fishing. This is similar to some Early and Mid-Upper Paleolithic sites in Central and Eastern Europe [START_REF] Richards | Isotopic evidence for the diets of European Neanderthals and early modern humans[END_REF][START_REF] Trinkaus | Stable isotope evidence for early modern human diet in Southeastern Europe: Peştera cu Oase, Peştera Muierii and Peştera Cioclovina Uscată[END_REF] (Figure S6; Table S2). The human bones from these sites are 14 C-dated to the pre-Last Glacial Maximum (Table S2).

Issues related to archaeology and subsistence of Sungir

New data allow us to correlate the Sungir burials [START_REF] Trinkaus | The age of the Sunghir Upper Paleolithic human burials[END_REF] with paleoclimatic data from the Greenland ice core records (Rasmussen et al. 2015). The burials can be associated with the GI-5.2 interstadial centered around ca. 32,300 cal BP, although they could be related to cold interstadials GS-5.2 and GS-6. This was a later part of the MIS 3 period, with a warmer climate compared to the Last Glacial Maximum but still colder than today [START_REF] Chapman | Sea surface temperature variability during the last glacial-interglacial cycle: assessing the magnitude and pattern of climate change in the North Atlantic[END_REF][START_REF] Van Meerbeeck | How did Marine Isotope Stage 3 and Last Glacial Maximum climates differ? -Perspectives from equilibrium simulations[END_REF], and people needed good fur clothes to protect themselves from the elements. The unique evidence of tailored garments at Sungir (see Figure S2) makes it a strong case of a developed stage in clothes manufacture, The new 14 C dates obtained for the Sungir burials are in agreement with the reconstructed stratigraphic position of the graves. By taking into account all archaeological data, we can now say that Sungir is a complex settlement that was formed in several stages. Thus, the chronology of Sungir allows us to incorporate it into discussions of the 'long' and 'short' chronologies for the Upper Paleolithic in the central Russian Plain (Zaretskaya et al. 2018). Scholars who are in favor of the 'long' chronology suggest that a wide range of 14 C dates reflects multiple occupations or rather prolonged settling (a few decades) of the sites. Those in favor of a 'short' chronology select the 14 C values that fit their opinion about the age of a particular cultural complex. According to them, it is hard to imagine that sites could have existed for millennia without changes of cultural traditions. Based on critical analysis of the available data, we are inclined in favor of the 'long' chronology (see [START_REF] Gavrilov | Sungir: The choice between Szeletian and Aurignacian[END_REF]Zaretskaya et al. 2018).

CONCLUSIONS

This study functions as a cautionary tale for researchers attempting to radiocarbon date archaeological material that was excavated many years ago. Assessing the presence of potential contamination through, for example, FTIR is essential before subjecting samples to destructive 14 C dating.

The results reported in this study together with previous data suggest that both the lower part of the cultural layer with animal 14 C dates and the human burials date to ca. 29,300 BP (or ca. 34,700 cal BP). The archaeological objects of the Sungir site were recorded at different levels, suggesting that Sungir has a complex archaeological stratigraphy and that graves, charcoal, and faunal accumulations are not necessarily simultaneous. The stratigraphic context of the graves allows us to conclude that they belong to the upper levels of the paleosol and cultural layer, respectively. In the future, it will be necessary to conduct dating of these features in parallel, using both HYP, bulk collagen, XAD-cleaned collagen, and other compounds. Quality control of the dated fractions should be performed on all of these features to ensure no contamination from either the burial environment or consolidants is present. The correspondence of the dates and the archaeological context of the samples should be critically important when assessing the reliability of the results obtained. 
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Table 1

 1 The 14 C dates for human burials of the Sungir site obtained prior to the current study.

	Burial	Material	Collagen dated a	14 С date, BP	Lab No.	Calendar age, cal BP b (95.4% interval)	Collagen yield, %	% C	% N	C:N atom ratio	Reference
	Sungir 1 (S-1)	vertebra	BC	19,160  270	AA-36473	22,540-23,760					Kuzmin et al. (2004)
		vertebra	BC	21,310 +240/-250	GrA-21513	25,100-26,000	< 0.1				Kuzmin et al. (2014)
		tibia	BC	22,930  200	OxA-9036	26,510-27,690					Pettitt and Bader (2000)
		vertebra	BC	26,300 +220/-230	GrA-21507	30,120-31,000	0.6				Kuzmin et al. (2014)
		femur	UF	27,050  210	KIA-27006	30,900-31,560		44.5 16.8	3.1	Dobrovolskaya et al. (2012)
		bone c	HYP	28,890  430	OxA-X-2464-12 32,010-34,250				5.0	Nalawade-Chavan et al. (2014)
	Sungir 2 (S-2)	tibia	BC	23,830  220	OxA-9037	27,650-28,620	9.5			3.5	Pettitt and Bader (2000)
		tibia	UF	25,020  120	OxA-15753 b	28,970-29,750	6.0			3.3	Marom et al. (2012)
		tibia	BC	26,190  120	GrA-34760	30,130-30,810	5.4			3.1	Kuzmin et al. (2014)
		rib	BC	26,200  640	AA-36475	29,150-31,390					Kuzmin et al. (2004)
		rib	BC	27,210  710	AA-36474	30,040-33,090					Kuzmin et al. (2004)
		tibia	HYP	30,100  550	OxA-X-2395-6	33,350-35,590	6.0			5.0	Marom et al. (2012)
	Sungir 3 (S-3)	tibia	BC	24,100  240	OxA-9038	27,780-28,760	6.1			3.4	Pettitt and Bader (2000)
		rib	BC	24,170 +120/-130	GrA-28182	27,930-28,960					Kuzmin et al. (2014)
		tibia	UF	24,830  110	OxA-15754	28,810-29,220	3.4			3.2	Marom et al. (2012)
		tibia	UF	25,430  160	OxA-15751	29,260-30,020	3.4			3.2	Marom et al. (2012)
		humerus	UF	26,000  410	KIA-27007	29,330-31,050		44.0 14.8	3.5	Dobrovolskaya et al. (2012)
		rib	BC	26,190  640	AA-36476	29,140-31,380					Kuzmin et al. (2004)
		tibia	HYP	30,000  550	OxA-X-2395-7	33,210-35,520	3.4			5.0	Marom et al. (2012)
	Sungir 4 (S-4)	femur	HYP	29,820  280	OxA-X-2462-52 33,710-34,800				5.1	Nalawade-Chavan et al. (2014)
	Sungir 5 (S-5)	cranium	AA	26,042  182	OxA-X-2666-52 30,060-30,850	1.2	34.9		3.4	Sikora et al. (
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