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The precise identification of hemp (Cannabis sativa L.) fiber in ancient papers is of great significance in the study of paper history. However, different species of phloem fibers belonging to bast fibers (e.g., hemp, ramie, flax, jute) used in traditional hand papermaking in the East Asian region present similar microscopic morphological traits, which renders their accurate identification problematic and may cause controversy in archaeological interpretations. In this study, a method for the precise identification of Cannabis fiber in ancient handmade papers by Py-GCxGC/MS was developed for rapid fiber characterization in ancient papers. The proposed approach was based on the separation of characteristic lignin monomers from lignocellulose by Py-GCxGC/MS, with an example of joss paper samples excavated from the archaeological site of Astana tombs dating to the Tang Dynasty. The bidimensional chromatographic separation of the pyrolysis signature of plant materials allows a wellstructured layout in the 2D chromatograms. Therefore, it becomes possible to distinguish these different plant materials by applying a multivariate analysis treatment to the lignin monomers.

The improved GCxGC separation of lignin monomers showed the benefit of the GCxGC profile for lignin monomer group identification as well as for the application of statistical analysis. The developed method presents the advantages of being rapid and effective for archaeological and cultural heritage applications in necessitating a tiny quantity of sample.

INTRODUCTION

Ancient papers are of high cultural value as carriers for the information that can be decoded from their contents for historical and paleographical studies [START_REF] Helman-Ważny | More than meets the eye: Fibre and Paper Analysis of the Chinese Manuscripts from the Silk Roads[END_REF][START_REF] Sakamoto | Paper Analysis and Paper History from Ancient Chinese Paper to Japanese Washi[END_REF]. Apart from their traditional use: writing support, painting support, administrative and official applications, paper has been used in specific applications such as joss paper (ghost money, Figure 1, Figure S1 in the Supplementary information) in rituals and ceremonies that greatly promoted cultural diversity in societal development (Han et al., 2021;[START_REF] Scott | For gods, ghosts and ancestors: The Chinese tradition of paper offerings[END_REF][START_REF] Seaman | Spirit money: an interpretation[END_REF]. Nevertheless, the material source of ancient joss paper has seldom been reported to hinder a comprehensive knowledge of paper offerings as a unique oriental cultural phenomenon in ancient China and neighboring regions [START_REF] Blake | Burning Money: The Material Spirit of the Chinese Lifeworld[END_REF][START_REF] Kwon | The dollarization of Vietnamese ghost money[END_REF][START_REF] Mccreery | Why don't we see some real money here? Offerings in Chinese religion[END_REF].

The art of traditional East Asian papermaking resides in the rational choice of fibers, which constitutes an opportunity to chronologically and geographically locate the origin of paper if a reliable analytical method is available. In fact, fiber identification of ancient papers has been in practice since the beginning of the 19 th century [START_REF] Briquet | Recherches sur les premiers papiers employés en Occident et en Orient du Xe au XIVe siècle[END_REF][START_REF] Wiesner | Die mikroskopische Untersuchung des Papiers mit besonderer Berücksichtigung der ältesten orientalischen und europäischen Papiere[END_REF]; nevertheless, accurate plant fiber identification still remains problematic and sometimes causes controversy [START_REF] Bergfjord | Comment on "30,000-year-old wild flax fibers[END_REF][START_REF] Drege | L'analyse fibreuse des papiers et la datation des manuscrits de Dunhuang[END_REF][START_REF] Kvavadze | 30,000-year-old wild flax fibers[END_REF]. For instance, archaeological fiber characterization commonly uses microscopy for their identification, while some fibers have quite similar morphological traits (e.g., hemp, ramie, flax and jute). Consequently, concerns have been raised about the risk of analysis resulting in distorted archaeological interpretations [START_REF] Haugan | Flax look-alikes: Pitfalls of ancient plant fibre identification[END_REF][START_REF] Lukesova | Is Cross-Section Shape a Distinct Feature in Plant Fibre Identification?[END_REF].

The preservation conditions of archaeological fibers as well as typically nondestructive or micro destructive requirements limit the application of some analytical techniques in forming a rapid fiber identification in ancient papers [START_REF] Martoglio | Unlocking the secrets of the past: the analysis of archaeological textiles and dyes[END_REF]). On-line pyrolysis hyphenated with gas chromatography/mass spectrometry (Py-GC/MS) is among the most frequently used techniques for fiber material studies due to a simple preparation of the samples with minimum quantities required and, consequently, has rooted cultural heritage applications [START_REF] Degano | Recent advances in analytical pyrolysis to investigate organic materials in heritage science[END_REF][START_REF] Nacci | Characterization of textile fibers by means of EGA-MS and Py-GC/MS[END_REF][START_REF] Shedrinsky | Application of analytical pyrolysis to problems in art and archaeology: a review[END_REF]. Py-GC/MS has been successfully explored to define new criteria for characterizing plant fibers commonly used in East Asian handmade papers based on the characterization of different sets of plant markers (phytosterols and terpenoids) in a defined region of interest (ROI) from the pyrolysis of East Asian paper samples [START_REF] Avataneo | New criteria for the characterization of traditional East Asian papers[END_REF][START_REF] Han | Identification of traditional East Asian handmade papers through the multivariate data analysis of pyrolysis-GC/MS data[END_REF]Han et al., 2021). However, it has been observed that some bast fibers found in plant materials (e.g., hemp, flax, ramie, jute) have fewer markers in the ROI, a situation that poses difficulties for their comparison by the established ROI approach [START_REF] Han | Identification of traditional East Asian handmade papers through the multivariate data analysis of pyrolysis-GC/MS data[END_REF]. Although it has been observed that the lignin components, such as the ratio of syringyl-to guaiacyl-units (S/G ratio [START_REF] Del Río | Identifying acetylated lignin units in nonwood fibers using pyrolysis-gas chromatography/mass spectrometry[END_REF][START_REF] Ohra-Aho | S/G ratio and lignin structure among Eucalyptus hybrids determined by Py-GC/MS and nitrobenzene oxidation[END_REF][START_REF] Silva | Evaluation of chemical composition and lignin structural features of Simarouba versicolor wood on its pulping performance[END_REF]) among bast fibers vary [START_REF] Marques | Evaluation of the chemical composition of different non-woody plant fibers used for pulp and paper manufacturing[END_REF][START_REF] Pandey | Ramie fibre: part I. Chemical composition and chemical properties. A critical review of recent developments[END_REF], the large quantity consumed with efficient sample preparation is not always suitable for cultural heritage applications where tiny quantities are the rules [START_REF] Alves | Analytical pyrolysis as a direct method to determine the lignin content in wood: Part 3. Evaluation of species-specific and tissue-specific differences in softwood lignin composition using principal component analysis[END_REF][START_REF] Alves | Analytical pyrolysis as a direct method to determine the lignin content in wood: Part 1: Comparison of pyrolysis lignin with Klason lignin[END_REF][START_REF] Nanayakkara | Screening of juvenile Pinus radiata wood by means of Py-GC/MS for compression wood focussing on the ratios of p-hydroxyphenyl to guaiacyl units (H/G ratios)[END_REF]. The raw fiber material of the lignocellulosic complex has also been pyrolyzed, while poor chromatographic separation of lignocellulose mixtures has been observed and caused problems in the integration of lignin peak derivatives [START_REF] Chen | Biochemicals distribution and the collaborative pyrolysis study from three main components of Helianthus annuus stems based on PY-GC/MS[END_REF][START_REF] Lima | Comparison between analytical pyrolysis and nitrobenzene oxidation for determination of syringyl/guaiacyl ratio in Eucalyptus spp. lignin[END_REF][START_REF] Nunes | Determination of Eucalyptus spp lignin S/G ratio: A comparison between methods[END_REF].

The development of multidimensional gas chromatography offered potentialities for better separation and higher resolution helpful in the analysis of complex chemical systems [START_REF] Chin | Multidimensional gas chromatography beyond simple volatiles separation[END_REF][START_REF] Tranchida | Flow-modulated comprehensive two-dimensional gas chromatography combined with a high-resolution time-of-flight mass spectrometer: A proof-of-principle study[END_REF]. In fact, the application of GCxGC separation for the investigation of cultural heritage materials, e.g., handmade papers and inks [START_REF] Han | Py-GCxGC/MS in cultural heritage studies: An illustration through analytical characterization of traditional East Asian handmade papers[END_REF][START_REF] Perruchini | Exploring the potential of pyrolysiscomprehensive two-dimensional gas chromatography/mass spectrometry in the characterization of Chinese inks of ancient manuscripts[END_REF], lacquers [START_REF] Han | The lacquer crafting of Ba state: Insights from a Warring States lacquer scabbard excavated from Lijiaba site (Chongqing, southwest China)[END_REF][START_REF] Okamoto | Application of pyrolysiscomprehensive gas chromatography/mass spectrometry for identification of Asian lacquers[END_REF], organic residue [START_REF] Brychova | Animal exploitation and pottery use during the early LBK phases of the Neolithic site of Bylany (Czech Republic) tracked through lipid residue analysis[END_REF][START_REF] Cnuts | Fingerprinting Glues Using HS-SPME GC×GC-HRTOFMS: a New Powerful Method Allows Tracking Glues Back in Time[END_REF][START_REF] Lebedev | Comprehensive twodimensional gas chromatographyhigh resolution mass spectrometry with complementary ionization methods in the study of 5000-year-old mummy[END_REF][START_REF] Umamaheswaran | Identification of Chitin in Pliocene Fungi Using Py-GC × GC-TOFMS: Potential Implications for the Study of the Evolution of the Fungal Clade in Deep Time[END_REF], and bone collagen [START_REF] Cersoy | Pyrolysis comprehensive gas chromatography and mass spectrometry: A new tool to assess the purity of ancient collagen prior to radiocarbon dating[END_REF][START_REF] Dutta | Chemical evidence of preserved collagen in 54 -million-year-old fish vertebrae[END_REF], has demonstrated the benefits of using an analytical method of higher selectivity with a quicker and more reliable identification procedure compared to 1D GC/MS analysis [START_REF] Han | Benefit of the use of GCxGC/MS profiles for 1D GC/MS data treatment illustrated by the analysis of pyrolysis products from east Asian handmade papers[END_REF]. Coupling of pyrolysis to GCxGC/MS demonstrated its efficiency in distinguishing paper fibers difficult to differentiate by microscopy, especially those from the Moraceae and Thymelaeaceae families, which produce different groups of markers in the ROI [START_REF] Avataneo | New criteria for the characterization of traditional East Asian papers[END_REF][START_REF] Han | Py-GCxGC/MS in cultural heritage studies: An illustration through analytical characterization of traditional East Asian handmade papers[END_REF][START_REF] Han | Benefit of the use of GCxGC/MS profiles for 1D GC/MS data treatment illustrated by the analysis of pyrolysis products from east Asian handmade papers[END_REF][START_REF] Han | Analytical characterization of East Asian handmade papers: A combined approach using Py-GCxGC/MS and multivariate analysis[END_REF][START_REF] Han | Identification of traditional East Asian handmade papers through the multivariate data analysis of pyrolysis-GC/MS data[END_REF]. However, to date, the identification for those with rare markers in ROI [START_REF] Han | Identification of traditional East Asian handmade papers through the multivariate data analysis of pyrolysis-GC/MS data[END_REF], such as plants showing bast fibers (e.g., hemp, ramie, flax, jute), remains problematic [START_REF] Haugan | Flax look-alikes: Pitfalls of ancient plant fibre identification[END_REF][START_REF] Lukesova | Is Cross-Section Shape a Distinct Feature in Plant Fibre Identification?[END_REF]. The GCxGC separation of lignin monomers in East Asian handmade papers may have its characteristic potentials while it has not been explored.

With the aim of investigating the GCxGC separation features of lignocellulose and exploring the potential of analyzing lignin monomers in East Asian handmade papers for their potential as discriminating markers, this study explores the efficiency of Py-GCxGC/MS for the separation and detection of lignin monomers for an improved characterization and data treatment workflow. The 2D separation of individual lignin monomers as well as grouping features of lignin markers were examined and scrutinized. Rapid and effective bast fiber identification in archaeology and cultural heritage studies by pyrolysis-comprehensive twodimensional gas chromatography is for the first time developed based on the improved characterization of lignin monomers.

EXPERIMENTAL SECTION

Materials.

Modern reference handmade paper samples from hemp, ramie, jute, and flax papers were first analyzed in duplicate to acquire the chemical profiles of lignin monomers. The archaeological samples used in this study consisted of paper offerings excavated from Astana cemetery (Figure S2). This complex was located on the famous Silk Road, which is particularly well known for its abundant unearthed mummies, written documents, textiles, plant remains, and food residues [START_REF] Chen | New archaeobotanical evidence for Medicago from the Astana Cemetery in Turpan, Xinjiang[END_REF][START_REF] Chen | Identification of Cannabis fiber from the Astana Cemeteries, Xinjiang, China, with reference to its unique decorative utilization[END_REF]. The tombs cover an area of approximately 10 km 2 and served as a public graveyard for the ancient Gaochang people, dating from approximately the 3 rd to the 9 th centuries. The tombs where the samples (Figure 1) were unearthed were built in the early period of the Tang Dynasty (618-907 AC) according to the written documents buried within the tombs.

Microscopic observation.

Direct microscopic observation of the fragment surface was conducted with a digital microscope (VHX-600, Keyence). The observation was conducted in reflection mode. For fiber analysis, a small amount of fibers from the clean part of the fragment was taken with cleaned dissecting needles and placed on the surface of a microslide with a drop of distilled water to disperse the fibers. The iodine-zinc chloride stain reagent was then added to the fiber preparation and covered with a cover glass. The prepared slide was observed under a stereomicroscope. 

Py-GCxGC/MS Analysis.

Py-GCxGC/MS analysis was conducted with a Shimadzu QP 2010 Ultra mass spectrometer (Shimadzu, Champs-sur-Marne, France) equipped with a two-stage thermal modulator ZX 2 (Zoex, Houston, USA). Pyrolysis was performed using a vertical micro-furnace-type pyrolyzer PY-3030D (Frontier Lab, Fukushima, Japan) directly connected to the injection port of the gas chromatograph. The quadrupole mass spectrometer was operated at 20,000 u.s -1 , with a scan range from 50 to 500 u, using electron ionization at 70 eV. Data processing of the 2D raw data was achieved using GC Image software, version 2.4 (Lincoln, Nebraska). Identification of components was performed by comparing the mass spectra of unknown components with reference compounds from the NIST MS library (2011) and interpretation of the main fragmentations. Full experimental details are given in the Supplementary information.

Data pretreatment and PCA/cluster analysis.

Compound identification and peak integration in the total ion chromatogram (TIC) of Py-GCxGC/MS data were performed using GC Image software, version 2.4 (Lincoln, Nebraska).

The TIC peak areas (either raw or normalized values) were used as responses for multivariate data analysis to explore the most characteristic features of each paper sample. After the data pretreatment procedure, the data were subjected to exploratory principal component analysis (PCA). The PCA analyses and hierarchical clustering analysis were performed using Unscrambler X (Version 10.4) software from CAMO Software AS (Oslo, Norway). A full description of the data treatment procedure is given in the Supplementary information. Briefly, in the process of PCA modelling, data were centered, and different variable weighting parameters were used. Here, weight as 1/STD is defined as the standard deviation calculated among each variable while the data were mean centered. Regarding clustering analysis, the default Euclidean distance measure was used.

RESULTS AND DISCUSSION

Dilemma in identifying ancient bast paper fibers by microscopy and ROI plant markers.

As seen from Figure 1 and Figure 2, samples (i) and (ii) are comparatively thin with distortion.

The surface contains black protuberances, large phloem fibers and clustered fibers on the surface, which have also been observed in contemporary handmade papers (Arnaud-Nguyen, 2020). Sample (iii) is similar to sample (i) in thickness and morphology but with more flexibility. Sample (iv) also has a rough morphology with twisted and clustered fibers and large plant phloem.

Figure 3 displays the morphological features of stained fibers from the investigated paper offerings of Astana cemeteries. The color of the stained fibers from the paper offerings varies from wine red to pink when stained by Hertzberg reagent. The fibers in sample (i) and sample (iv) generally have a variable thickness along their length, with cross striations at certain intervals forming the nodes, a shape characteristic of bast fibers such as hemp, ramie, mulberry and paper mulberry. Longitudinal striations, a diagnostic feature for hemp and ramie fibers, are recognizable, although they were likely worn due to the pulping process. The fibers in sample (ii) and sample (iii) resemble fibers in sample (iv) with cross striations and longitudinal striations but are of comparatively constant thickness along their length. Parenchymal cells or coarse serrated cells, which are usually seen in bamboo, rice, and wheat straw, were not observed here and allowed us to rule out those as fiber sources (Figure S3).

The process of cutting may cause comparative straight fracture, while ramming and/or pulping left the trace of obvious swelling fibers and degrees of fibrillation. Evidence of fibrillation was observed in all samples, indicating a process of manual ramming or pulping (Figure S3-S4, Supplementary information). No chemical reaction between iodine solution and starch grains from sizing was noticed in the process of fiber staining, indicating the absence of starch sizing treatment. Considering a microscopic approach, the Hertzberg stain is a quick way to have a rough estimation of the lignin content in the fibers indicated by the color presentation of the stained fibers. For instance, the complex phenolic polymer lignin plays a decisive role in the presence of fiber color when stained by Herzberg reagent. Previous studies in fiber identification have examined the content of lignin changing from significantly low (0-5% of dry weight in hemp, ramie, and cotton) to low (8-15% of dry weight in mulberry and paper mulberry trees) to lowto-moderate (15-20% of dry weight in rice and wheat straw) to high (25-30% of dry weight in bamboo) [START_REF] Shi | Technical investigation of 15th and 19th century Chinese paper currencies: Fiber use and pigment identification[END_REF]. This change in lignin content may make the observed fiber take on the color of wine red, pink, blue, blue-grey, and yellow, accordingly. However, its precision (resolution) may not be enough to measure minor and varied differences in the lignin content (Figure S5, Supplementary information), and the color representation may be affected by other compositions in the paper structures. On the other hand, one must emphasize that, during the microscopic observation of fiber morphological treats in the aim of their identification, difficulties can be encountered in relation to the modifications during their preparation for papermaking, which makes their characterization more difficult: a case is well known for the distinction of hemp and ramie fibers [START_REF] Haugan | Flax look-alikes: Pitfalls of ancient plant fibre identification[END_REF][START_REF] Lukesova | Is Cross-Section Shape a Distinct Feature in Plant Fibre Identification?[END_REF]. Moreover, in Figure 3(i), questionable discrepancies are visible, while Figure 3(iv) bottom shows an enlarged fiber structure of no help for the assignment. Any further separation based only on microscopic observation poses a certain risk of misidentification for the reasons stated above [START_REF] Haugan | Flax look-alikes: Pitfalls of ancient plant fibre identification[END_REF][START_REF] Lukesova | Is Cross-Section Shape a Distinct Feature in Plant Fibre Identification?[END_REF]. Although microscopic observations suggest the possible use of bast fiber materials in Astana samples, microscopic analysis alone makes it difficult to make more accurate identification to differentiate fibers showing similar morphological traits [START_REF] Haugan | Flax look-alikes: Pitfalls of ancient plant fibre identification[END_REF][START_REF] Lukesova | Is Cross-Section Shape a Distinct Feature in Plant Fibre Identification?[END_REF].

We further conducted Py-GC/MS analysis to check the plant markers in the defined region of interest (ROI) following the analytical approach described previously [START_REF] Avataneo | New criteria for the characterization of traditional East Asian papers[END_REF], but few marker peaks were observed in the resulting pyrograms, impinging the assignment of fiber origin with satisfying reliability (Figure S6, Table S1 andTable S2).

Referring to the previous investigation of East Asian paper samples, the present situation is consistent with bast fiber papers revealing a low level of characteristic structures [START_REF] Han | Identification of traditional East Asian handmade papers through the multivariate data analysis of pyrolysis-GC/MS data[END_REF]. However, one must concede that the lack of plant markers (phytosterol and terpenes) does not lead to reliable identification of the fiber's material.

All the dilemmas in precisely identifying bast fibers suggest a complementary approach to find a more reliable criterion. As a result, we explored the separation and quantification of lignin monomers by Py-GCxGC/MS as a needful supplement in the precise characterization of these bast paper fibers.

The GCxGC separation of lignocellulose components and the grouping features of lignin monomers from handmade papers.

Lignin is composed of polymers of phenylpropane -aryl ether structure units, a polyphenol structure produced by oxidative condensation of three phenylpropanoid monomers: pcoumaryl, coniferyl and sinapyl alcohols. The phenyl moieties of such compounds differ in the hydroxy and methoxy substituents in the p-hydroxyphenyl, guaiacyl and syringyl units (abbreviated with the acronyms H-, G-and S-units, respectively, Figure S7). The content, distribution and ratio of the three phenyl units (in particular for S/G) in different plant species varies noticeably (Figure S7), a characteristic pattern that can be used to discriminate different wood and fibers [START_REF] Wang | Structures and pyrolytic characteristics of organosolv lignins from typical softwood, hardwood and herbaceous biomass[END_REF].

Lignin and polysaccharides are bound through covalent bonds and form lignocellulose. The analysis of lignin monomers (with different H/S/G types) in handmade papers was observed to be present as minor compounds often coeluting with cellulose pyrolysis products during 1D Py-GC/MS analysis, a point that makes both their identification and quantification difficult [START_REF] Avataneo | New criteria for the characterization of traditional East Asian papers[END_REF]. In contrast, thanks to the potential of bidimensional GCxGC separation, it is favorably observed that the lignin monomers were separated from carbohydrates in the resulting chromatograms, as exemplified in Figure 4. The first-and second-dimensional separations in GCxGC separation are independent, which yields in theory orthogonal results in such a way that constituents of similar properties (volatility and polarity) will be displayed in ordered structures: classes of similar compounds showing up as clusters or groups of compounds more or less aligned [START_REF] Ramos | Multidimensionality in gas chromatography: general concepts[END_REF]. This chromatographic layout greatly simplifies chemical class recognition and compound identification in the case of a complex mixture, such as the one represented in the case of cellulose and lignin. If a strict orthogonality is barely attained in practice, it must be emphasized that the choice of column for the second dimension is a key factor for separation efficiency: noticeably, the increased aryl content of the second column in the present experiment increases the capacity to separate aromatic structures (expected from lignin) from other analytes (like cellulose derivatives). On the basis of previous pyrolysis of lignin contents of several plant materials [START_REF] Del Río | Structural characterization of guaiacyl-rich lignins in flax (Linum usitatissimum) fibers and shives[END_REF][START_REF] Galletti | Pyrolysis/gas chromatography/mass spectrometry of lignocellulose[END_REF][START_REF] Van Erven | Quantification of lignin and its structural features in plant biomass using 13C lignin as internal standard for pyrolysis-GC-SIM-MS[END_REF], 27 potential lignin markers (Table 1) were chosen for the assignment of lignin content of reference samples of handmade papers of hemp, ramie, jute and flax, as well as for the four samples of Astana paper. As previously observed in comparing Py-GC/MS analysis of paper plant fiber materials and traditional handmade paper samples, typical markers from the raw materials are generally more numerous than the manufactured samples [START_REF] Avataneo | New criteria for the characterization of traditional East Asian papers[END_REF]: the same observation applies here, and for this reason, the number of lignin markers detected in the paper samples may appear more limited compared to direct analysis of the raw lignin material (Del [START_REF] Rio | Structural characterization of the lignin from jute (Corchorus capsularis) fibers[END_REF]. The basic structures of these markers are reported in Figure S9 (Supplementary information), while the detection of these 27 lignin markers during Py-GCxGC/MS analysis of the samples is reported in Table 1 for the four reference papers of hemp, ramie, flax and jute. As noted above, the ordered structured features of lignin monomers consist of a common phenol structure and different substituted groups: a common alcohol/methoxy structure with substituted R (Figure 4b), a point suitable to explore the benefits of GCxGC separation for chromatographic separation [START_REF] Groenewold | Pyrolysis two-dimensional GC-MS of miscanthus biomass: quantitative measurement using an internal standard method[END_REF][START_REF] Netzel | Untersuchung von Lignin aus Papierabwässern mittels Py-GCxGC/TOF-MS und Ofenpyrolyse Universität Wuppertal[END_REF]. As seen in Table 1, hemp presented most of these markers, while ramie and flax were characterized by an almost total disappearance of them, particularly guaiacyl and syringyl compounds, an observation in accordance with the expected value of the S/G ratio reported elsewhere in the literature. 1 andFigure S9.

Advances of rapid GCxGC screening of lignin monomers for handmade paper discrimination.

The detection of lignin markers in Table 1 confirms that ramie and flax reference papers provided comparatively fewer lignin monomers than hemp and jute reference papers. In particular, if the H-type monomers were present, G-type and S-type monomers almost disappeared during analysis since only some monomers, such as G3 and G4, were detected during Py-GCxGC/MS analysis of these two ramie and flax reference paper samples. In contrast, jute and hemp reported a high number of lignin markers detected during pyrolysis, as shown in Table 1. Considering the presence of these lignin markers, Py-GCxGC/MS chromatograms of the reference paper samples and the Astana paper samples were used to compile the integral of the corresponding peaks of interest among the 27 lignin markers chosen (Table 1). Figure 6 reports the measured ratio of S/G-type monomers from the integration of peak values of the corresponding compounds in the 2D chromatograms normalized to the sum of the peak areas.

Table 1. List of lignin marker compounds detected in the 2D chromatogram of the Py-GCxGC/MS analysis of the reference paper samples of hemp, ramie, flax and jute with their respective retention times in the two dimension ( 1 tR, 2 tR), molecular weight (MW), main peaks in the corresponding mass spectrum (base peak in bold), formula, identification and presence in the reference samples. a H phenol unit, G guaiacol unit, S syringol unit. G1 and G2 are not used in the S/G calculation and PCA (Figure 8) due to their area variation.

As shown in Figure 5, the most intensive lignin content (in considering measured values for the S/G ratio) was observed for the jute reference paper, largely differentiated from the others by its ratio lying at approximately 5.0. As a result, jute could be clearly differentiated from the other reference paper samples of hemp, ramie and flax using the lignin content expressed by the S/G ratio. In accordance with the present results, the lignin structure of jute fibers was previously reported to predominantly release syringol units correlated to a relatively high observed S/G ratio during Py-GC/MS analysis (Del [START_REF] Rio | Structural characterization of the lignin from jute (Corchorus capsularis) fibers[END_REF]. Moreover, numerous investigations on the lignin content of jute are in accordance with the predominance of syringyl lignin units over guaiacol lignin units [START_REF] Del Río | Identifying acetylated lignin units in nonwood fibers using pyrolysis-gas chromatography/mass spectrometry[END_REF][START_REF] Islam | The Isolation and Characterization of the Lignins of Jute (Corchorus capsularis)[END_REF]. Clearly, the measured S/G ratio for the jute reference sample through Py-GCxGC/MS analysis does not invalidate it. However, the measured S/G ratio for jute in Figure 5, if always noticeably higher than those of hemp, ramie and flax, was slightly higher than the previously reported values in the literature. The observed tendency of low S/G values for hemp, flax and ramie reference papers compared to jute reference paper concords with what is currently reported for these bast fibers [START_REF] Del Río | Identifying acetylated lignin units in nonwood fibers using pyrolysis-gas chromatography/mass spectrometry[END_REF][START_REF] Del Río | Structural characterization of guaiacyl-rich lignins in flax (Linum usitatissimum) fibers and shives[END_REF] ratio associated with the flax and ramie reference paper samples and the high value for the jute reference paper sample, the measurement of the S/G ratio in the 2D chromatograms is proven to be a potential tool useful to differentiate paper samples among those manufactured from bast fiber plant materials with the minimum quantity required (μg range) for heritage and archaeology applications. Reported fiber lignin contents in hemp and jute are higher than those of flax [START_REF] Del Río | Identifying acetylated lignin units in nonwood fibers using pyrolysis-gas chromatography/mass spectrometry[END_REF], even if consideration must be made for the role of the region of the stem analyzed, the stage of development, and the environmental conditions of growth. Noticeably, the S/G ratio of the outer plant tissues at the origin of fiber material for papermaking is likely subject to variation between the flowering and seed maturation stages of the plant. Depending on the technique of traditional papermaking, and especially on the period of the year chosen for extracting fibers from the plants, one can expect slight variation in these ratios. However, one must keep in mind that traditional East Asian handmade papermaking is an elaborated craftwork using rough retting techniques resulting in the preparation of fiber material for
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Range papermaking that could be significantly different from the techniques applied in modern pulp production. Indeed, the content and composition of the lignin components could be different from those expected under modern chemical extraction procedures. As shown in Figure 5, the known tendency in S/G ratio variations of fiber species: jute>hemp>flax, ramie, are respected and can therefore be considered for sample comparison: jute and hemp reference papers can be differentiated from ramie and flax reference papers, which both showed disappearance of syringol compounds in the resulting chromatograms (Table 1).

From the above experimental results, by comparison, the four Astana paper samples can be differentiated (i) on one side from the jute reference sample, since the S/G ratio in this latter case is noticeably higher than those of the Astana samples, measured between 0.98 and 1.23, (ii) on the other side from the ramie and flax reference papers that showed the absence of compounds associated with syringol units in the chromatograms. Concomitantly, the S/G ratio for the hemp reference sample 1.03-1.28 was closer to the above values for the Astana paper samples. This similarity was interpreted as a hemp origin for the fiber material in use in the making of the Astana paper samples. At this stage of development, these results based on the ratios between S/G markers confirmed those obtained from microscopic analysis (see above)

and placed the measurement of S/G ratio as an advantageous supplementary approach.

For the analysis of lignin content in fibers, the molar ratio of syringaldehyde to vanillin was also considered for the analysis of jute fibers [START_REF] Islam | The Isolation and Characterization of the Lignins of Jute (Corchorus capsularis)[END_REF]. The ratios of these two lignin markers were taken into account for comparison between hemp reference paper samples and Astana paper samples. If one considers vanillin (G9) and syringaldehyde (S9) pyrolysis products associated to G and S lignin subunits, respectively, as it is admitted for the chemical characterization of tissue lignin after chemical degradation of labile ether linkages (-O-4' and -O-4), the corresponding ratios syringaldehyde/vanillin (S9/G9) in both reference hemp paper (mean value= 0.73) and the four Astana paper samples (mean value= 0.71) appeared to be very close. Notably, chemical methods for the characterization of lignin in plant tissues revealed that, in the case of flax, calculation of the quantity of lignin monomers released per g unit of lignin may vary to some extent, raising the potential role of fiber maturation [START_REF] Day | Lignification in the flax stem: evidence for an unusual lignin in bast fibers[END_REF]. If, as underlined above, consideration is taken to the retting techniques of fiber preparation, reasonably, pyrolysis will not simplify the conclusion that can be drawn from the observation of syringaldehyde to vanillin ratios. However, one can concede that similarity in the measured ratios evolves in the sense of a similarity between reference samples and unknowns, as it is the case here for the reference hemp paper sample and the four Astana paper samples.

Multivariate data analysis of the pyrolysis of reference paper samples and Astana paper samples was conducted. Both cluster hierarchical and principal component analyses were performed on the integral of peaks assigned to lignin markers in the 2D chromatograms. These results are concordant with the calculated S/G ratio of each analysis associated with the different paper samples since ramie and flax reference paper samples with their S/G=0 were well differentiated from the two other reference paper samples, hemp and jute, as well as the four Astana paper samples. The loose distribution of the archeological samples showing unclear cluster discrimination between jute and hemp reference paper also demonstrates that the evident difference in the S/G ratio (Figure 5) has been weakened in the PCA using 1/STD modelling.

In view of the loadings plot of Figure 7, results were further modelled with only G-and S-type lignin monomers. Similarly, in Figure 8, (i) a high G-type contribution makes the flax and ramie reference paper samples stand out from the others, while G3 and G4 for ramie paper and G6, G10, and G11 for flax paper make them locate on the upper and lower sides in the left space;

(ii) the jute reference paper samples always present the same high contribution of S-type monomers, and C1 stands out as a discriminative factor; and (iii) while the hemp reference paper sample and the four Astana paper samples present a high contribution from G-type monomers, these two last characteristics are well correlated to the value of the respective S/G ratio. As stated above for the measurement of the S/G ratio from data extracted from the Py-GCxGC/MS chromatograms and hierarchical cluster analysis, these PCA data confirm the closest similitude of Astana paper samples with hemp paper, leading to the conclusion that the excavated Astana paper samples are of hemp origin for its fiber material. Considering the relative ratio of each lignin marker among the 27 lignin markers chosen, PCA permits us to visualize the variability between reference paper samples and allows us to ultimately deduce the highest similarity of the four Astana paper samples with the hemp reference paper.

Moreover, the validity of this statement lies in spite of the variability observed in the distribution of data points for the reference samples hemp, ramie, flax, and jute. In particular, the results confirm that the first PC nicely differentiates hemp paper on one side from ramie and flax papers on the other side, while the second PC quite equally differentiates jute paper from hemp, and flax from ramie papers.

CONCLUSION

Benefiting from 2D separation, a rapid method has been explored for the characterization and identification of bast fibers using lignin monomers. Pertinency of this approach has been demonstrated with a set of joss paper samples excavated from the archaeological site of Astana tombs dating to the early period of the Tang Dynasty (618-907 AC). The pyrolysis sampling reduced the required quantity to a minimum amount (in the μg range), and bidimensional gas chromatography allows an effective separation of the lignin monomers from the lignocellulose with grouping features in the 2D space distribution: the direct pyrolysis of handmade papers under Py-GCxGC/MS conditions favors their characterization and permits further data treatment based on multivariate data analysis. This new method with a simple procedure placed lignin pyrolysis products as potential biomarkers for the characterization of ancient papers and fabric materials in archaeology and cultural heritage applications.

These analytical characterizations permit us to explore Cannabis fiber utilization as a papermaking source along the Silk Road in a situation where little information is currently known about early papermaking and usage activities. The use of paper offerings by Astana residents in ceremonial contexts reflects the influence of interior areas as a means of cultural communication along the Silk Road. The new analytical strategy proposed here will have promise in solving key problems in precise fiber assignment and identification for archaeological interpretations.

shown in Figure S8. In (a) and (b), the yellow blobs represent the lignin monomers, and for compound identification, refer to Table 1 andFigure S9. samples using normalized data of the 27 lignin markers reported in Table 1.

Fig. 7 PCA (weighted as 1/STD) of the reference paper samples and the Astana paper samples using normalized values for the 27 lignin markers (Table 1). In (a), R: ramie, F: flax, J: jute, H: hemp, (i)-(iv): the four Astana paper samples; in (b), H/G/S represents the three types of lignin monomers.

Fig. 8 PCA of the paper samples and the Astana paper samples using normalized values for the only G-type and S-type lignin markers (Table 1), weighted as 1/STD. In (a), R: ramie, F: flax, J: jute, H: hemp, (i)-(iv): the four Astana paper samples; in (b), H/G/S represents the three types of lignin monomers.

Fig. 1

 1 Fig. 1 The archaeological paper offering samples from Astana cemetery. (i) offcut of paper offerings from the tomb of 72TAM184:5; (ii) offcut of paper offerings from the tomb of 72TAM184:2; (iii) remains of paper offerings from the tomb of 73TAM501:108; (iv) paper offerings from the tomb of 73TAM518:9; (v) general view of paper offerings from Astana Cemeteries. scale bar in (i)-(ii) is 1 cm, in (v) is 10 cm.

Fig. 2

 2 Fig. 2 Micrograph of paper offerings from Astana tombs. (i) 72TAM184:5, (a)-(b); (ii) 72TAM184:2, (c)-(f); (iii) 72TAM501:108, (g)-(h); (iv) 73TAM518:9, (i)-(l).

Fig. 3

 3 Fig. 3 Microscopic morphological features of the stained fibers of samples (i)-(iv), scale bar=20 µm. More microscopic pictures examined in the course of the present work can be found in Figure S3, Supplementary information.

Fig. 4

 4 Fig. 4 (a) An example of a 2D chromatogram resulting from the pyrolysis of a handmade reference jute paper showing the separation of the lignocellulose components, (b) the grouping features of different series of lignin monomers (H,G,S monomers with different side-chains) in the 2D chromatogram space. In (a), the cellulose region represents a region providing mainly cellulose pyrolysis products, and the lignin region represents a region providing mainly lignin pyrolysis products. In (b), H, G, and S represent different types of lignin monomers, while alkyl, alkenyl, keto-/aldehyde/enol represent side-chain constituents. The full 2D chromatographic space is shown in Figure S8. In (a) and (b), the yellow blobs represent the lignin monomers, and for compound identification, refer to Table 1 and Figure S9.

Fig. 5

 5 Fig. 5 Measured S/G ratio by Py-GCxGC/MS for the reference samples of ramie, flax, hemp, jute and the four Astana samples (i)-(iv).

  Figure 6 reports the dendrogram of hierarchical cluster analysis of the reference paper samples and the four Astana paper samples considering normalized raw data for peak integration. As shown in Figure 6, the closest distance between Astana paper samples and reference paper samples appeared for the hemp reference paper origin. The jute reference paper presents the highest distance to Astana paper samples, while ramie and flax reference paper lies at an intermediate distance. In accordance with the previous values of the S/G ratio, hierarchical cluster analysis of the reference paper samples and the four Astana paper samples confirms the closest similitude of Astana paper samples with a hemp fiber origin.

Fig. 6

 6 Fig. 6 Dendrogram of the hierarchical clustering of reference paper samples and Astana paper samples using normalized data of the 27 lignin markers reported in Table1.

  Figure7reports these results considering all the markers, and Figure8reports these results considering only the G-type and S-type markers. During the treatment of data, it has appeared that weighting by 1/standard deviation (STD) provided the most efficient results for the PCA since, by definition, the normalization to 1/STD is introduced to minimize the potential effect of high concentration lignin markers. Moreover, a variable of positioning, namely, the S/G ratio reported as C1, was added to the data for PCA treatment. In both cases, the score plots express the similarity between samples through the clustering of their projection on the axis representative of the grouping of data. In addition, data selection for the G-and Stype monomers contributed to increasing the data presentation on the cluster of archaeological samples through their projections on PC1 and PC2.On the scores plot in Figure7, grouping of paper samples can be summarized with a nice clustering distribution of four reference papers of ramie and flax, jute, and hemp, and a loose clustering of Astana archaeological paper samples. To further interpret the PCA results, the loading plots express the relative contributions of H-, G-and S-type monomers to the distribution of paper samples in the scores plot. In Figure7, (i) the ramie and flax reference paper samples (S/G=0) present a high contribution of H-type monomers, which locates them on the left space on the score plot: the high percentage of H1 and H2 monomers for ramie paper and H3, G4, and G6 monomers for flax paper in the data matrix help to discriminate these two papers although their distances are relatively close; (ii) the combination of C1 (S/G ratio) and G-and S-type lignin markers accounts for the distribution of jute and hemp reference papers as well as the Astana archaeological papers on the right side of the score plot. The jute reference paper sample that showed a high S/G ratio (C1) presents a high contribution of S-type monomers; (iii) the hemp reference sample and the four Astana paper samples present a high contribution of G-type monomers.

Fig. 7

 7 Fig. 7 PCA (weighted as 1/STD) of the reference paper samples and the Astana paper samples using normalized values for the 27 lignin markers (Table 1). In (a), R: ramie, F: flax, J: jute, H: hemp, (i)-(iv): the four Astana paper samples; in (b), H/G/S represents the three types of lignin monomers.

Fig. 8

 8 Fig. 8 PCA of the reference paper samples and the Astana paper samples using normalized values for the only Gtype and S-type lignin markers (Table 1), weighted as 1/STD. In (a), R: ramie, F: flax, J: jute, H: hemp, (i)-(iv): the four Astana paper samples; in (b), H/G/S represents the three types of lignin monomers.

Fig. 5

 5 Fig. 5 Measured S/G ratio by Py-GCxGC/MS for the reference samples of ramie, flax, hemp, jute and the four Astana samples (i)-(iv).

Fig. 6

 6 Fig. 6 Dendrogram of the hierarchical clustering of reference paper samples and Astana paper

Table 1 .

 1 Figures 7 and 8 report the corresponding score plots and loading plots for the analysis of the experimental results obtained by Py-GCxGC/MS considering the 27 lignin markers listed in

Table 1 .

 1 
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