Human dispersals out of Africa via the Levant
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ABSTRACT
Homo sapiens dispersed from Africa into Eurasia multiple times in the Middle and Late Pleistocene. The route, across northeastern Africa into the Levant, is a viable terrestrial corridor, as the present harsh southern Levant would probably have been savannahs and grasslands during the last interglaciation. Here, we document wetland sediments with luminescence ages falling in the last interglaciation in the southern Levant, showing protracted phases of moisture availability. Wetland sediments in Wadi Gharandal containing Levallois artifacts yielded an age of 84 ka. Our findings support the growing consensus for a well-watered Jordan Rift Valley that funneled migrants into western Asia and northern Arabia.  



Teaser
[bookmark: _Hlk116544690]Currently arid Levant was a watered corridor for modern human dispersals during the last interglaciation.


INTRODUCTION
Our species, Homo sapiens, evolved in Africa between ~300 and 200 thousand years (ka) ago (1-3), and dispersed out of the continent during multiple episodes, including Marine Isotope Stage (MIS) 5 (129 – 71 ka) (4-6). The geographical routes of dispersal into Eurasia have been long debated, e.g., the northern route from the Sinai Peninsula to the southern Levant then to Arabia, and the southern route via the Bab El Mandeb strait into the margins of southern Arabia (Fig. 1A) (7-10). The southern route, i.e., the Red Sea crossing, is regarded as possible in glacial periods with low sea level (7, 8, 11). On the other hand, the dispersal via the northern corridor during ~130 – 90 ka has been considered the most viable route in MIS 5 (12, 13), given a growing number of archaeological and paleontological discoveries. These discoveries include hominin fossils and artifacts from the well-known caves of the Mediterranean Levant (Fig. 1B) (5, 6, 14, 15) and the fossil finds, human footprints and Middle Paleolithic artifacts from the Nefud Desert dated to between ~120 – 85 ka (4, 16). 
[bookmark: _Hlk107244036]Recent studies suggest that dispersal routes were associated with well-watered corridors that facilitated hominins to move into Eurasia (4, 17, 37-39). Investigations in northern, central, and southern parts of Arabia showed that these areas were habitable in MIS 5, particularly for substages MIS 5e (128 – 121 ka), 5c (104 –97 ka), 5a (82 – 77 ka), and in MIS 3 (~54 ka), owing to climatic amelioration and enhanced humidity (e.g., 4, 10, 16, 19, 20, 25, 26, 40). However, climatic and paleoenvironmental archives from the southern Levant and Jordan, as a vital migration corridor, are not well understood owing to the poor chronological framework of the paleo-water bodies in the region (30, 32, 34, 41). 
[bookmark: _Hlk131110760][bookmark: _Hlk131110668]Widely distributed paleo-aquatic sediments in the Jordan Rift Valley and on the Jordanian Plateau previously were dated to MIS 3 and the Last Glacial Maximum (LGM) by radiocarbon dating of charcoal and organic matters in sediments (32, 42, 43). More extensive field investigation and results of Optically Stimulated Luminescence (OSL) dating recently suggest that these sediments were formed ca., 120 – 65 ka (29, 37). The present study provides a systematic luminescence chronology using quartz OSL and feldspar post-infrared infrared stimulated luminescence (pIR-IRSL) for three paleo-water bodies in the Jordan desert: Wadi Hasa, west-central Jordan, Gregra and Wadi Gharandal along the Jordan River Valley. The current chronology has a bearing on key discussions related to the regional climate and hominin and mammalian biogeography, due to the critical geographic position of the three studied wetlands along the northern route proximate to Africa. 

RESULTS
Wadi Gharandal
All the luminescence dating results are listed in Table 1 and shown in Fig. 2. In Wadi Gharandal the paludal sediments were formed during ca. 125–70 ka (GH2 and GH3 in Figs. 2 and S1A). Three in-situ lithic tools were found at a depth of 1.25 m at GH3, and two were identified as Levallois flakes (the inset in Fig. 2). Two luminescence samples were obtained from section GH3 (Fig. 2). Sample GH3-OSL2 at a depth of 1.05 m had a quartz OSL age of 71±5 ka and a single grain feldspar pIR-IRSL290 age of 65±10 ka, and GH3-OSL3, at a depth of 1.25 m from the same sediment layer containing the Levallois flakes, yielded ages of 84±5 ka by quartz OSL and 72±6 ka by feldspar single grain pIR-IRSL290 method. The measured quartz OSL De of sample GH3-OSL3 is 161±5 Gy, whilst the 2D0 yielded a value of 154 Gy indicating a potential saturation. However, the quartz OSL age (84±5 ka) and feldspar single grain pIR-IRSL290 age (72±6 ka) of this sample (84±5 ka and 72±6 ka) are close to each other considering the age uncertainty. For sample GH3-OSL2, the single grain feldspar pIR-IRSL290 age (65±10 ka) for sample GH3-OSL2 also shows consistency with quartz OSL age (71±5 ka), considering the age uncertainty.

Wadi Hasa
The Wadi Hasa sediment is composed of marl, rich in organic matter, with occasional black mats, voids, and sandy-silts and gravels (section HS1 in Fig. 2). The variation in stratigraphy indicates changes through time in the depositional environment. Marl can be white to tan in color but generally has a light green color; it contains root casts and burrows as well as plant remains and traces of plant roots, indicating deposition in a paludal environment with vegetation. The sharp change in lithology at site HS4 (Fig. S1B), with sediments composed of poorly sorted pebbles, cobbles, and boulders, indicates the influence of flash floods in the wetland environment. The Wadi Hasa wetland was once dammed at an elevation of 779 m a.s.l. (refer to D1 in Fig. S1B). The damming was previously determined (44) and confirmed in the present study as a consequence of rock debris accumulation from a landslide. Rockfalls were noted in the field at the south flank of the wadi along with debris flow deposits as likely mechanisms of prior damming, and the central part of the proposed dammed area consists of fluvial sediments composed mainly of angular, poorly sorted pebbles, cobbles, and boulders.
Luminescence dating results are listed in Table 1 and shown in the stratigraphic log (HS1 in Fig. 2). Quartz OSL ages from Wadi Hasa show that the deposition of the sediments occurred between 81±5 ka and 43±3 ka. At site HS1, the oldest age obtained from the basal part yielded an age of 81±5 ka (HS2-OSL2, De of 146 Gy), and an age of 72±5 ka (HS2-OSL1, De of 152 Gy) was obtained from the upper part of the same layer, indicating that the onset of wetland environment in the Wadi Hasa was during MIS 5a. The ages obtained from the middle and upper part of site HS1 are indicative of deposition during the period of ~53 – 42 ka. The summary of the earthquake history in the Dead Sea area showed a series of seismic events during the late Pleistocene (45), suggesting that the failure of the dam might be associated with earthquakes related to the activation of the Dead Sea Transform Fault.


Gregra
The wetland sediments of the Gregra area exhibit similar sedimentological characteristics as those noted in Wadi Hasa (Fig. S1C), being mainly composed of light green marl, muddy sand and marly sand with root casts, rhizocretions and Mn nodules. Angular gravels occur in the lower and middle parts of sections QR1 and QR2, indicating fluvial incision into the wetland facies (Fig. 2, QR1 and QR2). At site QR1, three feldspar multiple-elevated-temperature (MET) pIR-IRSL250 ages were measured at the middle and upper part of the 6 m section as the lower part of the section is not exposed. The samples obtained from site QR1 yielded ages of 71±4 ka (QR1-OSL2) and 45±3 ka (QR1-OSL1). An age of 86±7 ka (QR2-OSL1) at the basal part of site QR2 was equivalent to the basal part of site QR1. Thus, the onset of the incision was interpreted to occur before 86±7 ka as marked by the deposition of poorly-sorted fluvial gravel, whilst the formation of Gregra wetland was determined here to be within MIS 5c-a. The wetland sediments at site QR1 interfingered with fluvial sediments during the MIS 5/4 transition. The fluvial sediments at 71±4 ka indicate sporadic flood events, and then a shallow stagnant water environment occurred again until 45±3 ka. The correlation of the feldspar ages of sites QR1 and QR2 indicated a humid period, prior to 45 ka, that allowed sedimentation of paludal sediments in the main valley.

DISCUSSION 
Paleohydrological conditions in the Levant and Arabia played an important role during hominin dispersals (4, 16, 17). It is evident that a wide availability of water resources, due to increased precipitation in the Levant and Arabia, provided an opportunity for humans, herbivores, and carnivores to expand and survive over time (4, 16), and that lake formation in Arabia supported human presence (46).
The luminescence ages show that Late Quaternary wetland sediments occurred in Wadi Gharandal (115±8 – 71±5 ka) (with Middle Paleolithic artifacts at 84±5 ka) (Fig. 3B), Wadi Hasa (81±5 – 43±3 ka), and Gregra (86±7 – 45±3 ka).  The presence of water could have allowed modern humans to migrate through a green corridor from Africa to Arabia and beyond. In contrast, most of the Paleolithic finds in Arabia were associated with paleolakes and wetland deposits within endorheic basins (17, 40). 
Dispersals out of Africa are believed to have taken place during times of substantially increased humidity and available freshwater resources (40, 47). The Out of Africa dispersal scenario in MIS 5e has received major attention owing to the abundance of paleoenvironmental and archaeological archives during this ameliorated period (7, 12, 13, 38, 48-50). Human dispersals outside Africa have been perceived as both failures and successes (51), with MIS 5 dispersals considered as demographic failures and dispersals after 55 ka as successes (49, 52). The dispersal route via the northern corridor from the Sinai Peninsula to the Levant and to Arabia (Fig. 1A) has been considered an optimum route as it was the only terrestrial route out of Africa (17, 53). Dated fossils and archaeological evidence strongly supported the use of this corridor (Fig. 3 and references therein). Modern human fossils in the Levant were dated to be in 130 –100 ka at Skhul and in 100 – 90 ka at Qafzeh caves (5). A human fossil and footprints, preserved in lake sediments at Al Wusta and Alathar paleolakes in northern Arabia, were dated to 95 – 85 ka and 115 ka, respectively, indicating that the southern Levant corridor was likely a route for human dispersals (Fig.3A) (4, 16). 
Paleoclimatic proxies from the northern route in MIS 5 showed wetter climate conditions with considerable precipitation in otherwise arid areas (Fig. 1 and Fig. 3C – F) (22, 36). Speleothems from the eastern desert of Egypt showed growth during ~ 129 – 127 ka in Wadi Sannur and during ~130 – 83 ka in Saqia cave (22, 23). The southern Negev desert caves and the Soreq cave showed speleothem growth with enhanced precipitation during MIS 5e, MIS 5c, and MIS 5a, as well as at 55 ka (35, 36, 54, 55), congruent with the timing of sapropel formation in the Mediterranean Sea (56, 57). 
Well-dated paleoclimatic records are essential for understanding the role of environmental change in promoting the movement of ancient human populations (Fig. 3B). The climatic and archaeological evidence in the Levant strongly supports the northern terrestrial route for the dispersal of large mammals (60). The chronology of Bir Tirfawi and Bir Sahara in the western desert of Egypt revealed the formation of paleolakes associated with Middle Stone Age tools during most of MIS 5 (18). In the Jordan desert, the chronology of paleolakes and paleowetlands was indicated at Qa’a Azraq (Qa’a means depression) (28), Jurf Ed Darawish (29, 30), Lake Elji (31), Qa’a Jafr (32, 33), and Qa’a Mudawwara (34), indicating water resources availability facilitating human arrivals in Arabia either during MIS 5 and/or MIS 3. Our data show an agreement with the timing of the Dead Sea precursors: the last interglacial Lake Samra and the last glacial lake highstands (Fig. 3G) (58, 59). Further southward, the ages (falling in MIS 5, MIS 3, and the Holocene) of sediments of lakes and wetlands  were in agreement with the ages of inter-bedded archaeological layers in Jebel Faya (26, 27), indicating multiple phases of human presence in the region (19). The timing of speleothem deposition in Hoti and Mukalla caves in southern Arabia (24, 25) was consistent with the formation of paleolakes; i.e., the Saiwan paleolake (21), the Khujaymah and Mundafan lakes (20), during the MIS 5 and the Holocene (Figs. 1 and 3B). The links between climate, chronological and archaeological data from the Levant and Arabia indicate that the Levant acted as a well-watered corridor in MIS 5 facilitating human dispersals. 

MATERIALS AND METHODS 
Sedimentary sections and sampling for the luminescence dating 
The fieldwork surveys took place in 2017, 2018, and 2020 at Wadi Hasa, Gregra and Wadi Gharandal. The sedimentology of four exposed sections were investigated in the Wadi Hasa area at sites HS1, HS2, HS3, and HS4 (Fig. S1B). Site HS1 has been sampled for OSL dating. The fieldwork focused on the entrance of the valley where lacustrine sediments are exposed at the margin near Hasa Umayyad castle (site HS1) to re-evaluate the chronology of these sediments that were previously dated by radiocarbon assay (unit C) (43). Site HS2 is located further downstream in the valley where Middle Paleolithic stone tools were found at the surface, and site HS4 is located downstream of the dam area (D1 in Fig. S1B) determined by (44).
In the Wadi Hasa, sediments are deposited at relatively the same altitudes within the flat wide area at the entrance of the wadi, represented by site HS1, and the wadi narrows downstream. All sites are located on the northern side of the wadi, except site HS3, where the elevation is at its maximum: ca., 812 m a.s.l. in contrast to 809 m a.s.l. at site HS1. The elevation decreases gently westward of the valley reaching 800 m a.s.l. at site HS2 and 780 m a.s.l. at the location of the proposed former dam, and 759 m a.s.l. at site HS4 to below sea level near the Dead Sea. At site HS1, eight OSL samples were collected from an 8 m thick exposure. A dramatic change in lithology is recorded downstream of the dam area, where boulders and poorly-sorted cobbles at site HS4 indicate flash flood deposition. The elevations of the various sites were recorded using Real-Time Kinematic (RTK) positioning within a global navigation satellite system (GNSS) with an uncertainty of 40 cm. 
At Gregra, three wetland sedimentary sections were investigated, distributed over a wide area in a narrow valley and a flat upstream area (Fig. S1C). The main purpose was to date the wetland sediments deposited along the margins of the valley at sites QR1 and QR2 located downstream. These sediments are deposited near the Proterozoic rocks of Jabal Hamra (Hamra Mountain) at an elevation of 50 m a.s.l. and 63 m a.s.l., respectively. 
The wetland sediments varied in thickness from 2 m upstream at the site QR3 to around 7 m at sites QR1 and QR2 downstream. The extension and depth of the paludal sediments were mapped. The elevations and extensions of the different units were recorded using a portable Garmin GPS. Two luminescence samples were collected from the middle and upper part of site QR1 to determine the minimum age of the sediments; whilst one OSL sample was collected from the basal part of site QR2 to determine the maximum age.
The fieldwork at Wadi Gharandal focused on obtaining luminescence samples for the in-situ lithic tools reported in site GH3 (Fig. S1A) (37). Two OSL samples were collected from site GH3; one from 20 cm above and another at the same elevation of the lithic tool. 
At all sites, luminescence samples were collected by inserting 40 mm diameter, 20 cm long stainless-steel tubes into freshly exposed sediments. Subsequently, both ends of the tubes were sealed to prevent light exposure.

Luminescence analysis
Sample preparation and equipment
Thirteen sediment samples were opened under subdued red light in the luminescence dating laboratory of the Shantou University, Shantou, China. The sediment within 2 to 3 cm of the ends of the tubes were removed so that only unexposed sediments was used in the analyses. All samples were subject to standard procedures (61) using either quartz or feldspar. Among these samples, three, obtained from the Gregra area sites QR1 and QR2, were subject to feldspar MET pIR-IRSL. Two samples from Wadi Gharandal, GH3-OSL3 and GH3-OSL2, were measured using both quartz and feldspar (single grain) for age comparison due to potential quartz OSL signal saturation.
Samples were treated with HCl (10%) and H2O2 (30%) to remove carbonate and organic materials and then sieved to obtain 90–125 and 63–125 μm fractions according to fraction availability. For quartz OSL samples, both fractions were then etched by HF (40%) for 40 minutes to obtain pure quartz and to remove outermost layer exposed to α-particles, and then washed for 20 min with HCl (10%) to remove acid-soluble fluorides (62). The grain fraction of 63 – 125 μm were used for samples from section HS1, and 90 – 125 μm for samples from section GH3. Quartz grains were mounted in stainless steel discs using silicone oil in an area of ~5 mm in diameter. There could be several thousands of grains in an aliquot according to previous calculation (63). The purity of the quartz was checked by IRSL (64), and none of the samples contained a notable IRSL signal. For feldspar samples, the 90–125 μm fractions were used to concentrate feldspar by density separation (2.53–2.58 g/cm3) using sodium polytungstate. 
Luminescence measurements were performed on a Risø TL/OSL-DA-20 reader equipped with a 90Sr/90Y beta source. Quartz signals were stimulated by blue LED (470±20 nm) and recorded by a 9235QA photomultiplier through a 7.5 mm Hoya U-340 filter. Feldspar signals were stimulated by IR LED (870±40 nm) for multiple grains aliquots and by IR laser (830 nm) for single grain measurement and recorded by the same 9235QA photomultiplier through a combination of Schott BG39 and Coring 7-59 filters. 

Preheat and dose recovery test
For quartz OSL samples, preheat plateau test have been applied on two representative samples, GH3-OSL2 and HS1-OSL1, from Wadi Gharandal and Wadi Hasa, respectively. Preheats following natural or regenerative doses at 200, 220, 240, 260, 280, and 300 oC with preheat following test doses 40 oC lower were used for the modified SAR (65). Each preheat temperature was tested with three aliquots. Fig. S2A and B show results of preheat plateau between 220 – 300 oC. The sizes of the given doses for the dose recovery experiments are 98 Gy for sample HS1-OSL1, and 138 Gy for sample GH3-OSL2. Acceptable dose recovery ratios for both samples are observed at the preheat of 260 oC (Fig. S2C). Therefore, a preheat at 260 oC for 10 s and a subsequent preheat (following test dose) at 220 oC for 10 s were selected for De measurements for all quartz OSL samples in this study. This approach is consistent with previous work on similar settings from Jordan wetland sediments (37). 
[bookmark: _Hlk140365507]For single grain feldspar measurement, dose recovery tests were conducted applying two-steps pIR-IRSL single aliquot regeneration (SAR) protocol using three popular temperature combinations: pIR50-IRSL225, pIR50-IRSL290, and pIR200-IRSL225. Firstly, 15 aliquots (~3 mm size) of feldspar from sample GH3-OSL3 were bleached in Hönle UVACUBE 400 solar simulator for two days. Then these aliquots were separated into three groups (five aliquots each) and measured the residual dose (two aliquots) and dose recovery (three aliquots) applying the above mentioned three pIR-IRSL protocols. Residual dose is low (~5 Gy) and thus can be ignored for the investigated samples. For dose recovery test, a known dose close to the equivalent dose (202.4 Gy) was given, followed by a pIR-IRSL protocol, with a test dose (101.2 Gy) half of the given dose. The results showed that none of the given doses can be recovered for lower temperature (IRSL50 or IRSL200). However, for the higher temperatures of pIR50-IRSL290 or pIR200-IRSL290, the dose recovery ratios are within unity (0.90±0.03 and 0.90±0.04, respectively) (Fig. S2D). Thus, we selected pIR50-IRSL290 as the protocol for De measurement and only used the IRSL290 De for age calculation.
For the feldspar MET pIR-IRSL measurement, the IR stimulations at 50, 100, 150, 200, 250, and 290 °C with a preheat of 320 °C were applied (66, 67). For dose recovery test (three aliquots), the modified single aliquot regeneration procedure was applied. A known dose close to the equivalent dose (446.4 Gy) was given. The mean dose recovery ratio for the MET pIR-IRSL250 signal was 1.05±0.02, indicating that this protocol could recover a known dose. Fig. S2E shows the dose recovery ratios of MET pIR-IRSL signals at 100, 150, 200, 250, 290 oC were within 0.9 – 1.1. Given that: 1) the highest anomalous fading is observed at 50 oC, and it decreases to a negligible level as the stimulation temperature increases to ≥250 oC (67); 2) dose recovery ratios at 250 oC showed better concentration than 290 oC, the MET pIR-IRSL250 was used for De determination. The MET pIR-IRSL250 signal also has been used for lacustrine sediments in the northeast Tibetan plateau (e.g., 66). 

De measurements   
The quartz OSL signal was stimulated by blue LEDs at 130 °C for 40 s. The initial 0.64 s of stimulation was integrated to construct a growth curve, after subtraction the background (last 1.6 s). De was measured by a combination of the SAR procedure (65) and the standard growth curve (SGC) procedure (65, 68). For each sample, six aliquots were firstly measured with a full SAR sequence to produce 6 Des. These growth curves were then averaged to establish a sample-specific SGC (Fig. S3A and B), onto which the test dose (9.92 Gy) corrected natural OSL signals of c. 12 aliquots were projected to obtain Des. The final De for a sample is the average of all Des by both SAR and SGC. The shine down curves of the OSL signals (Fig. S3A and B) showed that the signals decrease rapidly during the first second of stimulation, indicating that the OSL signal is dominated by fast component. The Des of the OSL aliquots are normally distributed (Fig. S4A-D) with low over-dispersion values (OD<20%; also given in Table 1 for all samples). The 2D0 values of all quartz OSL growth curves, calculated using exponential fitting, are less than the measured De (Table 1), except for GH3-OSL3, suggesting the validity of these quartz OSL ages. 
All samples firstly were measured using quartz OSL. The initial test using quartz OSL for three samples from Gregra area (QR) showed that quartz OSL signals were saturated. Thus, we applied feldspar MET pIR-IRSL protocol for these samples. It has been reported that the MET pIR-IRSL (250 oC) had negligible fading (67, 69, 70), and had low residual dose (21 Gy at most) for old samples (e.g., quartz signal saturated samples) (67, 69, 70). 
In feldspar MET pIR-IRSL measurement, the test dose in dose recovery test was 81 Gy, ~ 18 % of the given dose (446 Gy), and that in De measurement is 75 Gy, ~ 17 % of estimated De (~450 Gy), both falling in the valid test dose range (71, 72). An example of shine down curves of test dose of different SAR cycles showed that there is little dependence of the Tx signal to the preceding regeneration dose (Fig. S3F). Typical shine down curves of the MET pIR-IRSL250 signals from sample QR2-OSL1 are shown in Fig. S3E. The initial intensity of IRSL 50 °C is the strongest, and the initial intensity of the MET pIR-IRSL signals have a general increasing trend toward higher temperatures. The dose response curve of the MET pIR-IRSL250 signal was fitted with an exponential plus linear function (Fig. S3E). The MET pIR-IRSL250 Des are normally distributed (Fig. S4G and H) with low OD values (<20%, Table 1), suggesting that these samples in Jordan wetland settings are well-bleached. The final De has been determined using the Central Age Model (CAM). 
[bookmark: _Hlk140263410]Feldspar single grain technique was applied to the two most important samples (GH3-OSL2 and GH3-OSL3) for comparison of their quartz OSL ages, as sample GH3-OSL3 was collected from the same sediment layer containing the artifacts and GH3-OSL2 from just above the artifacts. For single grain measurement, pIR50-IRSL290, modified from (71), was used, but with IR laser instead of IR LED stimulation for the lower temperature stimulation, and without high temperature wash at the end of each cycle. Preheat temperature of 320 °C for 60 s was used prior to stimulation of IR laser at 50 °C of 2 s, and then 290 °C of 2 s. We used the pIR-IRSL290 signal for De calculation, because that the IRSL signal at the higher temperature was considered to be suffering much less fading than that of the lower temperature, and that the IRSL at lower temperature did not pass the dose recovery test (see preheat and dose recovery test section). A representative shine down curve and dose response curve for sample GH3-OSL3 are shown in Fig. S3C. Test dose was 98.3 Gy, ~ 60-70% of the Des, falling in the valid test dose range (71, 72). An example of shine down curves of test dose of different SAR cycles (Fig. S3D) showed that there is little dependence of the Tx signal to the preceding regeneration dose. 
Results for each grain were accepted if they pass the rejection criteria: 1) recycling ratio within 10% of unity, 2) maximum uncertainty in Tx less than 20%, 3) maximum uncertainty in De less than 30%, 4) maximum recuperation less than 5%, and 5) Tn signal more than three sigma above BG.  For 500 feldspar grains measured, 240 (GH3-OSL2) and 316 (GH3-OSL3) grains passed all criteria and gave De results. Symmetrical De distributions (Fig. S4E and F) indicated that these samples were not suffered from incomplete bleaching. Thus, CAM was applied for determining the final De. Fading test was performed on four multiple-grain aliquots lasting for up to ~15 days, and the final pIR-IRSL290 age was corrected using attained g-values (2.0±0.8 and 1.7±0.5 for the samples GH3-OSL2 and GH3-OSL3, respectively). 

Dose rate measurement
[bookmark: _Hlk139630778]The uranium and thorium content were measured using ICP-MS, whereas ICP-OES was used to determine the potassium content. The internal K and Rb concentrations in feldspar grains were assumed to be 12.5±0.5% and 400±100 ppm, respectively (73). All these concentrations were converted to dose rate according to (74). The cosmic ray contribution was calculated based on the altitude, geographical location, and depth of the samples (75). The water content was estimated as 20±5 % to accommodate the uncertainty after deposition, in consideration of the extreme dryness (<1 % water content) of the samples, as collected in the field, was not representative of their long-term water content. This consideration was especially relevant for samples associated with wetlands, which were likely to be intermittently saturated or, at times, submerged. For such samples, we assumed an average water content ranging between 15 and 25 %. This decision was based on an assumption that the wetlands were saturated for a substantial fraction of the burial age. The estimated water content was consistent with similar settings in Jordan wetlands (e.g., 29, 37). The final dose rate and assigned ages in the present study were calculated using the LDAC program (76) for feldspar single grain pIR-IRSL, and the website program of DARC (77) for quartz OSL and feldspar MET pIR-IRSL.
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Figure captions: 
Fig. 1 Map showing archaeological, paleoclimatological, and paleoenvironmental records from the Levant and Arabia mentioned in the text. (A) The arrows indicate the suggested routes of human dispersals out of Africa (see, 9, 17). The blue squares show sites with human fossils and footprints in northern Arabia, including those at Al Wusta paleolake (4) and Alathar paleolake (16), respectively. The green circles refer to paleolake/wetland sediments in the western desert of Egypt and Arabia, namely: Bir Tirfawi and Bir Sahara (18), Khall Amayshan (19), Mundafan (20), Khujaymah (20), and Saiwan (21). The green triangles show speleothem deposition in caves in the eastern desert of Egypt including Saqia cave (22), Wadi Sannur (23), and in southern Arabia including Hoti cave in Oman and Mukkala cave in Yemen (24, 25). The main dated archaeological site in southeastern Arabia is Jebel Faya in the UAE (blue rhombus) (26, 27). (B) Digital Elevation Model map of the Levant showing the location of the study areas (red stars) along the Jordan Rift Valley (Wadi Gharandal and Gregra) and in the Jordanian Plateau (Wadi Hasa), and the paleolakes and speleothem records in the region. Paleolakes are represented by green circles, namely: Qa’a Azraq (28), Jurf Ed Darawish (29, 30), Lake Elji (31), Qa’a Jafr (32, 33), and Qa’a Mudawwara (34). Speleothem records in the Levant include Soreq cave (green triangle) (35, 36), and the blue squares show sites with human fossils including Skhul and Qafzeh caves (5). The source of Digital Elevation Model data is derived from www.gscloud.cn.

Fig. 2 Stratigraphic sections with luminescence ages of paludal sediments from Wadi Hasa (HS), Gregra area (QR), and Wadi Gharandal (GH).  The inset shows lithic artifacts collected from site GH3. In (A) and (B) are the photographs of the two Levallois flakes. Both flakes include a faceted striking platform and a clear bulb of percussion. The light-colored zones are calcium carbonate accretions acquired after burial of the flakes (photograph from (37) with permission). 

[bookmark: _Hlk140359221]Fig. 3 Compilation of ages from this study with archaeological, paleoclimatic, and paleoenvironmental records from the Levant and Arabia since 140 ka. References for A, B, and D and site locations refer to Fig.1A and B. References for the other sites are: C (57), F (55), G (58, 59), and MIS records (78). The red line (Jurf Ed Darawish, site 9) and the quartz OSL and feldspar pIR-IRSL290 ages of sample GH3-OSL3 at Wadi Gharandal (site 5) indicate the times of human presence. Archaeological and climatic records are: 1. Skhul cave, 2. Qafzeh cave, 3. Al Wusta, 4. Alathar, 5. Wadi Gharandal (study area), 6. Wadi Hasa (study area), 7. Gregra (study area), 8. Jurf Ed Darawish, 9. Qa’a Jafr, 10. Qa’a Azraq, 11. Qa’a Mudawwara, 12. Lake Elji, 13. Bir Tarfawi, 14. Bir Sahara, 15. Khall Amayshan, 16. Mundafan, 17. Khujaymah, 18. Saiwan, 19. Hoti cave, 20. Mukalla cave, 21. Wadi Sannur, 22. Saqia cave.   


Table 1. Summary of luminescence dating results. 
	Sample ID *
	Mineral †
	Depth 
(m)
	K (%)
	Th (ppm)
	U (ppm)
	Water content 
(%)
	Total dose 
rate (Gy/ka)
	Equivalent dose, 
De (Gy)
	OD (%)
	2D0
	Age (ka)

	HS1-OSL1
	Q
	4.6
	0.932±0.093
	5.48±0.27
	3.10±0.15
	20±5
	1.79±0.09
	96.7±3.4
	12±3
	154
	54±3

	HS1-OSL2
	Q
	4.2
	0.770±0.077
	4.53±0.23
	2.60±0.13
	20±5
	1.52±0.07
	86.6±2.7
	12±2
	155
	57±3

	HS1-OSL3
	Q
	3.8
	1.067±0.106
	6.27±0.31
	3.15±0.16
	20±5
	1.97 ±0.10
	92.3±2.5
	5±2
	151
	47±3

	HS1-OSL4
	 Q
	2.6
	0.816±0.081
	5.14±0.26
	3.67±0.18
	20±5
	1.82±0.09
	79.3±1.8
	8±2
	136
	43±3 

	HS1-OSL5
	Q
	1.3
	1.044±0.104
	5.93±0.30
	3.08±0.15
	20±5
	1.97±0.10
	91.5±3.1
	11±2
	147
	46±3

	HS1-OSL6
	Q
	0.8
	0.824±0.082
	4.62±0.23
	2.56±0.13
	20±5
	1.63±0.08
	69.6±1.7
	9±2
	137
	43±3 

	HS2-OSL1
	Q
	7.1
	0.890±0.089
	5.80±0.29
	4.91±0.24
	20±5
	2.09±0.10
	152±7
	15±3
	155
	72±5

	HS2-OSL2
	Q
	7.9
	0.908±0.090
	5.29±0.25
	3.46±0.17
	20±5
	1.80±0.08
	146±4
	10±2
	168
	81±5

	GH3-OSL2
	Q
	1.05
	0.936±0.093
	3.69±0.18
	4.55±0.23
	20±5
	2.01±0.09
	144±6
	7±3
	155
	71±5

	
	F
	1.05
	0.936±0.093
	3.69±0.18
	4.55±0.23
	20±5
	2.68±0.19
	146±15
	30±1
	-
	65±10 ‡

	GH3-OSL3
	Q
	1.25
	0.962±0.096
	3.92±0.20
	3.69±0.18
	20±5
	1.90±0.093
	161±5
	5±3
	154
	84±5

	
	F
	1.25
	0.962±0.096
	3.92±0.20
	3.69±0.18
	20±5
	2.57±0.14
	159±3
	28±1
	-
	72±6 ‡

	QR1-OSL1
	F
	0.3
	0.930±0.090
	6.80±0.34
	2.78±0.14
	20±5
	2.61±0.14
	119±1
	2±1
	-
	45±3 #

	QR1-OSL2
	F
	2.5
	1.275±0.127
	9.17±0.46
	3.31±0.16
	20±5
	3.16±0.17
	223±4
	7±2
	-
	71±4 #

	QR2-OSL1
	F
	5.3
	1.516±0.151
	12.6±0.63
	9.66±0.48
	20±5
	5.25±0.33
	449±23
	16±4
	-
	86±7 #


* HS is for samples from Wadi Hasa; GH for Wadi Gharandal, and QR for Gregra. † Q is for Quartz, F for Feldspar. ‡ is for Feldspar pIR-IRSL290 ages calculated using CAM model followed by fading rate correction, the g-values of which are 1.72±0.48%/decade (GH3-OSL3) and 1.97±0.81%/decade (GH3-OSL2), respectively. # is for feldspar ages using MET pIR-IRSL250. 
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