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With a view to understanding the dynamics of ancient trade and agrobiodiversity, archaeobotanical remains provide a means of tracing the trajectories of certain agricultural commodities. A prime example is cotton in Arabia, a plant that is non-native but has been found in raw seed and processed textile form at Hegra and Dadan, in the region of al-ʿUlā, north-western Saudi Arabia—sites of critical importance given their role in the trans-Arabian trading routes during Antiquity. Here, we demonstrate that the measurement of strontium isotopes from pre-cleaned archaeological cotton is methodologically sound and is an informative addition to the study of ancient plant/textile provenance, in this case, putting forward evidence for local production of cotton in oasis agrosystems and possible external supply. The presence of locally-grown cotton at these sites from the late 1st c. BCE–mid 6th c. CE is significant as it demonstrates that cotton cultivation in Arabia was a Pre-Islamic socio-technical feat, while imported cotton highlights the dynamism of trade at that time.
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1 INTRODUCTION
Reconstructing ancient plant provenance informs on past agricultural systems, economies and trade but comes with its challenges. These are due in some cases to poor and/or unrepresentative sources (or proxies), but often hindered by methodological barriers. A pertinent example of this is cotton (Gossypium arboreum/herbaceum, Malvaceae), a plant which was originally domesticated in tropical and sub-tropical zones of the Indian sub-continent (for G. arboreum) and Africa (for G. herbaceum) but has since reached extensive geographical coverage (Kulkarni et al., 2009; Viot, 2019). Its cultivation in the desertic environment that exists over much of the Arabian Peninsula provides a case study to understand past diffusion paths and trade dynamics of a non-native plant. It was long considered that this plant was introduced with the so-called “Arab agricultural revolution” (Watson, 1974). This concept, based on the study of written sources, suggests the 7th c. CE Islamic conquest and unification of the Middle East, Central Asia and Mediterranean regions created opportunities for acclimatization of new crops, including cotton (Watson, 1974; Watson, 1981; Watson, 1983). Watson’s thesis has been influential (Squatriti, 2014), although more recent works, especially archaeobotanical studies, have provided a more nuanced view by hypothesizing Pre-Islamic plant introduction (Decker, 2009; Bouchaud et al., 2011; Bouchaud, 2015; Bouchaud et al., 2018; Fuks et al., 2020). In this paper, we aim to use the strontium (Sr) isotope composition of cotton in order to determine if 1) there was local production of cotton before the Islamic period in the northern part of the Arabian Peninsula, or 2) the material found on site was imported or 3) a combination of these two scenarios was taking place.
Cotton is non-native to the Arabian Peninsula, but archaeological and textual sources demonstrate that it has a long history in the region. To the North in the Levant, early traces of cotton fibers were found at Tel Tsaf, Israel (ca. 5200–4700 BCE) (Liu et al., 2022) and at Dhuweila, eastern Jordan (4450–3000 BCE) (Betts et al., 1994) suggesting possible very ancient trade of cotton fibers. The Greek philosopher and botanist Theophrastus (371–288 BCE) (Historia Plantarum, IV.7.7 [Amigues, 2010, p. 159]), mentions the cultivation of “wool-bearing trees” in Arabia for the first time during the 4th c. BCE on the island of Tylos, namely, the Bahrain archipelago. This textual reference, in conjunction with the north-western archaeological preserved cotton remains in the form of seeds, bolls (raw unginned fibers) and textiles in later sites such as Aila in southern Jordan (Ramsay and Parker, 2016), Hegra in northwestern Arabia (Bouchaud et al., 2018; Bouchaud et al., 2011) and Mleiha in the UAE (Kerfant and Dabrowski, 2017; Ryan et al., 2021), provide evidence for the far-reaching presence of cotton across the Arabian Peninsula by the turn of the 1st mill. CE. However, the simple occurrence alone of cotton does not prove that local cultivation of the crop was taking place. It remains difficult to demonstrate without ambiguity that the archaeological material testifies to the introduction of cotton agriculture rather than to the importation of cotton products by long-distance trade. At the site of Mleiha (Sharjah, United Arab Emirates), for instance, both charred cotton seeds and textiles were found in a burned-down building, radiocarbon dated to the beginning of the 3rd c. CE (Ryan et al., 2021). The strontium isotope values of archaeological cotton from Mleiha were inconsistent with those observed from modern plants growing both in the immediate vicinity of the site and in the region surrounding it and they are therefore considered as “non-local” (Ryan et al., 2021). The relatively radiogenic, non-local cotton remains were likely sourced from vast distances away, with strontium isotope data, archaeological and textual evidence pointing towards regions of western India as the likely place of origin.
Some of the first direct archaeological evidence of cotton in the Arabian Peninsula comes from the two sites that are the subject of this study: Hegra/Madā’in Sālih, today al-Hijr (26°47′ 1.38″ N; 37° 57′ 16.81″ E) and Dadan/al-Khuraybah (26° 39′ 23.3″ N; 37° 54′ 57.31″ E), both located in north-west Saudi Arabia in the al-‘Ulā region (Supplementary Appendix S1). Hundreds of carbonized cotton seeds were unearthed suggesting that cotton bolls were being processed, i.e., the fibers were removed from the seeds in the domestic areas, making it very plausible for cotton to have been grown locally over centuries (Bouchaud et al., 2011; Bouchaud et al., 2018; Charloux et al., 2018). However, the provenance of the seeds is ambiguous and it is even less certain whether desiccated textiles, uncovered within funerary chambers at Hegra, were produced locally or imported.
In the current paper, we aim to use strontium isotope ratios of both the archaeological charred cotton seeds and the desiccated textiles to determine if they were out-sourced or potentially produced on site. To do so, comparison with modern bio-available reference material, including plants and groundwater, is used to understand what can be deemed as ‘local’ from a geochemical standpoint. Radiocarbon dating of the material is undertaken to establish the precise chronology of cotton spread into Arabia. Isotope data already obtained from other Late Pre-Islamic sites (Ryan et al., 2021) is also drawn on to define more clearly the nature and chronology of the cotton spread throughout the Arabian Peninsula.
The use of strontium isotopes as a provenance tool is underpinned by the fact that strontium from bedrock is assimilated by plants, thus plants retain the isotopic fingerprint of the geological setting in which they grew (Capo et al., 1998). This allows geological and consequently, geographical variation in the radiogenic Sr isotope values (reported as the isotope ratio 87Sr/86Sr) of plant materials to be matched with, or distinguished from, a local site geology. Strontium isotopes have previously been used in an attempt to provenance plant material, such as wooden timbers (English et al., 2001; Reynolds et al., 2005; Hajj et al., 2017; Domínguez-Delmás et al., 2020; Pinta et al., 2021), textiles including cotton (Frei and Bjerregaard, 2017; Stanish et al., 2018; Ryan et al., 2021; Wozniak and Belka, 2022) and willow and tule (Benson et al., 2006). In a recent isotopic study of ancient cotton textiles, Wozniak and Belka (2022) suggest that Late Antique and Medieval cotton fabrics found in the middle of the Nile Valley (Sudan) could not have been grown locally based on their too-radiogenic strontium isotope values and technical characteristics, instead linking their presence to trade from potential places including Western Egypt, the west coast of India, Pakistan or the Arabian Peninsula. This study, as well as the aforementioned study conducted on cotton seeds and textiles at Mleiha, Eastern Arabia (Ryan et al., 2021), attest to the ancient long-distance, transcontinental trade of cotton. Such isotopic investigations into archaeological plant and textile origins are still relatively rare due to concerns over potential contamination with Sr from the burial environment. It is well established that some plant material, such as timber, is highly susceptible to diagenetic alteration from waterlogging in the burial environment (Van Ham-Meert et al., 2020; Snoeck et al., 2021). While water saturation is not considered an issue here, given the arid environmental conditions that resulted in the desiccation of the textiles and the charred state of the seeds that enabled their exceptional conservation, sand and dust contaminants are of concern. It has been demonstrated that leachates and residual cotton material differ in their 87Sr/86Sr ratios (Ryan et al., 2021), indicating the existence of exogenous Sr adhering to the archaeological remains, which could potentially complicate the interpretation of Sr isotope signature of botanical material. In the case of animal-derived textile material, a number of studies have shown that while desiccated wool textiles can adsorb exogenous Sr from the soil in which they are buried, it is possible to remove, at least in part, contaminant Sr by leaching the textile in acid, enabling one to determine if the strontium isotope value of residual material overlaps or not with the Sr isotope signature of the local area (Frei et al., 2009a; Frei et al., 2009b; Frei et al., 2010; Bergfjord et al., 2012; Frei et al., 2015; Frei et al., 2017). Here, we test an acid-leach protocol on cotton, linen and wool textiles and cotton seeds to ensure the methodology is appropriate for use when measuring the 87Sr/86Sr values on these materials and that it is possible to extract reliable provenance information from ancient plant materials.
2 METHODS
2.1 Contaminant detection and removal
Residues were identified on the surfaces of the textiles. To identify the nature of these residues, a subset of six textiles were selected for Fourier transform infrared spectroscopy (FTIR) analysis (See Supplementary Material for full details). The analyses were carried out in transmission mode (after pressing the sample in a diamond cell), on the infrared spectroscopy platform of the Muséum national d’Histoire naturelle (MNHN, Paris).
Acid leaching was required to pre-clean the archaeological material (details in Supplementary Appendix S3). The resulting acid leachates and residual textiles were analyzed to test the efficacy of this pre-cleaning treatment. Four archaeological cotton textiles from the site of Mleiha and their corresponding acid leachates were previously analyzed for their strontium isotope composition (Ryan et al., 2021), and here, were analyzed for strontium concentrations. This material provides an external check on the efficacy of the pre-treatment.
2.2 Digestion and ion chromatographic procedures
The entire acid digestion process (Ryan et al., 2021) and subsequent Sr purification were achieved under a class 100 laminar flow hood in a class 10,000 clean room (ISO 7).
Strontium isotopic analyses of groundwater samples were carried out at the European Center for Research and Education in Environmental Geosciences (CEREGE, Aix-en-Provence, France) following a procedure described in Mahamat Nour et al. (2020). A volume of water corresponding to about 200 ng of Sr was evaporated. Separation and purification of the strontium fraction were carried out using the Sr-Spec resin on a 200 μL column in HNO3 media. The fraction was evaporated and then attacked with HNO3 + H2O2 to mineralize any organic residues of the Sr-Spec resin.
2.3 Mass spectrometry
Strontium isotope analyses of the botanical material were performed on a Thermo Scientific NeptunePlus Multi-Collector Inductively Coupled Plasma Mass Spectrometer (MC-ICPMS), at the Laboratoire des Sciences du Climat et de l’Environnement (LSCE, France). The purified strontium fractions were adjusted to a strontium concentration of 20 μg/L by dilution with 0.5 N HNO3. The LSCE has recently updated the analytical method for measurement of Sr isotopes using MC-ICPMS—for details see Ryan et al. (2021).
The reproducibility of the 87Sr/86Sr measurements was evaluated by repeated analysis of NBS 987 standard. Mean values of 0.710231 ± 0.000005 (n = 27), 0.710265 ± 0.000008 (n = 35) and 0.710281 ± 0.000007 (n = 35) were obtained in this study across three runs. Isotopic ratios were corrected using a standard-sample bracketing method and normalized to the NBS 987 standard value of 0.710245. The corresponding external reproducibility measured for the 3 runs using NBS 987 standard ranged between 14 and 22 ppm (2σ). For each sample, the 87Sr/86Sr value is reported with a 2σ uncertainty, taking into account the standard reproducibility and the measurement standard error of each sample. However, such analytical precision does not take into account the uncertainties related to the efficiency of the different treatments applied to the samples, their size or the Sr content present in the remains after leaching or the fact that it is difficult to perform meaningful reproducibility tests on such small samples. For this reason, in this study, we considered the values of Sr isotope ratios to the fourth decimal place.
For groundwater samples, strontium isotopes were performed on a NeptunePlus MC-ICP-MS at CEREGE. Dry samples were taken up and dissolved with HNO3 1%. Long-term external reproducibility assessed through repeated analyses of the AQUA-1 drinking water certified reference material (Yeghicheyan et al., 2021) is better than 15 ppm.
2.4 Radiocarbon dating
Five cotton seeds and two pieces of cotton textile were selected from different contexts at Hegra. In addition, two seeds of date palm, one barley grain and two undetermined wood charcoal fragments uncovered in different archaeological units which also contained cotton seeds (but not a sufficient quantity for analysis) were selected. Two cotton seeds were selected from the site of Dadan. Eight of the samples were prepared at the 14C lab of the MNHN and graphitization and 14C measurements were carried out at LSCE (France) using the AGE 3 automatized graphitization system and the compact AMS ECHoMICADAS’. Six of the samples were prepared at the Centre de Datation par le Radio-Carbone in Lyon (France), combusted in a vacuum line and ca. 1 mg C of purified CO2 was sealed in a glass tube, followed by graphitization with 14C measurements being carried out on the ARTEMIS AMS in Saclay. In both cases, the materials were prepared for radiocarbon dating using the standard acid-alkali-acid (AAA) method.
The textile samples were prepared by addition of chloroform:methanol 2:1 followed by the classical AAA procedure: 1 N HCl for 1 h, 0.1 N NaOH at room temperature for 15 min, and again 1 N HCl for 30 min. They were then loaded into tin capsules prior to combustion and graphitized using an automated AGE 3 device. The radiocarbon ages were calibrated using the Oxcal 4.4. software and the IntCal20 atmospheric curve (Bronk Ramsey, 2020; Reimer et al., 2020).
2.5 ICP-MS determination of trace elements
Strontium concentrations were measured via the LSCE’s Inductively Coupled Plasma Mass Spectrometry Thermo Scientific iCAP TQ. In preparation for analysis, a 0.2 mL aliquot of each of the solutions was sub-sampled and diluted to produce a 2% (v/v) HNO3 solution bearing a mixed internal standard with Ge, In and Re for the purpose of correcting instrument drift and signal suppression during analysis. To evaluate analytical uncertainties linked to Sr concentration measurements, two geo-standards, USGS BCR-1 (basalt) and NIST SRM 1640a (water), were regularly analyzed during the Q ICP-MS run. The measured mean values were 1,401 ± 97 mg/kg (n = 5) and 129 ± 5 μg/L, respectively in agreement with expected reference values and with an analytical uncertainty of 7% and 4% (1 σ), respectively.
3 RESULTS
3.1 Modern plants
Fifteen modern plants collected from the wadi al-‘Ulā, and twenty-two modern plant samples from the wider region were analyzed to characterize 87Sr/86Sr variations across the region (Figures 1, 2). 87Sr/86Sr values of all plants from the entire region ranged from 0.7051 to 0.7104 (n = 37) (Supplementary Table S1). These data define what can be considered as the regional range in bioavailable strontium values (see open and closed circles in Figure 3).
[image: Figure 1]FIGURE 1 | Geological map of the study area with strontium isotope values of sampled plants [USGS basemap (Brown et al., 1963) https://pubs.er.usgs.gov/publication/i204A]. Green-outlined sites = wadi al-‘Ulā, immediately surrounding Hegra/Dadan. All sites = regional.
[image: Figure 2]FIGURE 2 | Comparative of strontium isotopes of modern plants, archaeological non-cotton plants (barley grain, date palm seed and charcoal, tamarisk charcoal, Amaranthaceae charcoal), cotton seeds, cotton textiles and groundwater. Circles indicate boxplot outliers.
[image: Figure 3]FIGURE 3 | Strontium isotope values of modern bioavailable plant material, categorized based on the geological unit on which they grew. Open circles = local (Site of Hegra/Dadan and wadi al-‘Ulā), all circles = regional.
87Sr/86Sr values of plants collected from the wadi al-‘Ulā ranged from 0.7051 to 0.7087 (n = 15), or 0.7067 to 0.7087 excluding one outlier. The wadi broadly encompasses three geological groups. The Harrat al-Rahah and Harrat al-‘Uwayrid (QTb, Figure 1) are exposed directly north-west and west, respectively, of Hegra/Dadan and have a defined bio-available strontium isotope ratio of 0.7077 and 0.7078. Plants growing on the Cambrian Quweira (Cq) and Siq (Cs) sandstone outcrops directly at, and to the east of, Hegra/Dadan having values at 0.7075 and 0.7051, respectively. The modern plants overlying the Quaternary sediments in the low-lying region between the basalt and sandstone outcrops range from 0.7067 to 0.7087 (n = 11). These data define what can be considered as the local range in bioavailable strontium values (see open circles in Figure 3).
3.2 Groundwater
Analyses of strontium isotopes obtained on 71 groundwater samples collected in the Saq sandstone aquifer and alluvial aquifers located south of al-‘Ulā valley show 87Sr/86Sr values ranging between 0.7035 and 0.7099 (Figure 2; Supplementary Figure S2; Supplementary Table S2). Detailed study of major element analyses, together with a view to the spatial distribution of groundwater 87Sr/86Sr signature, show that this quite large range can be explained by the presence of two end-members contributing to the regional groundwater strontium composition (Deschamps et al., in prep): on one hand, a less radiogenic end-member (∼0.704), consistent with the isotopic signature of the Harrat al-‘Uwayrid volcanic field that shows quite a homogeneous 87Sr/86Sr isotopic signature around 0.703 (Altherr et al., 2019; Sanfilippo et al., 2021), and, on the other hand, a more radiogenic end-member (∼0.709) corresponding to the fingerprint of the Saq sandstone end-member. Intermediate mixing between these two end-members is noted.
3.3 Archaeological material
The strontium isotope composition of 38 archaeological remains from Hegra and 18 from Dadan were analyzed (for sample details see Supplementary Appendix S1). This included seeds of cotton, textiles of cotton, linen and wool, seeds of date palm and barley, as well as tamarisk, date palm and Amaranthaceae charcoal. Date palm, barley and tamarisk at Hegra were found to range from 0.7068 to 0.7074 (n = 5) and those at Dadan from 0.7061 to 0.7100 (n = 9). FTIR analysis on a subset of the textiles from Hegra revealed the presence of non-cellulose material(s) on some of the fabrics (Supplementary Appendix S2, Supplementary Figures S3–S10, Supplementary Table S3), so acid leaching was used as an effective pre-cleaning step to decontaminate the textiles (Supplementary Appendix S3; Supplementary Figure S11; Supplementary Table S4).
At Hegra, nineteen archaeological cotton seeds and twelve archaeological textiles (with two duplicates), ten of which are composed of cotton fibers, were analyzed. The isotopic range of the textiles composed only of cotton is 0.7082–0.7088. Duplicate cotton textiles measurements produce differences of Δ 0.000258 and 0.000033 from 50432_T41 and 50045_T06, respectively. This shows that heterogeneities in the textile strontium isotope values from a single fabric negate provenance interpretation on values on the order of the fourth decimal place or smaller. Archaeological wool textiles have much more disparate values (50240_T11 = 0.7092, 50240_L2 = 0.7087, 50432_T62 = 0.7129) and a textile with linen/cotton mixed composition had a value of 0.7091 (50432_T51). Excluding statistical outliers, archaeological cotton seeds range from 0.7069 to 0.7083 (n = 15). At Dadan, nine archaeological cotton seeds range from 0.7061 to 0.7079 (n = 9).
3.4 Radiocarbon dates
The calibrated radiocarbon ages of the cotton textiles from Hegra range between 47 cal. BCE to 237 cal. CE (Supplementary Figure S12; Supplementary Table S5). Hegra cotton seeds date to a range from 120 cal. BCE to 423 cal. CE and those from Dadan date to a range from 415 to 547 cal. CE. From Hegra, a barley caryopsis, two date palm seeds and two undetermined charcoal fragments located in five stratigraphic units containing cotton seeds have a range in age from cal. 80 BCE to 540 cal. CE.
4 DISCUSSION
4.1 Bioavailable (plant and water) strontium isotope values
Using both modern plants and waters is the gold standard when defining a regional baseline range in strontium isotope values, as has been done here for the extended al-‘Ulā area. The collected plant samples cover a wide variety of geological bedrocks including basalt, granite, sandstone and sediments, ranging from Precambrian to Quaternary in age and have a range in strontium isotope values from 0.7051 to 0.7105 (n = 37) (Figure 2). While this range in the local and regional signatures is not geographically unique to this area, archaeological material with values falling widely outside this range signify material that is unlikely to have been grown within the region.
4.1.1 Modern, local plant signatures
Narrowing the geographical extent of the possible growth area correspondingly narrows the range in strontium isotope values one can deem as “local,” based on plant material alone. The Harrat al-Rahah and the Harrat al-‘Uwayrid (QTb, Figure 1), the Cambrian Quweira sandstone outcrops to the east of Hegra (Cq) and plants overlying the Quaternary sediments (Qu) in the low-lying wadi al-‘Ulā region between the basalt and sandstone outcrops range from 0.7067 to 0.7087 (n = 14, excludes one outlier). This range can be used as an upper and lower limit of what could be expected for plants growing locally (Figure 2), ideally to be considered in conjunction with the local water values.
4.1.2 Modern, regional groundwater signatures
While soil/regolith is the principal source of bioavailable strontium to plants, groundwater can have a critical effect on the isotopic composition of bioavailable strontium (Price et al., 2002; Bentley, 2006), especially in the case of oases where water input can be sizable. Moreover, soils average strontium over a relatively small area but ground/surface water generally average bioavailable strontium over a wider, regional catchment area (Evans et al., 2010; Willmes et al., 2014). Strontium isotope analyses of spring and well water from the al-‘Ulā region illustrate that there are two clear end-members contributing to the regional water strontium composition. These water strontium isotope values encompass and surpass the entire range in bioavailable plant values, which represent the mixing of the two water Sr sources to varying degrees, in addition to the localized soil contribution. Due to the specific geographical configuration of the al-‘Ulā area, groundwater from the Saq aquifer fed the oasis ecosystem during the historical period and was at the near surface (<8 m) up until the 1950s, as testified by observation of numerous abandoned jet pumps in the valley. This would have made water easily accessible during the last millennia (Courbon, 2008), as such, water input was an important contributor to the potential local plant strontium budget, especially in an oasis setting.
4.1.3 Reconstructing ancient bioavailable signatures
When comparing the archaeological plant data from the sites of Dadan and Hegra, the growth environment needs to be considered. Archaeological seeds of barley (n = 1), date palm (n = 2) and wood charcoal from the Amaranthaceae family (n = 2), from Hegra as well as tamarisk (n = 7) and date palm charcoal (n = 2) from Dadan can be used as an additional proxy for baseline bioavailable values. This is because they are assumed to have been grown locally based on phytogeographical data, their presence in large quantities and their common occurrence at sites in Arabia since the Bronze Age (Tengberg, 2012). However, the growth environment may give rise to some disparities between supposed “local” values. Archaeological tamarisk from the site of Dadan has a mean of 0.7092 ± 0.0009 2SD (n = 7), while date palm charcoal has a mean of 0.7061 ± 0.001 2SD (n = 2) (Figure 2). The local water encapsulates this range in values. Less radiogenic basaltic-influenced groundwater input to oases may explain the lower values in the oasis date palm and other plants that grew in the most irrigated soils. More radiogenic water input, associated with sandstone lithologies in the region, could explain the higher values in plants such as tamarisk that would have grown on the edge of the palm grove (possibly planted and used for wood and as a rustic wind-breaker) or further out spontaneously on the sandy plain. Although of low probability, we cannot fully rule out that tamarisk could have come from a neighboring place with higher strontium values relative to the oasis-grown plants. We recommend that both modern local plants and water, as well as assumed locally-grown archaeological material, be collected as the best medium for defining the local baseline strontium isotope values to ensure the entire source pool(s) of strontium are covered, particularly for oasis environments.
4.2 First geochemical evidence of ancient cotton cultivation in Arabia
Prior to our initial analyses, no strontium isotope analyses on archaeological material from north-western Arabia had been carried out to date. The analyses of archaeological cotton seeds from Hegra exhibit a range in values between 0.7069 and 0.7152 (n = 19) (Supplementary Table S1). The vast majority of the archaeological cotton seeds (n = 15, out of 19 total) fall within what has been determined to be the local range, using local modern plant values (n = 15). We can consider two major origins for the seeds at Hegra. The first is a local, less radiogenic group ranging from 0.7069 to 0.7083 (n = 15), while the second is a non-local, more radiogenic group ranging from 0.7130 to 0.7152 (n = 4) (Figure 2). Within the former grouping, there is potentially a subgrouping due to local heterogeneities in the growth environment(s). At Dadan, four of the nineteen cotton seeds fall below 0.7067, the defined lower limit of the bioavailable modern plant range, but are still considered to be within the local water ranges.
Sr isotope values from processed textiles from Hegra have an overlapping but smaller range of 0.7082–0.7129 (n = 14 including two duplicates), with one clear statistical outlier made of wool (50432 T62) that does not fit within the local band of plant/water isotope values (Figure 2). This could be indicative that this wool textile was non-local, thus imported. Alternatively, it may be that the keratin is more susceptible to alteration from environmental processes than cotton fibers (Hu et al., 2020). Six of the textiles fall marginally within the defined local bioavailable strontium range and therefore are in line with production on site (Figure 2). In terms of the textile preparation, FTIR revealed the presence of gum, egg yolk and possibly madder on some of the cotton textiles (for details see Supplementary Table S3; Supplementary Figures S3–S10). None of these substances are indicative of a particular provenance as their use cannot be considered unusual at this place or time. The presence of madder was already known in Hegra on wool textile (Bouchaud et al., 2015). From an archaeological perspective, certain properties of textiles can be used to distinguish different textile-producing spheres, namely, the way in which the threads have been spun, i.e., clockwise (Z) or anticlockwise (S) (Wild, 1997). This tends to have cultural and thus, geographical associations, however, this is a very limited approach which must be used as an indicator only in combination with other lines of evidence (Bouchaud et al., 2019). All of the cotton textiles from Hegra are Z-spun (Supplementary Table S3), potentially a style of the Nabatean textile industry (Bouchaud et al., 2011). Based on the isotope data and material evidence, local cotton textile production at Hegra is most probable; it also appears from the isotope data that a smaller proportion of the studied cotton seeds—likely in the form of raw cotton balls—were traded to the site of Hegra.
It cannot be entirely ruled out that the cotton material falling within the bioavailable local ranges defined here were grown elsewhere, in a region with overlapping bioavailable isotope values. For instance, strontium isotope analysis of human and faunal remains, as well as groundwater, from the port city of Aila, southern Jordan, demonstrate a local and immigrant population profile with local values 0.7076–0.7086 (Perry et al., 2017). Human dental enamel from Egyptian and Nubian sites have 87Sr/86Sr values in agreement with the local values to al-‘Ulā (mean of 0.7078 ± 0.0003 and 0.7076 ± 0.0004, respectively, with faunal material from the Nile Valley having a mean of 0.7079 ± 0.0023, n = 61) (Buzon and Simonetti, 2013) and 87Sr/86Sr values of 75 human dental enamel samples from Tell el-Dabca in Egypt have a mean of 0.7079 ± 0.0002 (Stantis et al., 2020). Wool textiles from the Nile Valley, with a range of 0.7075–0.7084, fall within the supposed local values for the region from which they were excavated based on sheep/goat values of 0.7068–0.7082 (Wozniak and Belka, 2022). Bioavailable strontium isotope values from modern plants from Egypt and the southern Levant have a mean of 0.7086 ± 0.0003 (Arnold et al., 2016). Further east, sites from Pakistan, Iran, Iraq, Kuwait, Bahrain and UAE have values within the “local” al-‘Ulā range (see Ryan et al., 2021 for a compilation of references therein). Despite the existence of these isotopically overlapping regions of potential origin, the cotton seeds from Hegra were found in the context of habitats, in domestic fireplaces and dumping areas, likely having been disposed of as part of the ginning process (Bouchaud et al., 2011; Bouchaud et al., 2018; Charloux et al., 2018). The context of the finds, combined with the large quantity of seeds over centuries, again suggests local processing.
While modern plant material is used here to give a range of potential regional values across the varied geological units, in reality, cotton would have only been feasibly grown close enough to an irrigation system (see Supplementary Figure S2 for location and distribution of archaeological wells at Madâ’in Salih; the water structures at Dadan in the Late Antique period are as of yet unknown but under study) and within the agricultural plots dedicated to the other oasian palm grove crops (Bouchaud et al., 2011; Bouchaud et al., 2018) probably located within or in the close vicinity of residential areas. It is not known exactly what the water requirements of ancient cotton plants were; they may have been less water-requiring than modern cotton crops, although irrigation remained essential under such hyper-arid climate (Bouchaud and Tallet, 2020).
The archaeological and isotope data leads us to conclude that most of the cotton was likely grown and processed on site during the period of occupation at Hegra—increasing in amount through time (Bouchaud et al., 2018). Although not exclusive to the al-‘Ulā region, the defined local strontium isotope ranges from modern plants and water do not contradict but rather support the archaeological evidence. Hegra, and the Nabateans who inhabited the site, appear to have played a critical role in the introduction/spread of cotton into the oasis of Arabia which would have required specific expertise i.e., growing, picking, ginning and spinning. It is not yet possible to say from existing information if the cotton was produced solely to meet local demand or if it was produced to surplus, making it a cash crop for widespread distribution. Given the capability of cotton production with irrigation systems and the key location of the site within trading networks, it is easily conceivable that the cotton produced on-site contributed to regional trade, potentially even entering wider Arabian and even Egyptian, Indian, and Mediterranean economies. Concurrently, cotton textiles could have been both produced on site, with some material being imported—possibly due to differing characteristics/value of imported fabrics.
The radiocarbon dates from Hegra pre-date and overlap in chronology with cotton finds at Mleiha on the Oman Peninsula (Ryan et al., 2021). Although they are broadly contemporaneous sites, there is a clear difference in the relationship with cotton at each of these settlements. With the exception of the textual mention of cotton growing in Bahrain during the 4th c. BCE (Theophrastus, Historia plantarum: 4.4.8) (Amigues, 2010), the cotton remains at Hegra represent the earliest production site of cotton on the Arabian Peninsula. The vast majority of radiocarbon and relative dates, combined with strontium isotope values, indicate that cotton production blossomed from the end of the 1st c. CE to the end of the occupation of the site, at the turn of the 5th c. CE and that it was also cultivated in the neighboring site of Dadan during the 5th–6th c. CE. While the full extent to which cotton growth and trade were taking place remains to be determined, this represents the earliest evidence for cotton production to date in western Arabia. In comparison, cuneiform texts show that cotton grew in several places in Mesopotamia during the 1st mill. BCE while the first secure evidence of cotton production we have in north-eastern Africa (Central Sudan and Western oasis of Egypt) dates back to the 1st–2nd c. CE (Bagnall, 2008; Clapham and Rowley-Conwy, 2009; Fuller, 2014, see synthesis in Bouchaud et al., 2018). Our study demonstrates the first multi-proxy evidence for cotton production in Arabia in Pre-Islamic times and offers a new milestone into the complex history of cotton diffusion through the Ancient world.
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