{ LIVERPOOL

JOHN MOORES
UNIVERSITY

LIMU Research Online

Groucutt, HS, Griin, R, Zamout, ISA, Drake, NA, Armitage, SJ, Candy, I, Clark-
Wilson, R, Louys, J, Breeze, PS, Duval, M, Buck, LT, Kivell, TL, Pomeroy, E,
Stephens, NB, Stock, JT, Stewart, M, Price, GJ, Kinsley, L, Sung, WW,
Alsharekh, A, Al-Omari, A, Zahir, M, Memesh, AM, Abdulshakoor, AJ, Al-
Masari, AM, Bahameem, AA, Al Murayyi, KSM, Zahrani, B, Scerri, EML and
Petraglia, MD

Homo sapiens in Arabia by 85,000 years ago

http:/lresearchonline.ljmu.ac.uk/8452/

Article

Citation (please note it is advisable to refer to the publisher’s version if you
intend to cite from this work)

Groucutt, HS, Grin, R, Zamout, ISA, Drake, NA, Armitage, SJ, Candy, I,
Clark-Wilson, R, Louys, J, Breeze, PS, Duval, M, Buck, LT, Kivell, TL,
Pomeroy, E, Stephens, NB, Stock, JT, Stewart, M, Price, GJ, Kinsley, L,
Suna. WW. Alsharekh. A. Al-Omari. A. Zahir. M. Memesh. AM.

LIMU has developed LIMU Research Online for users to access the research output of the
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by
the individual authors and/or other copyright owners. Users may download and/or print one copy of
any article(s) in LIMU Research Online to facilitate their private study or for non-commercial research.
You may not engage in further distribution of the material or use it for any profit-making activities or
any commercial gain.

The version presented here may differ from the published version or from the version of the record.
Please see the repository URL above for details on accessing the published version and note that
access may require a subscription.

http://researchonline.ljmu.ac.uk/


http://researchonline.ljmu.ac.uk/

For more information please contact researchonline@ljmu.ac.uk

http://researchonline.ljmu.ac.uk/


mailto:researchonline@ljmu.ac.uk

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Homo sapiens in Arabia by 85,000 years ago

Huw S. Groucuttl’z*, Rainer Grﬁn3’4, Iyad S.A. Zalmouts, Nick A. Drake6, Simon J.
Armitage7’8, Ian Candy7, Richard Clark-Wilson7, Julien Louys3, Paul S. Breeze6, Mathieu
Duva13’9, Laura T. Bucklo’“, Tracy L. Kivellu’B, Emma Pomerole’M, Nicholas B.
StephensB, Jay T. Stocklo’ls, Mathew Stewart16, Gilbert J. Price”, Leslie Kinsley4, Wing Wai
Sunglg, Abdullah Alsharekhw, Abdulaziz Al—Omarizo, Muhammad Zahir21, Abdullah M.
Memeshs, Ammar J. Abdulshakoors, Abdu M. Al—MasariS, Ahmed A. Bahameems, Khaled

S.M. Al Murayyi*’, Badr Zahrani*’, Eleanor M.L. Scerri'* & Michael D. Petraglia®**"

"' School of Archaeology, Research Laboratory for Archaeology and the History of Art, Hayes House,
75 George Street, University of Oxford, Oxford, OX1 2BQ, UK.

? Department of Archaeology, Max Planck Institute for the Science of Human History, Kahlaische
Stasse 10, D-07743, Jena, Germany.

’Australian Research Centre for Human Evolution (ARCHE), Environmental Futures Research
Institute, Griffith University, Nathan, QLD 4111, Australia.

*Research School of Earth Sciences, The Australian National University, Canberra ACT, 0200,
Australia.

> Saudi Geological Survey, Sedimentary Rocks and Palacontology Department, Jeddah 21514, Saudi
Arabia.

% Department of Geography, King’s College London, Strand, London WC2R 2LS, UK

"Department of Geography, Royal Holloway, University of London, TW20 0EX UK

¥ SFF Centre for Early Sapiens Behaviour (SapienCE), University of Bergen, Post Box 7805, 5020,
Bergen, Norway.

? Geochronology, Centro Nacional de Investigacion sobre la Evolucién (CENIEH), Paseo Sierra de

Atapuerca, 3, 09002 Burgos, Spain



27
28
29
30
31
32
33

35
36
37
38
39
40
41
42
43

45
46
47
48
49
50
51

52

""PAVE Research Group, Dept. of Archaeology, University of Cambridge, Cambridge, CB2 3QG,
UK.

"'Earth Sciences Department, Natural History Museum, Cromwell Road, London, SW7 5BD, UK.

"2 Skeletal Biology Research Centre, School of Anthropology and Conservation, University of Kent,
Canterbury, CT2 7NR, UK.

" Department of Human Evolution, Max Planck Institute for Evolutionary Anthropology, Deutscher
Platz 6, 04103, Leipzig, Germany.

' School of Natural Sciences and Psychology, Liverpool John Moores University, Liverpool, L3 3AF,
UK.

" Department of Anthropology, University of Western Ontario, London, Ontario, N6A 3K 7, Canada.
' Palacontology, Geobiology and Earth Archives Research Centre, School of Biological, Earth and
Environmental Science, University of New South Wales, Sydney 2052, Australia.

'7School of Earth and Environmental Sciences, The University of Queensland, St Lucia 4072,
Queensland, Australia.

' Department of Life Sciences, The Natural History Museum, Cromwell Road, London SW7 5BD,
UK.

" Department of Archaeology, King Saud University, Riyadh, 12372 Saudi Arabia.

*Saudi Commission for Tourism and National Heritage, Riyadh 11586, Saudi Arabia.

*! Department of Archaeology, Hazara University, Mansehra, 21300, Pakistan.

*> Human Origins Program, National Museum of Natural History, Smithsonian Institution,

Washington, DC, 20560, USA.

Corresponding authors: HSG (huw.groucutt@rlaha.ox.ac.uk) and MDP (petraglia@shh.mpg.de)


mailto:huw.groucutt@rlaha.ox.ac.uk
mailto:petraglia@shh.mpg.de

53

55

56

57

58

59

60

61

62

63

65

66

67

68

69

70

71

72

73

74

75

76

77

Understanding the timing and character of Homo sapiens expansion out of Africa is critical
for inferring the colonisation and admixture processes that underpin global population
history. It has been argued that dispersal out of Africa had an early phase, particularly ~130-
90 thousand years ago (ka), that only reached the East Mediterranean Levant, and a later
phase, ~60-50 ka, that extended across the diverse environments of Eurasia to Sahul.
However, recent findings from East Asia and Sahul challenge this model. Here we show that
H. sapiens was in the Arabian Peninsula before 85 ka. We describe the Al Wusta-1 (AW-1)
intermediate phalanx from the site of Al Wusta in the Nefud Desert, Saudi Arabia. AW-1 is
the oldest directly dated fossil of our species outside Africa and the Levant. The
palacoenvironmental context of Al Wusta demonstrates that H. sapiens using Middle
Palaeolithic stone tools dispersed into Arabia during a phase of increased precipitation driven
by orbital forcing, in association with a primarily African fauna. A Bayesian model
incorporating independent chronometric age estimates indicates a chronology for Al Wusta of
~95-86 ka, which we correlate with a humid episode in the later part of Marine Isotope Stage
5 known from various regional records. Al Wusta shows that early dispersals were more
spatially and temporally extensive than previously thought. Early H. sapiens dispersals out of
Africa were not limited to winter rainfall-fed Levantine Mediterranean woodlands
immediately adjacent to Africa, but extended deep into the semi-arid grasslands of Arabia,

facilitated by periods of enhanced monsoonal rainfall.

Background

Homo sapiens evolved in Africa in the late Middle Pleistocene'. Early dispersals out of

Africa are evidenced at the Levantine site of Misliya at ~194-177 ka?, followed by Skhul and

Qafzeh, where H. sapiens fossils have been dated to ~130-100 and ~100-90 ka respectively”.
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While the Levantine fossil evidence has been viewed as the onset of a much broader dispersal
into Asia*®, it has generally been seen as representing short-lived incursions into the
woodlands of the Levant immediately adjacent to Africa, where relatively high precipitation
is produced by winter storms tracking across the Mediterranean’®. While the Levantine
record indicates the subsequent local replacement of early H. sapiens by Neanderthals, the
failure of early dispersals to extend beyond the Levant is largely inferred from interpretations
of genetic data’. Genetic studies have suggested that recent non-African populations stem
largely'”, if not entirely’, from an expansion ~60-50 ka, but this model remains debated. The
absence of low latitude Pleistocene human DNA and uncertainties regarding ancient
population structure undermine conclusions drawn from genetic studies alone. The paucity of
securely dated archaeological, palacontological and ancient DNA data - particularly across

southern Asia - has made testing dispersal hypotheses challenging®’'".

Recent fossil discoveries in East Asia indicate that the early (particularly Marine Isotope
Stage 5) dispersals of Homo sapiens extended across much of southern Asia. At Tam Pa Ling
in Laos, Homo sapiens fossils date to between 70 and 46 ka'?. Teeth assigned to Homo
sapiens from Lida Ajer cave, Sumatra, were recovered from a breccia dating to 68 + 5 ka,
with fauna from the site dating to 75 + 5 ka'>. Several sites in China have produced fossil
material claimed to represent early Homo sapiens'®. These include teeth from Fuyan Cave
argued to be older than 80 ka based on the dating of an overlying speleothem a few metres
from the fossils'®, and teeth from Luna Cave that were found in a layer dating to between
129.9 + 1.5 ka and 70.2 + 1.4 ka'®. Teeth and a mandible from Zhiren Cave, China, date to at
least 100 ka and have been argued to represent Homo sapiens, but other species attributions
are possible'’. The recent documentation of a human presence in Australia from ~65 ka is

consistent with these findings'®. Likewise, some interpretations of genetic data are consistent
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with an early spread of Homo sapiens across southern Asia'®. These discoveries are leading
to a radical revision of our understanding of the dispersal of Homo sapiens, yet there remain

14,19

stratigraphic and taxonomic uncertainties for many of the east Asian fossils ", and

thousands of kilometers separate these findings from Africa.

The Arabian Peninsula is a vast landmass at the crossroads of Africa and Eurasia. Growing

20,21
021 each

archaeological evidence demonstrates repeated hominin occupations of Arabia
associated with a strengthened summer monsoon which led to the re-activation of lakes and
rivers”>?*, as it did in North Africa®. Here we report the discovery of the first pre-Holocene

human fossil in Arabia, Al Wusta-1 (AW-1), as well as the age, stratigraphy, vertebrate

fossils and stone tools at the Al Wusta site (Fig. 1, see also Supplementary Information).

*Figure 1 hereabouts*

Results

AW-1 is an intermediate manual phalanx, most likely from the 3 ray (Fig. 2a,
Supplementary Information 1: see below for detail on siding and species identification). It is
generally well-preserved, although there is some erosion of the cortical/subchondral bone,
and minor pathological bone formation (likely an enthesophyte) affecting part of the
diaphysis (Supplementary Information 1). The phalanx measures 32.3 mm in proximo-distal
length, and 8.7 mm and 8.5mm in radio-ulnar breadth of the proximal base and midshatft,
respectively (Supplementary Table 1).

26-28

AW-1 is more gracile than the robust intermediate phalanges of Neanderthals™ ", which are

broader radio-ulnarly relative to their length and have a more 'flared' base. AW-1’s proximal
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radio-ulnar maximum breadth is 14.98 mm, which provides an intermediate phalanx breadth-
length index (proximal radio-ulnar maximum breadth relative to articular length) of 49.6.
This is very similar to the mean (+ SD) for the Skhul and Qafzeh H. sapiens of 49.7 (£ 4.1)
and 49.1 (= 4.0) for Upper Palaeolithic Europeans, but 1.89 standard deviations below the

Neanderthal mean of 58.3 (+ 4.6)%.

*Figure 2 hereabouts*

To provide a broad interpretive context for the Al Wusta phalanx, we conducted linear and
geometric morphometric (GMM) landmark analyses (Supplementary Information 1) on
phalanges from non-human primates, fossil hominins and geographically widespread recent
H. sapiens. Comparative linear analyses (Supplementary Information 1, Supplementary
Tables 2 and 3, Supplementary Figure 1) reveal that there is substantial overlap across most
taxa for all shape ratios, so AW-1 falls within the range of variation of H. sapiens, cercopiths,
Gorilla, Australipithecus afarensis, A. sediba and Neanderthals. However, AW-1 is most
similar to the median value or falls within the range of variation of recent and early H.

sapiens for all shape ratios.

Geometric morphometric (GMM) analyses of AW-1 and various primate groups including
hominins (see Supplementary Table 4 and Supplementary Figure 2 for landmarks, and
Supplementary Table 5 for sample) are illustrated in Figure 3 and Supplementary Figure 3.
PC1 and PC2 together account for 61% of group variance in shape. AW-1 is separated on
these two shape vectors from the non-human primates and most of the Neanderthals. AW-1

falls closest to the recent and early H. sapiens and is clearly differentiated from all non-
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human primates. This is also shown by the Procrustes distances from AW-1 to the mean

shapes of each taxonomic group (Supplementary Table 6).

*Figure 3 hereabouts*

Three of the Neanderthal phalanges (from Kebara 2 and Tabun C1) are quite disparate from
the main Neanderthal cluster and fall closer to the H. sapiens and Al Wusta cluster on PC1
and 2 (Figure 3 and Supplementary Figure 3). Having established the hominin affinity of
AW-1, shape was analysed in more detail using a smaller hominin sample for which ray
number and side were known, which included Kebara 2 and Tabun C1. The broader primate
sample used in the first GMM analysis was not used for the more detailed shape analysis, as
the initial comparisons show clearly that AW-1 is not a non-human primate and including
this level of variation could potentially mask more subtle shape differences between
hominins. The side and ray are also not known for most of the Neanderthal and non-human
primate samples, meaning it would be impossible to evaluate the effect of these factors using

this sample.

The more in-depth shape comparison and modelling using the hominin sample of phalanges
of known ray and side (Supplementary Table 7) demonstrates that the long and slender
morphology of AW-1 falls just outside the range of variation of comparative Middle
Palaeolithic modern humans, but that its affinity is clearly with H. sapiens rather than
Neanderthals (Fig. 4, Supplementary Table 8). Although both Pleistocene H. sapiens and
Neanderthal landmark configurations fall almost completely inside the scatter for the
Holocene H. sapiens sample in the principal components analysis (Figure 4), AW-1 is closest

to Holocene H. sapiens 3" intermediate phalanges. AW-1 overlaps with the Holocene H.
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sapiens sample, but is separated from the Pleistocene H. sapiens specimens by a higher score
on PC2 and from the Neanderthal group by a simultaneously higher score on PC1 and PC2.
The Procrustes distances (Supplementary Table 8), also show that AW-1 is most distinct
from the Neanderthal phalanges, which fall towards the lower ends of both PCs and are
characterised by shorter and broader dimensions. PC1 and PC2 in this analysis show that
AW-1 is taller and narrower (in all directions: dorso-palmarly, proximo-distally and radio-
ulnarly) than almost all the phalanges in the comparative sample and is particularly distinct
from most of the Neanderthal phalanges. In this analysis AW-1 is closest in shape to 3™
phalanges of individuals from (in descending order of proximity) Egyptian Nubia, and
Medieval Canterbury (UK), and Maiden Castle (Iron Age Dorset, UK) (Supplementary Table
9), although there is not a great difference in its distance to any of these specimens. These
analyses suggest that the AW-1 phalanx is likely to be a 3" intermediate phalanx from a H.

sapiens individual.

*Figure 4 hereabouts*

The third ray is the most symmetrical ray in the hand and is therefore difficult to side,
particularly when not all of the phalanges of a particular individual are present. Comparing
AW-1 separately to right and to left phalanges (Supplementary Information 1.4) gives results
which are very similar to the pooled sample, such that AW-1 is closest to Holocene H.
sapiens 3 rays for both right and left hands (Supplementary Figure 4, Supplementary Table
10). There is little difference in morphological closeness between AW-1 and its nearest
neighbour in the samples of right and left bones (Supplementary Table 11), reflecting the lack
of difference in morphology between the sides. It is therefore not possible to suggest whether

AW-1 comes from a right or a left hand using these analyses.
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AW-1 is unusual in its more circular midshaft cross-sectional shape (Fig. 2B), which is
confirmed by cross-sectional geometric analyses (Supplementary Information 1.5). This may
reflect the pronounced palmar median bar that makes the palmar surface slightly convex at
the midshaft rather than flat, the latter being typical of most later Homo intermediate
phalanges. However, more circular shafts may reflect greater loading of the bone in multiple
directions and enthesophytes are a common response to stress from high levels of physical
activity’’. This morphology may reflect high and varied loading of the fingers during intense

manual activity.

To determine the age of AW-1, and associated sediments and fossils, we used a combination
of uranium series (U-series), electron spin resonance (ESR) and optically stimulated
luminescence (OSL) dating (Methods, Supplementary Information 2 and 3). U-series ages
were produced for AW-1 itself (87.6 & 2.5 ka) and hippopotamus dental tissues (WU1601),
which yielded ages of 83.5 £+ 8.1 ka (enamel) and 65.0 + 2.1 ka (dentine). They should be
regarded as minimum estimates for the age of the fossils. In addition, a combined U-series-
ESR age calculation for WU1601 yielded an age of 103 +10/-9 ka. AW-1 was found on an
exposure of Unit 3b, and WU1601 excavated from Unit 3a, one metre away (Fig 1b). Unit 1
yielded OSL ages of 85.3 £5.6 ka (PD17), 92.2 £ 6.8 ka (PD41) and 92.0 + 6.3 ka (PD15),
while Unit 3a yielded an OSL age of 98.6 & 7.0 ka (PD40). The OSL age estimates agree
within error with the US-ESR age obtained for WU-1601 and the minimum age of ~88 ka
obtained for AW-1. These data were incorporated into a Bayesian sequential phase model’'
which indicates that deposition of Unit 1 ceased 93.1 & 2.6 ka (Phase 1: PD15, 17, 41) and
that Units 2 and 3 and all associated fossils were deposited between 92.2 + 2.6 ka and 90.4 +

3.9 ka (Phase 2: all other ages) (Supplementary Information 4, Supplementary Figure 11).
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This ~95-86 ka timeframe is slightly earlier than most other records of increased humidity in

the region in late MIS 5 **

, which correlate with a strengthened summer monsoon
associated with an insolation peak at 84 ka (Fig. 6). The underlying (Unit 3) aeolian sand
layer at Al Wusta correlates with an insolation minimum at the end of MIS 5c. The
chronometric age estimates for the site suggest that lake formation and the associated fauna
and human occupation occurred shortly after this in time. Regional indications of increased
humidity around the 84 ka insolation peak include speleothem formation at ~88 ka in the
Negev'”, and the formation of sapropel S3 beginning ~86 ka>. In both the Levant and
Arabia, records are consistent with this switch from aridity to humidity around this time**™*°.
Precisely reconstructing regional palaeoclimate at this time and relating it to human
demographic and behavioural change has proved challenging. This reflects both rapid
changes in climate, as well as the complexities involved in dating relevant deposits*'. In
summary, combining chronological data (Supplementary sections 2-4), interpretation of the
sedimentary sequence (described below), and the regional setting of Al Wusta, we conclude

that lake formation and associated finds such as the AW-1 phalanx relate to the late MIS 5

humid period associated with the 84 ka insolation peak.

The sedimentary sequence at Al Wusta consists of a basin-like deposit of exposed carbonate-
rich sediments (Unit 2, 0.4-0.8 m thick), underlain by wind-blown sand (Unit 1) and overlain
by water-lain sands (Unit 3). The carbonate rich sediments of Unit 2 are interpreted as
lacustrine marl deposits on the basis of their sedimentology, geochemistry, and diatom
palaeoecology (Figure 1¢, Methods, Supplementary Information 5). At both the macro- and
micro-scale, these beds are relatively massive and comprise fine-grained calcite, typical of

material precipitating and accumulating in a still-water lacustrine environment*”. At the
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micro-scale there is no evidence for the desiccation or fluctuation of water levels typical of
palustrine/wetland environments*?, implying that the lake body was perennial. The diatom
flora support this, containing species such as Aulacoseira italica and Aulacoseira granulata
throughout the sequences, indicating an alkaline lake a few metres deep. The water was fresh,
not saline or brackish, since saline tolerant species and evaporitic minerals are absent
throughout. While 8'°0 and 8"°C values of continental carbonates are controlled by a wide-
range of variables, the values derived from the Al Wusta marl beds are compatible with the
suggestion of marls precipitated in a perennial lake basin. The Al Wusta carbonate beds
therefore indicate a perennial lake body a few metres in depth. The existence of a marl
precipitating lake basin implies that this system was groundwater fed (to allow for sufficient
dissolved mineral material to be present in the lake waters). Although the Al Wusta sequence
represents a single lake basin, the development of such a feature over highly permeable
aeolian sands in a region where no lake systems exist at the present day implies a local
increase in water table that would require an increase in mean annual rainfall. Consequently,
the Al Wusta sequence represents the occurrence of a humid interval at this time. The Unit 2
marl is overlain by a medium-coarse sand (Unit 3) with crude horizontal laminations,
occasional clasts, fragments of ripped up marl and shells of Melanoides tuberculata and
Planorbis sp. While some vertebrate fossils and lithics were found in the upper part of Unit 2,
most were found in or on the surface of Unit 3. Unit 3a sands are waterlain and represent the
encroachment of fluvial sediment as the lake environment shallowed and contracted. Unit 3b
represents a winnowed lag formed by aeolian deflation of 3a. The sequence is capped by a

dense network of calcitic rhizoliths marking the onset of fully terrestrial conditions.

A total of 860 vertebrate fossils were excavated from Unit 3 and the top of Unit 2 (n=371)

and systematically surface collected (n=489). These include specimens attributed to Reptilia,
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Aves, and Mammalia (Supplementary Table 19, Methods, Supplementary Information 6).
Notable taxa now extinct in Arabia are predominately grazers and include Hippopotamus,
Pelorovis, and Kobus. The faunal community demonstrates a clear preference for temperate
to semi-arid grasslands, and the presence of Hippopotamus and Kobus indicate permanent
muddy, fluvial, or lacustrine conditions® not currently found in the Nefud Desert, but
consistent with the geological evidence from the site. The faunal assemblages show a strong
affinity to African fauna, particularly Hippopotamus, Pelorovis, and Kobus™*. Many large
tooth pits on fossils indicate that large carnivores played a role in the accumulation of the
deposit. Long bone circumference, completeness and numbers of green fractures suggests
modification of bones by bone-breaking agents such as large carnivores or hominins
(Supplementary Information 6). However, no evidence of cut-marks or hammerstone damage

to the bones was observed.

An assemblage of 380 lithic artefacts (stone tools) was recovered from the excavation of
upper Unit 2 and Unit 3 and systematic surface collection (Methods, Figure 5, Supplementary
Information 7). They are of Middle Palaeolithic character and most are chert and quartzite.
The assemblage demonstrates a focus on centripetal Levallois reduction, and is similar to
other late Marine Isotope Stage 5 assemblages in the west and north of Arabia®, and
contemporaneous assemblages in east (e.g. Aduma, BNS at Omo Kibish) and northeast

Africa (e.g. Bir Tarfawi), as well as those from the Levant (e.g. Qafzeh)'! (Fig. 5).

*Figure S hereabouts*

*Figure 6 hereabouts*
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Discussion

Al Wusta-1 is the oldest directly dated H. sapiens fossil outside Africa and the Levant. It
joins a small but growing corpus of evidence that the early dispersal of H. sapiens into
Eurasia was much more widespread than previously thought. The site of Al Wusta is located
in the Nefud desert more than 650 km southeast of Skhul and Qafzeh (Fig. 1A). This site
establishes that H. sapiens were in Arabia in late MIS 5, rather than being restricted to Africa
and the Levant as suggested by traditional models (Fig. 6). With Skhul dating to ~130-100
ka, Qafzeh to ~100-90 ka**® and Al Wusta to ~95-85 ka it is currently unclear if the
southwest Asian record reflects multiple early dispersals out of Africa or a long occupation
during MIS 5. The association of the Al Wusta site with a late MIS 5 humid phase (Fig. 6),
suggests that significant aspects of this dispersal process were facilitated by enhanced
monsoonal rainfall. While changes in behaviour and demography are crucial to understanding
the dispersal process, climatic windows of opportunity were also key in allowing H. sapiens

to cross the Saharo-Arabian arid belt, which often constituted a formidable barrier**.

Conclusion

Al Wusta shows that the early, Marine Isotope Stage 5, dispersals of H. sapiens out of Africa
were not limited to the Levantine woodlands sustained by winter rainfall, but extended deep
into the Arabian interior where enhanced summer rainfall created semi-arid grasslands

containing abundant fauna and perennial lakes. After long being isolated in Africa'"*’**

, the
Late Pleistocene saw the expansion of our species out of Africa and into the diverse ecologies

of Eurasia. Within a few thousand years of spreading into Eurasia our species was occupying

rainforest environments and making long sea crossings to remote islands'*'®. Adapting to the

13



327  semi-arid conditions of the Saharo-Arabian arid belt represented a crucial step on this
328 pathway to global success and the Al Wusta Homo sapiens fossil demonstrates this early
329  ability to occupy diverse ecologies which led to us becoming a cosmopolitan species.
330
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Figure captions

Figure 1. Al Wusta location, map of site and stratigraphy. A: The location of Al Wusta
and other key MIS 5 sites in the region''; B: Al Wusta digital elevation model showing
location of AW-1 phalanx, marl beds, lithics and vertebrate fossils, and the locations of the
trenches and sections. The inset shows a satellite image of the site; C: Stratigraphic log of Al
Wusta showing the sedimentology of the exposed carbonate beds, isotopic values, OSL ages
for sand beds and U-series and ESR ages for AW-1 and WU-1601. Sands are shown in
yellow: lower massive sands are acolian (Unit 1), upper laminated sands are waterlain (Unit
3a) and have been locally winnowed to generate a coarse desert pavement (Unit 3b),
lacustrine marls are shown (Unit 2) in grey (for full key and description see Supplementary
Figures 13 and 14 and Supplementary Information 5). Section PD40 is shown as it contains
the thickest sequence and is most representative of Al Wusta, chronometric age estimates
(marked *) from the site are depicted in their relative stratigraphic position, see

Supplementary Figure 14 for their absolute positions.

Figure 2. Photographs and micro-CT scans of Al Wusta-1 Homo sapiens phalanx. A:
photographs in (left column, top to bottom) distal, palmar and proximal views, and (middle
row, left to right) lateral 1, dorsal and lateral 2 views. Micro-CT cross-sections (illustrated at

2x magnification) include B (54% from proximal end) and C (illustrating abnormal bone).

Figure 3. Scatterplot of the first two principal components (PC) scores of the geometric

morphometric analysis of the Al Wusta-1 phalanx compared with a sample of primates,

including hominins. Non-human hominoids: lilac; Gorilla: circles, Pan: triangles.

21



524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

545

546

547

548

Cercopithecoids: red; Colobus: triangles, Mandrillus: squares, Papio: circles. Neanderthals:
blue diamonds. H. sapiens: green; early H. sapiens: circles, Holocene H. sapiens: squares. Al

Wusta-1: black star, circled in red.

Figure 4: Scatterplot of the first two principal component (PC) scores from the
geometric morphometric analyses of AW-1 and sample of comparative hominin 2", 3",
and 4™ intermediate phalanges. Wireframes show mean configuration warped to extremes
of PC axes in dorsal (left), proximal (middle) and lateral (right) views. Convex hulls added

post-hoc to aid visualisation.

Figure 5. Selected Al Wusta lithic artefacts. A: argillaceous quartzite flake; B: quartz
hammerstone; C: ferruginous quartzite Levallois flake; D: chert Levallois flake; E: Quartz
recurrent centripetal Levallois core; F: quartzite preferential Levallois core with centripetal

preparation and pointed preferential removal.

Figure 6. The chronological and climatic context of Al Wusta. The Al Wusta lake phase
falls chronologically at the end of the time-range of MIS 5 sites from the Mediterranean
woodland of the Levant (~130-90 ka) and earlier than the late dispersal(s) (~60-50 ka) as
posited in particular by genetic studies. The chronology of these dispersals and occupations
correspond with periods of orbitally modulated humid phases in the eastern Mediterranean™®
that are important intervals for human dispersals into Eurasia, and are also proposed to
correspond with episodes of monsoon driven humidity in the Negev and Arabian desert™.
Environmental amelioration of the Saharo-Arabian belt, therefore, appears to be crucial for
allowing occupation at key sites that document dispersal out of Africa. A: East Mediterranean

speleothem 8'%0 record from Soreq and Pequin Caves’’; B: global 8'%0 record”’; C:
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Insolation at 30 degrees north®® showing the temporal position of key sites relating to

dispersal out of Africa®'"**. The chronology for Al Wusta shows the phases defined by the

Bayesian model at 2.
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Methods

Site identification, survey and excavation. The site of Al Wusta (field code WNEF16_30)
was discovered in 2014 as part of a programme of joint survey fieldwork of the Palaeodeserts
Project, the Saudi Commission for Tourism and National Heritage, and the Saudi Geological
Survey. It is located in the western Nefud desert, a few kilometres from the Middle
Pleistocene fossil locality of Ti’s al Ghaddah®. The locations of all materials of interest
(fossils, stone tools, geomorphological features, excavations and sample points) were
recorded using a high-precision Trimble XRS Pro Differential GPS system and a total station,
and entered into a GIS (Fig. 1). Elevation data (masl) were recorded as a series of transects
across the site, and a digital elevation model (DEM) and contours interpolated (Spline) from
all data with precisions of better than 10 cm in all (x,y,z) dimensions (22,047 points). This
allowed visualisation and recording of the spatial relationships between materials in three
dimensions (Fig. 1). Eight trenches were excavated into the fossil and artefact bearing
deposits. These trenches revealed vertebrate remains and lithics, but no further human fossils

were recovered.

Morphological analysis of Al Wusta-1 phalanx. The phalanx was scanned using micro-
computed tomography (micro-CT) on the Nikon Metrology XT H 225 ST High Resolution
scanner and X-Tek software (Nikon Metrology, Tring, UK) housed in the Cambridge
Biotomography Centre, University of Cambridge, UK. Scan parameters were: a tungsten
target; 0.5 mm copper filter; 150 kV; 210 mA; 1080 projections with 1000 ms exposure, and
resulted in a voxel size of 0.02 mm®. The micro-CT data were reconstructed using CT-PRO

3D software (Nikon Metrology) and exported as an image (.tif) stack. Other CT data were
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obtained from the institutions cited in Supplementary Table 5 with permissions following the

memoranda of understanding with each institution.

3D landmarks and semilandmarks were chosen to best describe the overall shape of the
morphology of the AW-1 phalanx (Supplementary Table 4, Supplementary Figure 2), and
were digitised on virtual reconstructions of phalanges created from micro-CT data in AVIZO
8 and 9.1 (FEI Software, Burlington, Mass.). Landmark coordinates were exported for use in
Morphologika®. In Morphologika, generalized Procrustes analyses were performed to
superimpose landmark coordinate data, and principal components analyses (PCA) were run
to investigate similarities in shape between specimens. Shape differences along principal
componentss were visualised and wireframes were produced in Morphologika, PC scores
were exported to create graphs in R”'. Procrustes distances between specimens were
calculated using MorphoJ®?. To avoid representing the same phalanges from different sides of
a single individual as independent data points and to maximise sample sizes in pooled
analyses, right phalanges were used in cases where the phalanges from both sides were
present. Where only the left was present, this was used and ‘reflected’ (i.e. mirrored) in

Morphologika to generate landmark configurations consistent with right phalanges.

U-series and combined US-ESR dating of fossil bone and teeth. The AW-1 phalanx (lab
number 3675) and a hippopotamus tooth fragment (lab number WU1601) were collected
from Trench 1 (Fig.1) for U-series and combined US-ESR dating, respectively. The external
dose rate utilised the data of OSL sample PD40, which was collected in an equivalent

position within unit 3a.
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U-series analysis. U-series analyses were conducted at the Research School of Earth
Sciences, The Australian National University, Canberra. The experimental setup for the U-
series analysis of the phalanx was described in detail by Griin and colleagues™
(Supplementary Figures 2 and 3, Supplementary Information 2). Laser ablation (LA) was
used to drill a number of holes into AW-1 following the approach of Benson and
colleagues®®. After a cleaning run with the laser set at a diameter of 460 pm, seven holes were
drilled for 1000 s with the laser set at 330 um. The isotopic data streams were converted into
SO0Th/P*U and #*U/**U activity ratios and apparent Th/U age estimates and subsequently
binned into 30 successive sections (each containing 33 cycles) for the calculation of average
isotopic ratios and ages. A similar experimental setup and methodology were employed for
the LA U-series analysis of tooth sample WU1601. The whole closed system U-series

analytical datasets of the enamel and dentine sections were integrated to provide the data

input for the ESR age calculations.

Combined US-ESR dating of the fossil tooth: ESR dose evaluation. The ESR dose evaluation
of the hippo tooth was carried out at CENIEH, Burgos, Spain, following a similar procedure
to that described in Stimpson and colleagues®’. Enamel was collected from WU1601 and
powdered <200 um. The sample was then divided into 11 aliquots and gamma irradiated with
a Gammacell-1000 Cs-137 source to increasing doses until 3.4 kGy. ESR measurements were
carried out at room temperature with an EMXmicro 6/1 Bruker ESR spectrometer coupled to
a standard rectangular ER 4102ST cavity. ESR intensities were extracted from T1-B2 peak-
to-peak amplitudes of the ESR signal of enamel. Fitting procedures were carried out with a
single saturating exponential (SSE) function through the pooled ESR experimental data
derived from the repeated measurements, with data weighting by the inverse of the squared

ESR intensity (1/I?) and following the recommendations by Duval and Griin>>. Full details
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about the experimental conditions and analytical procedure may be found in Supplementary

Information 2.

Combined US-ESR dating of the fossil tooth: Dose rate evaluation and age calculations. The
combined US-ESR age of WU1601 was calculated with the DATA programme’® using the
US model defined by Griin and colleagues’” The following parameters were used for the
dose rate evaluation: an alpha efficiency of 0.13 + 0.02°®, Monte-Carlo beta attenuation
factors from Marsh>®, dose-rate conversion factors from Guerin and colleagues®, external
sediment (beta and gamma) dose rate from the OSL sample PD40, a depth of 25 = 10 cm,

resulting in an age of 103 + 10/-9 ka.

Optically Stimulated Luminescence Dating. Three samples (PD15, PD17 and PD41) were
collected from the aeolian sands (Unit 1) underlying the southern marl outcrop (Unit 2, Fig
1B). A fourth sample (PD40) was taken from the main fossil bearing bed (Unit 3). Individual
quartz grains were measured on a Risg TL/OSL-DA-15 instrument using the single-aliquot
regenerative-dose (SAR) method®'. The burial dose for each sample (D) was calculated

using the central age model (CAM)®.

Environmental dose rates were determined using a Risg GM-25-5 low-level beta counting
system® (beta dose rate), field gamma spectrometry (gamma dose rate), and an estimate of
the cosmic dose rate derived using site location and present day sediment burial depths®*. Full
optically stimulated luminescence dating methods and results are presented in Supplementary
Information Section 3. All analyses were carried out in the Royal Holloway Luminescence

Laboratory by SA and R C-W.
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Age modelling. Chronometric ages for samples from the Al Wusta site were incorporated
into a Bayesian sequential phase model implemented in OxCal v4.2*! (Supplementary
Information 4; Supplementary Figure 11. The model consists of two discrete phases separated
by a hiatus. Phase 1 was defined by the three OSL ages (PD15, 17 and 41) for samples from
the aeolian sands (Unit 1) underlying the lacustrine marls (Unit 2). Phase 2 was defined by
the ages for the sand (PD40) and fossils (AW-1 and WU1601) from the waterlain sediments
(Unit 3) overlying Unit 2. U-series ages for WU1601 and AW-1 were treated as minimum
age estimates, whereas PD40 and the combined U-series-ESR age on WU1601 were treated
as finite age estimates. Since the Al Wusta sequence accumulated over a short period of time,
and contains only five finite ages (and three minimum ages), the General Outlier Model®' was
unable to function, and instead a simpler model using agreement indices was employed. This
analysis yielded Amodel (76) and Aoverall (79) values well in excess of the generally
accepted threshold (60°"), with only one age yielding an individual agreement index below
this threshold (PD17, 51). These data indicate that no ages should be excluded from the
model, and that the age model itself is robust. The Bayesian sequential model yielded an age
for the end of Phase 1 of 93.1 £ 2.6 ka (1 o uncertainties), while Phase 2 yielded start and end
dates 0f 92.2 + 2.6 ka and 90.4 + 3.9 ka respectively. The end date for phase 2 should be
treated as a maximum value since no overlying material is present, precluding the possibility

of further constraining the end of this phase.

Stratigraphy and sedimentology.

Sediment analysis. Bulk samples (in the form of coherent blocks) were taken at 10 cm
intervals through each of the marl beds in four sections (Fig. 1C and Supplementary Figures
13 and 14). Each block was air-dried and subsamples (ca 0.5 g) were removed, powdered and

analysed for percentage carbonate content using Bascomb calcimetry, which measures the
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volume of carbon dioxide liberated from a known sample mass during reaction with 10%
HCI. Thin sections were prepared from fresh sediment blocks. The sediments did not
require acetone treatment as they were already dry and, due to their permeability, were
impregnated with a bonding resin. Standard thin section preparation was then carried out
using techniques developed in the Centre for Micromorphology at Royal Holloway,
University of London®. Thin sections were analysed using an Olympus BX-50 microscope
with magnifications from 20x to 200x and photomicrographs were captured with a Pixera
Penguin 600es camera. A point-count approach was used to produce semi-quantified data
from the thin sections, based on counting micro-features at 3 mm intervals along linear
transects 1 cm apart. Kemp®’, Stoops® and Alonso-Zarza** were referred to when identifying
features. X-ray diffraction analysis (XRD) was carried out in the Department of Earth
Sciences (Royal Holloway, University of London). Powdered samples were analysed on a
Philips PW1830/3020 spectrometer with copper Ka X-rays. Mineral peaks were identified
manually from the ICDD Powder Diffraction File (PDF) database. The methods and results

are described further in Supplementary Information 5.

Diatoms.

Sample preparation. Samples were analysed using the standard method of Renberg®
(Supplementary Information 5). Thus, all samples were treated with 30% H,0, and 5% HCI
to digest organic material and remove calcium carbonate. Distilled water was added to dilute
the samples after heating, which were then stored in the refrigerator for four days to minimise
further chemical reactions. The samples were rinsed daily and allowed to settle overnight. A
known volume of microspheres was added to the supernatant after the last rinse to enable
calculation of the diatom concentration’’. The slides were air-dried at room temperature in a

dust free environment before mounting with Naphrax diatom mountant. Diatom taxonomy
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followed Krammer and Lange-Bertalot’'”” and taxonomic revisions *’* with at least 300

valves enumerated for a representative sample at x1000 magnification.

Numerical analysis. Prevalent trends in the diatom assemblage were explored using
ordination analyses using CANOCO 4.5 of ter Braak and Smilauer’®. Detrended
Correspondence Analysis (DCA’") with detrending by segments and down-weighting of rare
species was used to investigate taxonomic variations within each site and to determine
whether linear or unimodal models should be used for further analyses. If the gradient length
of the first axis is <1.5 SD units, linear methods (Principle Component Analysis, PCA)
should be used; however, if the gradient length is >1.5 SD units, unimodal methods
(Correspondence Analysis) should be used’®. Detrended Canonical Correspondence Analysis
(DCCA”) was also used to show changes in compositional turnover scaled in SD units.
Therefore, variations in the down-core DCCA first axis sample scores show an estimate of
the compositional change between samples along an environmental or temporal gradient.
Depth was used as the sole constraint as the samples in each site are in a known temporal
order™. The dataset was square-root transformed to normalise the distribution prior to
analyses. Optimal sum-of-squares partitioning®' with the program ZONE®* and comparison of
the zones with the Broken-stick model using the program BSTICK® were used to determine
significant zones. The planktonic: benthic ratio, habitat summary, concentration and the F

index (a dissolution index®*) were calculated for all the samples.

Stable isotopes
It is common practice, when analysing the 8'°0 and §'°C values of lacustrine/palustrine
carbonates to either: 1) sieve the sediment and analyse the <63um fraction, or 2) use the

microstructure of the sample, as identified under thin section, to identify pure, unaltered
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fabrics, which can then be drilled out and analysed®. The former procedure ensures that the
analysed fraction comprises pure authigenic marl (rather than a mixture of osctracod,
mollusc, chara and marl components that will contain different isotopic values). The latter is
done to ensure that any carbonate that has been affected by diagenesis is sampled. Neither of
these approaches were carried out here as; 1) microfabric analysis showed no evidence for
diagenesis (although some of the samples are cemented the cement makes a negligible
component of sample mass), and 2) some of the samples have incipient cementation, which
means that they cannot be sieved. Bulk carbonate powders were consequently analysed for
8'%0 and 8"°C. To show that the analysis of bulk samples had no impact on the derived
isotopic data, samples that were friable enough to be sieved were treated with sodium
hexametaphosphate to disaggregate them and then homogenised and separated into two
subsamples for isotopic analysis; (1) a sieved <63pum fraction and (2) a homogenised bulk
sample. The resulting isotopic data showed no difference between the 5'*0 and 5'°C values
of the sieved and bulk samples (Supplementary Figure 13b), highlighting that the
homogenous and unaltered nature of the material results in bulk carbonate isotopic analysis
generating valid data. Two samples were taken from different locations of each sampled
block to generate a larger dataset of independent samples. The §'*0 and 8'°C values of each
samples were determined by analysing CO; liberated from the reaction of the sample with
phosphoric acid at 90°C using a VG PRISM series 2 mass spectrometer in the Earth Sciences
Department at Royal Holloway. Internal (RHBNC) and external (NBS19, LSVEC) standards
were run every 4 and 18 samples respectively. 16 uncertainties are 0.04%o (5'*0) and 0.02%o
(8"C). All isotope data presented in this study are quoted against the Vienna Pee Dee

Belemnite (VPDB) standard.
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Vertebrate fossil analyses. Each fossil specimen was identified to lowest taxonomic and
anatomical level possible (Supplementary Figure 20, Supplementary Table 19 and
Supplementary Information 6). Taxonomic identification and skeletal element portions were
determined based on anatomical landmarks, and facilitated by comparisons with the
Australian National University Archaeology and Natural History reference collection
(Canberra), unregistered biological collections held at the University of New South Wales
(Sydney), and the large mammal collections of the Zoologische Staatssammlung Miinchen
(Munich). Each specimen was assigned a size category (small, medium, and large) following
Dominguez-Rodrigo and colleagues™, and corresponding to the five size classes described in
Bunn®’, where small, medium and large denote size classes 1-2, 3A-3B and 4-6, respectively.

Element abundance is reported as Number of Identified Specimens (NISP).

Each specimen was examined for modification by eye and hand-lens (10x) under both natural
and high-incidence light, and examined at different angles to assist identification of fine-scale
surface modifications. Where required, further examination and photography was carried out
using a digital microscope (Model: Dino-lite, AM7013MZ). Morphometric data (length,
breadth and width) was measured using digital callipers (Model: Mitutoyo Corp, CD-
8”PMX), and specimen weights using a digital scale. Bone surface modifications were

identified and recorded following standard methodologies: butchery and tooth marks®***,

95-96 97,98

burning”?®, rodent gnawing’"*®, weathering” and trampling'®’. Carnivore damage was
categorized as pit, score, furrow or puncture, and the location noted”*. Tooth mark
morphometric data — short and long axes — was also recorded. Any additional modifications,
1.e. polish, manganese staining, and root etching, were also reported and described. Bone

breakage was recorded as green, dry, or both, following Villa and Mahieu'”'. Long bone
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circumference completeness was recorded using the three categories described by Bunn'®*:

type 1 (<1/2), type 2 (>1/2 but < complete) and type 3 (complete).

Lithic analysis. Lithics were systematically collected during pedestrian transects and
excavations of Al Wusta. This produced a total studied assemblage of 380 lithics
(Supplementary Information 7). Further lithics extended for a considerable distance to the
north, seeming to track the outlines of the palaecolake, but we only conducted detailed
analysis on lithics from the southern part of the site, close to AW-1 and the sedimentary ridge
on which it was found (i.e. south of the Holocene playa). These were analysed using the

25,103,104 45,1
>193:1% and Groucutt and colleagues®™'?. As

methodology described in Scerri and colleages
well as qualitative analysis of technological features indicating particular techniques and

methods of reduction, a variety of quantitative features such as dimensions, the number of
scars and % of cortex were recorded. Informative examples were selected for photography

and illustration. This approach allows both a characterisation and description of the

assemblage and broad comparison with other assemblages from surrounding regions.
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SI 1. Description and comparison of the of Al Wusta-1 phalanx.

1.1 Pathology

The Al Wusta-1 (AW-1) phalanx shows evidence of pathological changes to the bone
surface. Additional pathological bone formation affects the proximal half of the shaft,
covering approximately one quarter of the dorsal surface, measuring 11.9 mm proximo-
distally and 5.9 mm radio-ulnarly, and projecting approximately 2.5 mm from inferred
‘normal’ bone surface. Micro-CT scanning confirms that the additional bone is continuous
with the cortical bone of the shaft, but there is no evidence of a fracture or other trauma (Fig.
2B, C). Its irregular, angular morphology suggests that this additional bone may be due to the
ossification of the central slip of the extensor digitorum muscle (i.e., a “bony spur” or
enthesophyte), which attaches to the intermediate phalanx in this region. The unusual,

relatively circular cross-sectional shape of AW-1 may also reflect these pathological changes.

1.2 Linear metric analysis of the Al Wusta-1 intermediate phalanx

Linear measurements of AW-1 are presented in Supplementary Table 1. We conducted an
analysis of nine linear measurements of intermediate phalanx shape across a sample of extant
primates and fossil hominins (Supplementary Table S2). For extant non-human primates,
intermediate phalanges (IPs) from all rays (2-5) of one side (either left or right) were included
as it is possible that all non-human primate IPs may show similar morphology to human
IPs'. However, human and fossil hominin IPs from the fifth ray (IP5) show a distinctive,
asymmetrical shape that is not present in AW-1 and thus all H. sapiens IP5 specimens and

potential IP5 fossil hominin specimens were excluded from the analysis. Although data from



multiple IPs from a single individual are not independent, without knowing the exact ray to
which AW-1 belongs, nor the exact ray or number of individuals associated with several of
the comparative fossil hominin intermediate phalanges, it is more conservative to include the

range of morphological variation across multiple rays.

Linear measurements included the maximum proximo-distal length of the phalanx (i.e. total
length), maximum dorso-palmar height of the proximal base, the dorso-palmar height and
radio-ulnar breadth of the proximal articular facet, radio-ulnar breadth of the proximal shaft,
and dorso-palmar height and radio-ulnar breadth of the midshaft and distal shaft, all of which

could be confidently measured on AW-1.

All metrics were assessed and compared as a ratio of the total length of the phalanx.
Comparisons across extant taxa, Neanderthals and H. sapiens (i.e. all taxonomic groups with
large enough sample sizes) were evaluated using Mann-Whitney U pairwise comparisons
with a Bonferroni correction for multiple comparisons (Supplementary Table 3). Relative
comparisons of AW-1 and other fossil specimens were visually assessed via box-and-whisker

plots (Supplementary Figure 1).

Comparative analyses reveal that there is substantial overlap across most taxa in all shape
ratios. For any given shape ratio, AW-1 falls within the range of variation of cercopiths,
Gorilla, A. afarensis, A. sediba, Neanderthals and H. sapiens. However, AW-1 is most
similar to the median value or falls within the range of variation of recent and early H.
sapiens for all shape ratios (Supplementary Figure 1), confirming its affiliation with H.
sapiens revealed by the 3D geometric morphometric analyses (see main text and below).

More specifically, AW-1 is very similar to the H. sapiens median value in the relative



radioulnar breadth of the proximal base and the proximal shaft, and the dorso-palmar height
at midshaft. AW-1 falls within the lower range of variation of H. sapiens, and outside or at
the extreme of the Neanderthal range of variation, in its dorso-palmar height and radioulnar

breadth proximal facet, and its radioulnar breadth at midshaft and the distal shaft.

Note that published values for the controversial H. sapiens specimen Cueva Victoria CV-0
specimen are included in the proximal base breadth and midshaft breadth and height shape
ratios (Supplementary Figure 1). This specimen is always the most extreme outlier in the
box-and-whisker plots, and falls in the direction of the cercopithecid median value,
suggesting that this specimen is indeed that of Theropithecus, and not H. sapiens, supporting

’ 1,2
Martinez-Navarro and colleagues .

1.3 Geometric morphometric comparison of non-human primate, fossil hominin and Al

Wausta-1 phalanges

To provide a broader interpretive context for AW-1, we provide a principal components
analysis of geometric morphometric landmark data (Supplementary Table 4, Supplementary
Figure 2) on a sample of phalanges from a range of primates including fossil hominins
(Supplementary Table 5). In Figure 3 (main text) and Supplementary Figure 3, PC1 and PC2
together account for 61% of group variance in shape. AW-1 is separated on these two shape
vectors from the non-human primates and most of the Neanderthals by a shorter, wider
diaphysis and palmarly flatter proximal base. It shares a proximal head that is higher to the
right (dorsal view) with H. sapiens, although this may be a function of the proportion of left
and right sides in each sample. AW-1 falls closest to the Holocene and early H. sapiens and is

well differentiated from all non-human primates. This is shown by the Procrustes distances



from AW-1 to the mean shapes of each taxonomic group (Figure 3, Supplementary Figure 3

and Supplementary Table 6).

1.4 Geometric morphometric analysis restricted to AW-1 and hominin phalanges of

known side and digit numbers

Details of the sample are given in Supplementary Table 7. Methods and Results for pooled
left and right hands are given in the main text (see Figure 4 and also Supplementary Tables 8-

9.)

1.4.1 Left and right 2" 3" and 4™ intermediate phalanges separated.

The results showing AW-1 compared separately to right and to left phalanges
(Supplementary Figure 4, Supplementary Tables 10-11) are very similar to the pooled sample
(see main text, Figure 4 and Supplementary Tables 8-9), such that AW-1 is closest to
Holocene H. sapiens 3 rays for both right and left hand, although Pleistocene H. sapiens
configurations fall almost completely inside the scatter for the Holocene H. sapiens sample.
AW-1 is most distinct from the Neanderthal phalanges of both the left and right hands. The
greatest separation between AW-1 and other groups is described by PC2 for both the right
and left phalanges. These vectors describe the shape difference between shorter and stockier
vs. longer and narrower configurations. AW-1 is taller and narrower (in all directions: dorso-
palmarly, proximo-distally and radio-ulnarly) than shapes towards the other end of the PC2s,
which describe most of the Neanderthal phalanges. Again, these analyses suggest that AW-1

is likely to be a 3™ intermediate phalanx from a H. sapiens individual.
y p D



1.5 Cross sectional geometry analyses

1.5.1 Materials and Methods

Cross-sectional geometry (CSG) of bones examines the amount and distribution of cortical
bone in the cross section, which reflects primarily the impacts of body size, body shape, and
activity on the skeleton’®. CSG of AW-1 and the comparative 2"*-4™ phalanges
(Supplementary Table S7) were calculated in Image)’ using the BoneJ plugin® and using the
same microCT data as for the GMM analyses. Slices at 54% of total AW-1 phalanx length
(measured from the proximal end) were analysed to avoid the influence on cross-sectional
properties of the pathological bone formation on the shaft. Total area (TA) of the cross
section was calculated by filling the medullary cavity with the 'fill holes' function of ImageJ
and rerunning the slice through BonelJ. Percent cortical area (%CA) reflecting cortical bone
thickness was calculated as 100*cortical area/TA. J, a measure of torsional and twice
average bending rigidity, was calculated as the sum of maximum and minimum bending

rigidities (/4 and I, respectively)g.

GMM analyses suggest that AW-1 is a 3 intermediate phalanx, but plots were generated for
each of manual rays 2-4 in case these analyses suggested otherwise. Where left and right

sides were present for the same ray of the same individual, the mean was used.

As body size and activity are both important determinants of bone cross-sectional properties
(see above), CA and J were plotted against bone length to examine whether the cross-
sectional properties relative to body size could differentiate Neanderthal, Pleistocene H.

sapiens and Holocene H. sapiens and thus be informative regarding the taxonomic affiliation



of AW-1. However, it must be noted that CSG of the phalanges, unlike the limb long

4
bones*®

, 1s not well documented in the literature and the relative importance of body size,
activity and taxonomy remain to be investigated in detail. The relationship between /,,,, and

Ly, which reflects the circularity of bone distribution was also examined by plotting 7.,

against [,,;,. Plots were generated using IBM SPSS Statistics v. 23.

1.5.2 Results

In general, AW-1 lies outside of the range of CSG for intermediate phalanges from ray 2,
well within the range for ray 3, and at the upper end of the range for ray 4 (Supplementary
Figure 5), supporting the interpretation that AW-1 is most likely to be a 3™ intermediate
phalanx. For all cross-sectional properties, Holocene H. sapiens show a large range of
variation and the small sample of Neanderthals and Pleistocene H. sapiens do not appear well
differentiated from the Holocene specimens. While generally within the range of the
comparative specimens, AW-1 falls just outside the range of the sample for 7,,, relative to
Lnin, with a low ratio indicating an unusually circular cross-section. In the long bones of the
lower limb, more circular shafts indicate similar loading in multiple directions'®"", but its

precise interpretation for manual phalanges remains to be explored.

Further work to document the range of variation in phalanx CSG and its relationship to
ancestry and behaviour patterns would be required to further interpret the cross-sectional
circularity of the AW-1. A relationship between this high level of circularity and the
pathological bone formation on the dorsal surface of AW-1’s shaft cannot be excluded, since

the shaft could be expanded in a dorso-palmar direction even where external appearance is



normal, which would serve to lower the /,,,./1,.;, ratio. Alternatively, a generally high level of

loading might account for both the enthesophyte and more circular cross-section of the shaft.



SI 2. U-series and combined US-ESR dating of fossil bone and teeth from

Al Wusta.

2.1 Materials and Methods
2.1.1 Material

The human phalanx (AW-1, lab code for U-series = 3675) and a hippopotamus tooth
fragment (lab code WU1601) were collected from Trench 1. The external dose rate
calculations are based on the data from OSL sample PD40 (Supplementary Table 16), which

was collected at the equivalent position within unit 3a.

2.1.2 U-series analysis

U-series analysis of bones can be used to reconstruct U-uptake phases. Modern bones are
virtually U free. All the uranium that is measured in fossil samples migrated into the skeletal
tissues after these were buried. However, it is difficult to establish whether this U-uptake was
a single stage process that occurred a short time after burial, or whether the U-accumulation
was a complex, multistage process that may have commenced a significant time after the
original burial'. In any case, as long as there is no indication for uranium leaching, the
calculated U-series age results have to be regarded as minimum age estimates with respect to

the age of the fossil.

The experimental setup for the U-series analysis of the AW-1 phalanx was previously
described in Griin and colleagues'?. Laser ablation (LA) was used to drill a number of holes

the finger bone following the approach of Benson et al.”*. After a cleaning run with the laser



set at a diameter of 460 pum, seven holes were drilled for 1000 s (Supplementary Figure 6A)
with the laser set at 330 um. The isotopic data streams (Supplementary Figure 6B) were

20Th/240 and #*U/**U activity ratios and apparent Th/U age estimates

converted into
(Supplementary Figure 6C) and subsequently binned into 30 successive sections (each

containing 33 cycles) for the calculation of average isotopic ratios and ages (Supplementary

Figure 6D; Supplementary Table 12).

A similar experimental setup and methodology were employed for the LA U-series analysis
of tooth sample WU1601 (Supplementary Figure 8). Individual closed system U-series age
estimates were calculated for each ablation spot and the whole analytical data of the enamel
and dentine sections were integrated to provide the data input for the ESR age calculations

(Supplementary Table 13).

2.1.3 ESR dose evaluation

Enamel was collected from tooth WU1601 and powdered <200 um. The sample was then
divided into 11 aliquots and gamma irradiated with a Gammacell-1000 Cs-137 source to the
following doses: 0, 49, 97, 146, 243, 340, 486, 873, 1457, 2430 and 3397 Gy. ESR
measurements were carried out at room temperature with an EMXmicro 6/1 Bruker ESR
spectrometer coupled to a standard rectangular ER 4102ST cavity. The following procedure
was used to minimise the analytical uncertainties: (1) all aliquots of a given sample were
carefully weighed into their corresponding tubes and a variation of <1 mg was tolerated from
one aliquot to another; (i1)) ESR measurements were performed using a Teflon sample tube

holder inserted from the bottom of the cavity to ensure that the vertical position of the tubes



remains exactly the same for all aliquots. The following acquisition parameters were used: 3-
30 scans (depending on the sample and aliquot measured), | mW microwave power, 1024
points resolution, 15 mT sweep width, 100 kHz modulation frequency, 0.1 mT modulation

amplitude, 20 ms conversion time and 5 ms time constant.

ESR intensities were extracted from T1-B2 peak-to-peak amplitudes of the ESR signal of
enamel'?, and then corrected by the corresponding number of scans and aliquot mass. Fitting
procedures were carried out with the Microcal OriginPro 9.5 software using a Levenberg-
Marquardt algorithm by chi-square minimization. Dg values were obtained by fitting a single
saturating exponential (SSE) function through the experimental data, with data weighting by

the inverse of the squared ESR intensity (1/I%)".

The sample was measured three times on different days in order to evaluate the precision in
measurement and Dg. Only small variation of between 1.5% and 2.7% (1-c) were found over
the three days, respectively. The final Dg value was calculated by pooling all the ESR
intensities derived from the three repeated measurements in a single dose response curve
(DRC)'®. In order to avoid Dg overestimation caused by the use of the SSE function, an
appropriate maximum irradiation dose (Dyax) was selected in accordance with the
recommendations by Duval and Griin'": given the magnitude of the Dg, value (~100 Gy),
Duax/Dg should be between 5 and 10, and final dose evaluation were thus done with

Diax=873 Gy (Dmax/Dg =9). The final DRC is shown in Supplementary Figure 9.

2.1.4 Dose rate evaluation and US-ESR age calculation
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For the dose rate calculations, the following parameters were used: an alpha efficiency of
0.13 + 0.02"®, Monte-Carlo beta attenuation factors'’, recently published dose-rate conversion
factors™. For the calculation of the external sediment dose rate, the data of OSL sample PD40
(Supplementary Table 16) were used. The total external dose rate of 438 + 27 uGy/a consists
of 254 + 25 nGy/a cosmic dose rate (for the actual depth of 25 cm below surface), 18010
nGy/a external gamma dose rate, plus the external beta dose rate was corrected for the tooth

configuration, resulting in 4 uGy/a.

Combined US-ESR ages were calculated with DATA?! using the US model defined by Griin

et al®?

. Further details about this dating method applied to fossil teeth may be found in
Duval®. The other details of the age result of 103+10/-9 ka are shown in Supplementary

Table 14.

2.2 Results and discussion

2.2.1 U-series dating of the Al Wusta-1 phalanx

232
Some scans show elevated >

Th levels (see Supplementary Figure 6B, around cycle 250),
which is the result of probing some pores that may be filled with detrital material. However,
all 2**U/**Th elemental ratios are well above 50. Supplementary Figure 6E shows that the
calculated ages of the cycles with lower U/Th ratios are not affected by detrital 2*°Th, which

would systematically increase the results.
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All age calculations are based on closed system assumptions, they are thus apparent age
estimates. U/Th ages were calculated using the Isoplot 3.75 Excel add-on**. Note that this
program does not calculate asymmetric errors. All reported errors are 2-6. We did not use the
diffusion-adsorption decay (DAD) model of Sambridge and colleagues® as there is evidence

of at least two discrete U-uptake phases.

All data steams have in common that the outer domains yield younger lower apparent ages
than those further inside the bone (Supplementary Figure 7A). This is clearly associated with
higher U concentrations (Supplementary Figure 7B and C). This indicates a second discrete
phase of U-accumulation, which overprinted the original isotopic signature. The more U was
taken up at that later phase, the younger becomes the apparent U-series age. For each of the
holes, the apparent age plateaus after an initial increase. These age plateaux systematically
increase from Hole 1 to Hole 7 (see Supplementary Figure 7A). Interestingly, there is a
reverse trend with older plateau ages associated with slightly higher U-concentrations
(Supplementary Figure 7D). This is could be related to a process where the domains, which
had accumulated more U during an initial uptake phase, were relatively less affected by any

subsequent U-migration processes.

To conclude, the age plateaux of hole #7 of 87.6 £ 2.5 ka represents the minimum age of the
finger bone. The true age of the bone may be older because (i), the age plateaux of holes #1
to 6 are affected by later U-uptake phases, and it is not possible to ascertain whether the age
plateau of hole #7 was not affected; (i1), the observed, complex U-migration processes may

have commenced a considerable time after the initial burial.
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2.2.2 Combined US-ESR dating of the fossil tooth

Apparent U-series age results obtained for the dental tissues are close to those obtained in the
human phalanx: 83.5 £8.1 ka in the enamel and 65.0 + 2.1 ka in dentine. These results suggest

that the tooth sample is at least 83 ka old.

The combined US-ESR age calculation yields a result of 103+10/-96 ka. This ESR result

agrees with OSL sample PD40 (98.6 + 7 ka) within error.
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SI 3: Optically stimulated luminescence (OSL) dating of Al Wusta.

3.1 Sample collection and preparation

Trenches were dug through the marl beds into the underlying acolian sand (Unit 1) at Al
Wousta. Three samples (PD15, PD17 and PD41, Supplementary Figure 13) were collected
from Unit 1 sands underlying the southern marl outcrop, upon which the AW-1 phalanx and
the majority of the animal fossils were found. A fourth sample (PD40, Supplementary Figure
13) was taken from Unit 3. PD40 and PD41 were taken from the same trench. OSL samples
were collected by hammering opaque tubes into cleaned section faces. In the laboratory,
quartz was extracted from the portion of each sample which had not been exposed to
sunlight. Samples were initially wet-sieved to isolate the 212-180 um size fraction, and
carbonates and organic matter were subsequently removed using 1M HCI and H,0,
respectively. The samples were then re-sieved at 180 um and quartz was extracted from the
>180 pm fraction using density separations at 2.62 and 2.70 g/cm’ and a subsequent HF acid
etch (23M HF for 60 min followed by a 10M HCI rinse). Since Nefud quartz samples are
prone to feldspar contamination, an additional one week H,SiF¢ treatment followed by an
HCl rinse was also performed. Etched samples were re-sieved at 150 um, to remove partially

dissolved grains, and stored in opaque containers prior to measurement.

3.2 Luminescence measurements

3.2.1 Equipment
All OSL measurements presented here were carried out using a Risg TL/OSL-DA-15

automated dating system?®, fitted with a single-grain OSL attachment®’*. Optical stimulation
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of single-grains used a 10 mW Nd: YVOy solid-state diode-pumped green laser (532 nm)
focussed to yield a nominal power density of 50 W/cm?, following®. All infra-red (IR)
stimulation was carried out using an IR (870 nm) laser diode array yielding a power density
of 132 mW/cm?. OSL passed through 7.5 mm of Hoya U-340 filter and was detected using an
Electron Tubes Ltd 9235QB15 photomultiplier tube. Irradiation was carried out using a 40
mCi *°Sr/*°Y beta source giving ~6 Gy/min. This source is calibrated relative to the National
Physical Laboratory, Teddington ®’Co y-source (Hotspot 800*°). Due to the spatial
inhomogeneity of beta emitters across the active face of our *°Sr/’°Y beta source, it was
necessary to calibrate the dose rate to each individual grain position on a single-grain disc’

using the method of Armitage and colleagues®".

3.2.2 Single-grain measurement and analysis

Measurements were made on 2800-3600 individual quartz grains per sample (Supplementary
Table 15), using the single-aliquot regenerative-dose (SAR) method, to estimate the

. . . .. 2
equivalent dose (D.). Since optimum measurement conditions vary between samples®>>,

. . 4
single-grain dose recovery tests>

were performed on two of the four samples (PD15 and
PD17) using a known dose of ~50 Gy. A preheating regime of 260 °C held for 10 seconds
prior to measurement of the natural/regenerated dose, and 220 °C held for 10 seconds prior to
measurement of the test dose, yielded dose recovery ratios (measured dose/known dose) of
1.01 £0.03 for both samples and was adopted for subsequent D, measurements. Optical
stimulation was carried out at 125 °C for 2 s using the green laser. The OSL signal was that
recorded during the first 0.3 s of stimulation, with a background signal from the last 0.3 s of

stimulation subtracted*®>’. Dose response curves were fitted with a saturating exponential or

a saturating-exponential-plus-linear function. The standard error associated with each
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individual D, determination was estimated by Monte Carlo simulation. Curve fitting, D,
determination and Monte Carlo simulation were performed using version 4.31.9 of the

Luminescence Analyst software™.

It has been observed widely that the majority of quartz grains from unheated sedimentary
deposits do not yield a measureable OSL signal®**' or display luminescence characteristics
which indicate that they are unsuitable for age determination. Consequently, single-grain
dating studies must adopt criteria for rejecting uninformative grains®. In this study, grains
were rejected where one or more of the following conditions are met: (1) the OSL signal
from the grain is too low to distinguish it from the variability in the background signal,
determined using the “Tn signal more than 3 sigma above BG” rejection criterion in
Luminescence Analyst™; (2) the recycling ratio* differs from unity by greater than two
standard errors; (3) the IR-depletion ratio'’ is greater than two standard errors below unity;
(4) recuperation exceeds 5% of the natural signal and (5) the sensitivity-corrected natural
luminescence intensity is greater than the saturation intensity of the measured growth curve
(termed “oversaturation” in Supplementary Table 15). In addition, grains were rejected where
their measured D, was within measurement uncertainty of 0 Gy at 2c. This last criterion
excludes intruded modern grains, and has been found necessary for the analysis of samples
from similar contexts elsewhere in the Nefud Desert™. These rejection criteria were applied
in order, and only the first cause of rejection is recorded in Supplementary Table 15. Of the
17,900 grains measured, only 265 displayed acceptable luminescence properties, a yield of
1.5%. The majority of grains (94%) were rejected due to low OSL signal intensity. Despite
rigorous attempts to remove feldspar from the quartz fraction, fewer grains were accepted
than failed the IR-depletion ratio criterion. This phenomenon has been observed in other

single-grain studies on Nefud “quartz” e.g Petraglia and colleagues™.
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To determine the age of a sample from a single-grain dataset it is necessary to calculate a
single value for the burial dose (D). Since the OSL samples presented here were taken from
aeolian sand where complete resetting of the OSL signal prior to deposition may be assumed,
and the small number of intruded grains were rejected prior to analysis, Dy, was calculated for
all samples using the central age model (CAM)**. Overdispersion (OD) values for the Al
Wausta samples ranged from 16 3% to 26 +3% (PD17 and PD40 respectively), which is

45,4 .
3345 6, supporting

consistent with values reported from well-bleached undisturbed sediments
the use of the CAM to derive estimates of Dy. Equivalent dose distributions for each sample

are presented in Supplementary Figure 10.

3.3 Environmental dose rate calculations

For HF acid etched sand-sized quartz grains, the environmental dose rate consists of external
beta, gamma and cosmic ray components. Beta dose rates were measured using a Risg GM-
25-5 low-level beta counting system®’ using MgO and Volkagem loess™ standards, while
gamma dose rates were measured using an EG&G Ortec digiDart-LF gamma-spectrometer
using the “threshold” method. Dose rates were corrected for the effects of HF etching®’, grain
size’® and a water content of 5 + 2.5%. The 26 uncertainty on water content encompasses
completely dry conditions (0%) and saturation for 25% of the burial period (10%),
representing the full range of reasonable mean water content scenarios of a freely draining
aeolian sand. Cosmic ray dose rates were calculated using site location (27.4°N, 39.4°E, 925
m elevation) and present day sediment burial depths’'. For samples other than PD40, the
overburden was assumed to consist of 40 cm of sand (the target sampling depth below the
base of the marl) containing 5% water by mass (assumed bulk density 1.74 g/cm®), with the

remainder of the overburden depth being carbonates also containing 5% water by mass
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(measured bulk density 1.36 g/cm?). For PD40, the entire overburden was assumed to be sand
with an assumed bulk density of 1.74 g/cm’. Using these assumptions, cosmic rays contribute
between 33 % (PD15) and 44% (PD40) of the total calculated dose rate, meaning that
accurate estimation of the cosmic ray dose rate is more important for these samples than is
normally the case. Therefore, the assumptions regarding burial depth require detailed
consideration. Firstly, it was assumed that Unit 2 was deposited instantaneously above PD15-
17 and PD41, while the full depth of Unit 3a was deposited instantaneously above PD40.
This assumption allows the cosmic dose rate to be regarded as constant throughout the
sample’s burial period. For Unit 2, this assumption must approximate reality since the OSL
ages for samples below Unit 2 are indistinguishable from those above. For unit 3 geologically
instantaneous deposition cannot be demonstrated, but seems likely based on the interpretation
that this deposit represents the encroachment of fluvial sedimentation during the final drying
of Al Wusta lake (SI Section 5). Uncertainties on the cosmic ray dose rate were set at =10%.
Assuming that the overlying sediments were deposited rapidly, mean overburden during a
sample’s burial period is unlikely to have been lower than that in the present day.
Consequently, cosmic ray dose rates calculated as described above are either accurate or
overestimates of mean burial dose rates. Cosmic ray dose rate overestimation will occur
where appreciable reduction in the depth of overlying sediments has occurred since burial. In
the case of samples overlain by carbonate beds (all except PD40), the cohesive nature of
these sediments suggests that limited removal of overlying carbonates has occurred since
burial. Conversely, the coarse surface lag (Unit 3b) above Unit 3a (Sample PD40) suggests
that some overburden loss due to deflation has occurred (SI Section 5). It 1s difficult to
estimate the quantity of material lost due to this process, but the sensitivity of the true cosmic
ray dose rate to deflation may be estimated. In the present case, the lower (-10%) boundary of

the estimated cosmic ray dose rate would be achieved by adding ~40 cm of sand (bulk
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density 1.74 g/cm”) to the burial depth of the shallow samples (PD17 and 40), or ~70 cm to
the burial depth of the deeper samples (PD15, 16, 41). However, this calculation represents
the worst-case scenario, since it implies greater overburden throughout the burial period,
followed by instantaneous removal of ~40/~70 cm of sand immediately prior to sampling. If
a more realistic model, assuming continuous deflation throughout the burial period is used,
then the lower boundary of the estimated cosmic ray dose rate is achieved after removal of 80
cm of sand overlying the shallow samples, and 140 cm of sand overlying deeper samples.
These considerations suggest that the £10% (1o) uncertainties assumed for our cosmic ray

dose rates encompass reasonable variations in overburden density over time.

Dose rates and sample ages are presented in Supplementary tables 16 and 17 respectively. All

analyses were carried out in the Royal Holloway Luminescence Laboratory by SA and R C-

W.
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SI 4 Site chronology and Bayesian model.

The combination of different numerical dating methods enables us to provide ages for AW-1
and associated sediment and fossils. The chronostratigraphic evidence available may be
summarized as follows (Supplementary Figures 11 and 12):

- The human phalanx was found on the surface of Trench 1, on an exposure of Unit 3b.
Direct U-series dating of AW-1 itself provides an age of 87.6 = 2.5 ka (2o confidence
level). This result should be regarded as a minimum age for the fosil..

- A hippopotamus tooth (WU1601) was collected from Trench 1 within Unit 3a, one
metre away from AW-1 (Supplementary Figure 14). U-series dating of the dental
tissues provides apparent ages of 83.5 = 8.1 ka (enamel) and 65.0 £ 2.1 ka (dentine)
(26). These minimum age results are consistent with that obtained for AW-1,
suggesting that both fossils are coeval.

- Combined US-ESR dating of WU1601 yields an age of 103 +10/-9 ka (10), indicating
a relatively early uranium uptake in dental tissues (p=-0.83 and -0.53 for enamel and
dentine, respectively). This age estimate is compatible with the minimum age results
derived from U-series dating of AW-1 and WU1601.

- The OSL sample collected from PD40 section within the same Unit 3a provides an
age of 98.6 £ 7.0 ka (PD40). This estimate is consistent with the US-ESR age
obtained for WU-1601 and the minimum age of ~88 ka obtained for AW-1.

- Three OSL samples collected from Unit 1 provides ages of 85.3 = 5.6 ka (PD17), 92.2
+ 6.8 ka (PD41) and 92.0 + 6.3 ka (PD15). These ages are internally consistent and a
weighted mean age of 89.3+3.6 ka may be derived. Because Unit 1 is stratigraphically
located below Unit 3a, these results provide a maximum possible age for Unit 3 and

the associated fossils.
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The combination of these data suggests a 2¢ time interval of 85.1 to 96.5 ka for AW-1 (86.5-
92.9 ka at 1o) based on the minimum and maximum age constraints derived from the direct
U-series age (87.6-2.5 = 85.1 ka) and the weighted mean OSL age of Unit 1 (89.3+7.2=96.5
ka). This age range agrees well with the US-ESR age result obtained for WU1601 collected

close to AW-1 (Supplementary Figure 14).

In order to further constrain the chronology of the deposits, all these data were incorporated
into a Bayesian sequential phase model with phase 1 (underlying acolian sand) corresponding
to Unit 1 and Phase 2 (lake phase) to both Units 2 (no samples dated) and 3. We have not
excluded shared systematic uncertainties (e.g. uncertainties shared between OSL ages) from
the uncertainty term on individual ages. The exclusion of shared systematic uncertainties may
be appropriate where: 1) a number of age estimates for a single event are being combined
(e.g. 10 OSL ages for a single stratum) or 2) where the principal aim is to determine the
duration of time represented in a phase of activity/deposition. However, we use the Bayesian
sequential phase model to determine the timing of deposition of the AW1 specimen. Here the
uncertainties on individual ages (whether shared or not) do represent the uncertainty on the
timing (but not, in the case of shared uncertainties, the duration) of deposition. With this type
of model removing systematic uncertainties would give a false sense of precision to the
depositional age for AW1. Modelled ages indicate that deposition of Unit 1 ceased 93.1 £2.6
ka (Phase 1, PD15, 17, 41) and that Units 2 and 3 and all associated fossils were deposited
between 92.2 + 2.6 ka and 90.4 + 3.9 ka (Phase 2, all other ages). The end date for phase 2
should be treated as a maximum value since no overlying material is present, precluding the
possibility of further constraining the end of this phase. The timing of the lake phase is earlier
than that indicated by other humidity records from the region. Given that the three samples

from sands underlying the lake (arid phase indicators) are internally consistent, and coincide
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with the MIS 5c insolation minimum, we propose that the subsequent lake phase correlates

with the strengthened summer monsoon associated with the insolation peak at 84 ka (Fig. 6).

22



The code used to produce the Bayesian sequence model is as follows:

Plot()
{

Sequence()
{
Boundary("Start 1");
Phase("1")
{
Date("PD41",N(calBP(92200),6800))
{
15
Date("PD17",N(calBP(85300),5600))
{
B
Date("PD15",N(calBP(92000),6300))
{
¥
1B
Boundary("End of sand");
Boundary("Start of lake");
Phase("2")
{
Date("PD40",N(calBP(98600),7000))
{
B
Before("1")
{
Date("AW-1",N(calBP(87600),1250))
{
s
B
Before("ii")
{
Date("Hippo enamel",N(calBP(83500),4050))
{
§5
15
Before("iii")
{
Date("Hippo dentine",N(calBP(65000),1050))
{
55
g
Date("US-ESR",N(calBP(103000),10000))
{
¥
s
oundary("End of lake");
¥

35
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SI 5. Stratigraphy, sedimentology and palaeoecology.

5.1 Results

5.1.1 Sedimentology

Unit 1 consists of loose, cross-bedded medium to coarse sands that contain evidence for
bioturbation and iron-staining, this deposit underlies the sequence across the whole Al Wusta
site (Supplementary Figures 13 and 14). The carbonate beds (Unit 2) exposed at Al Wusta are
structureless and homogeneous, with some evidence for weak, horizontal laminations in
PD16 sediments at depths between 70-40 cm. Carbonate content is high throughout all three
sequences (typically >50%, Supplementary Figure 13), but the sediments have a low density
typical of diatomite when dry. Shell fragments are rare but are present in the base of PD15
and PD16 and towards the top of PD16. These fragments are obvious in thin section but not
in hand specimen and any picked remains could not be identified to specific taxa. During
sieving of samples for isotopic analysis the coarse residue, >63um, was examined and
ostracod fossils were not observable. XRD whole rock analysis (that characterises the
mineralogy of crystalline mineral composition, and consequently will not identify organics
and non-crystalline biominerals, i.e. diatoms), indicate that the samples are dominated by
calcite (>90%) with minor amounts of quartz (Supplementary Table 18 and Supplementary
Figurel5). Peaks that are attributable to evaporitic minerals such as gypsum and halite are
present but the peak heights are so small that they are indistinguishable from background
noise. Unit 3a consists of medium sands that are weakly horizontally laminated and contain
fragments of eroded marls, occasional clasts and shells (Melanoides tuberculata and

Planorbis sp). The upper part of Unit 3 (Unit 3b) is effectively desert pavement and has been
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formed by the aeolian deflation of Unit 3a, concentrating clasts, shells, lithic and fossils at the
land surface. The upper parts of Unit 3a contain calcite-cemented rhizolith that, as a result of

progressive sediment deflation, now occur at the land surface as a cemented cap.

5.1.2 Micromorphology

All samples are dominated by homogeneous microsparite with some local zones of spar and
micrite (Supplementary Figure 16a). Most sediments are massive with no clear sedimentary
structures except for the sediments in PD16 (40-70 cm) which show evidence for finely
laminated calcite, with laminations reflecting alternations between fine-grained micrite,
coarser microspar and organics (Supplementary Figure 16b). Towards the top of PD17
laminations of allogenic quartz grains occur but these are infrequent (30-40 cm). Where

quartz grains occur, their surfaces show signs of etching and replacement with calcite.

Organic remains are present in either an amorphous form or showing clear signs of cellular
preservation. Diatoms and sponge spicules are visible in many slides (Supplementary Figure
16¢) and the latter are typically most abundant at the sample levels with the lowest %
carbonate values. Iron staining occurs towards the top of PD15 (40-50 cm) and towards the
base of PD16 (0-10 cm). There is no evidence for neomorphism and negligible evidence for

pore-infilling of secondary cement.

5.1.3 "0 and 6"C analysis

The 8'%0 and 8"°C values of the sub-samples from the four sampling locations (PD15, 16, 17

and 40) are shown in Supplementary Figure 17 Data from all four sections show very similar
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8'%0 values), although there is a significant scatter in each dataset. Greater variation occurs
within the mean 8'°C values, although the standard deviations of each dataset are again large.
Although the dataset from each sampling locality is small PD15 (n = 8), PD 16 (n = 15),
PDI17 (n=7) and PD40 (n = 12) it is sufficient to show the following patterns: 1) there is no
co-variance in 8'0 and 8'°C values at any site or within the whole dataset level (* ca 0.2)
and 2) there is no consistent pattern of variation upwards through the profiles. With regard to
the second point, while there is a clear trend at site PD40 of increasingly positive values
upwards through the profile the reverse is true of PD16. Interpretation of these conflicting
signals is problematic because it is unclear whether the deposits in each sequence are
absolutely contemporaneous. One sample of calcite rhizolith was analysed from the calcrete
capping PD40. This sample has the highest 5'°0 value of the dataset, but it is the 8°C value
that is most significant as the high value (-1.12%o) implies that the vegetation that became

established after the lake basin infilled/desiccated was a C4 grassland.

5.1.4 Diatoms

The diatom flora at PD15 and PD16 are shown in Supplementary Figures 18 and 19. Both
sites show very similar species assemblages. The diagrams are divided into statistically
significant zones based on a comparison with the broken-stick model using the program
BSTICK version 1°%. The species diagrams of each site can be divided into three statistically
significant zones, the main characteristics of which are outlined below, along with the main

environmental implications of these assemblages:

PD15

Zone |
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This zone comprises planktonic species (Lindavia rossi, Cyclotella krammeri and Lindavia
ocellata) which is illustrated by the high planktonic: benthic ratio. The CA and DCCA axis 1
scores decrease slightly in this zone. The log concentration, however, increases in this section

meanwhile there is a minor decrease in the F index.

Zone 11

This section reflects a change in species from mainly planktonic taxa to an increase in benthic
taxa (Cymbella affinis and Nitzschia angustata) and periphytic (Staurosirella lapponica and
Ulnaria ulna (agg.)). The increase in benthic and periphytic taxa is notable in the habitat
composition diagram. The CA and DCCA axis 1 sample scores both decline considerably.

There is also a decrease in the log concentration and the F index remains low.

Zone 111

Aulacoseira italica and Aulacoseira granulata are the dominant taxa of this zone. The sample
at 40 cm does not contain any benthic taxa therefore the planktonic: benthic ratio cannot be
calculated for this level which is reflected in the habitat composition diagram. There is an
increase in the CA axis 1 sample scores meanwhile a decrease in the DCCA axis 1 sample
scores and log concentration occurs. The F index, which is a dissolution index, shows that the

level of preservation is high for this sample in comparison to the rest of the profile.

pH
The assemblage reflects increasing pH as Lindavia ocellata usually occurs in mesotrophic
lakes>®, whereas Staurosirella lapponica, Stephanodiscus hantzschii, Aulacoseira granulata

and Aulacoseira italica are indicative of eutrophic lakes®*”’. Staurosirella lapponica and
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Stephanodiscus hantzschii are good indicators of high alkalinity lakes meanwhile

Aulacoseira granulata and Aulacoseira italica are characteristic of carbonate rich lakes.

Lake depth

The planktonic: benthic ratio and the habitat summary show that zone I is the deepest as
planktonic (e.g. Lindavia rossi and Cyclotella krammeri) and tychoplanktonic (e.g. Lindavia
ocellata) taxa increase to reach a peak at 0cm’*>"-. The proportion of periphytic taxa
increases throughout the zone II meanwhile benthic (e.g. Cymbella affinis and Nitzschia
angustata) taxa reach a peak at 20 cm suggesting a decline in water depth which remains low
for the remainder of the sequence. Aulacoseira italica and Aulacoseira granulata, which are
periphytic and planktonic taxa respectively, dominate in zone Ill. Aulacoseira granulata
suggests that lake levels were quite shallow5>® up to a few metres and quite turbulent®>"’.
Aulacoseira italica accounts for 65% of the assemblage at 40 cm also suggesting shallower

conditions as the habitat summary shows that this level comprises of periphytic and

planktonic taxa with a small proportion of taxa with unknown ecology.

Salinity

There are very few saline tolerant species except for Epithemia argus which can be found in
harsh conditions from saline to high alkaline, nutrient poor conditions. Due to its low
abundance and the lack of other saline species salinity is not a major driver of this

assemblage.

Phosphorous
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The taxa (Lindavia rossi, Cyclotella krammeri and Cyclotella ocellata) show increasing
nutrient enrichment from a mesotrophic lake, which suggests moderate phosphorous
concentration to eutrophic conditions with high phosphorous concentrations characterised by

Stephanodiscus hantzschii, Aulacoseira granulata and Aulacoseira italica™®> .

PD16

Zone I

Stephanodiscus and Aulacoseira are the dominant taxa in this zone with small increases in
Fragilaria delicatissima, Staurosirella lapponica and Cymbella affinis. There is an increase
in the planktonic: benthic ratio at the 10 cm which remains stable until zone II. The PCA and
DCCA axis 1 scores diverge at 0 cm; however, both show little change meanwhile the log

concentration and the F Index both increase until 10 cm before decreasing.

Zone II

There 1s a large decline in Aulacoseira italica in this section, while a decrease in the
periphytic taxa occurs with a contemporaneous increase in benthic taxa. The PCA axis 1
scores remain stable; meanwhile there is an increase in the DCCA axis 1 sample scores,

fluctuations in the log concentration and an increase in preservation in this zone.

Zone 111

Lindavia rossi, Cyclotella krammeri and Lindavia ocellata are the predominant taxa of this
zone; however, Aulacoseira italica and Lindavia ocellata are the main taxa at 70 cm. The
reduced abundance of benthic taxa is reflected by the increased planktonic: benthic ratio. The
PCA and DCCA axis 1 sample scores also illustrate the change in composition. The log

concentration and F Index both follow the same trend and decrease overall in this section.
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pH

The assemblage shows generally declining pH from Stephanodiscus hantzschii,
Stephanodiscus parvus, Aulacoseira angustata, Staurosirella lapponica, Aulacoseira italica,
Cymbella affinis, Lindavia ocellata, Cyclotellla krammeri and Lindavia rossi. The interaction
of other variables, for examples, depth, light and phosphorous can also affect the abundance

of different taxa®®!

. The taxa present in zones I and II are associated with higher pH
consistent with lower water levels which can concentrates the pH. In zone III the taxa
changes and reflects lower pH conditions coherent with higher water levels which dilutes the

pH level and other nutrients®>®.

Lake depth

The planktonic: benthic ratio and habitat summary shows that zone I and II consists of mainly
benthic taxa and periphytic taxa suggesting lower water levels. Zone III comprises of mostly
planktonic and tychoplanktonic species, indicating higher water levels. The PCA and DCCA
axis 1 sample scores both show a big change in the composition and, over time, of the

assemblage, reflecting the change in water level.

Salinity
Epithemia argus is the only saline species present in the diagram which indicates that

assemblage is not significantly influenced by salinity.

Phosphorous

The response to nutrient enrichment, which is usually linked to phosphorous, follows the

same trend as pH of decreasing nutrient status as reflected by the declining nutrient tolerant
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taxa. Nutrient cycling within the lake is also affected by other variables (e.g. depth, light and
pH) thus in zones I and II where there is lower water depth the phosphorous concentration
increases enabling Stephanodiscus hantzschii and Aulacoseira granulata to thrive.
Conversely in Zone III the assemblage consists of species with a low threshold for
phosphorous which suggests a higher water level as the phosphorous becomes more

dilute®>%3,

The overall change in the diatom assemblages can be assessed by the changes in the species
composition of the sample (PCA or CA) and over time between the samples (DCCA). CA
was used in PD15 which shows that there are substantial changes from 20 cm to the top of
the core as the exploratory DCA axis 1 gradient length was >1.5 SD units. The DCCA also
shows a corresponding high species turnover which suggests a large change in species
composition between samples which the decrease in the planktonic:benthic ratio reflects.
PCA was used in PD16 (gradient length of exploratory DCA was <1.5 SD units) that shows
there are smaller species compositional changes within this site than PD15. The largest
change occurs between 40-50 cm at PD15 which is simultaneous with a change in taxa
reflected by the sudden increase in the DCCA axis 1 sample scores and the planktonic:
benthic ratio. Although the changes appear larger in PD15 there are caveats to consider; the
small sample size of 5 samples at this site may not be as representative of the environment as
a larger dataset so the results may change if more samples were analysed at more frequent
intervals. The planktonic:benthic ratio of PD15 is smaller than that of PD16 suggesting less

fluctuation in the water level.

5.2 Interpretation
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The proxy data outlined above allows the environment and hydrology of the Al Wusta lake
beds to be reconstructed. This has implications for both the environment of the site itself but

also for the regional palaeoclimate of the time.

5.2.1 Environment and hydrology of the Al Wusta lake beds

The loose and cross-bedded nature of the sands of Unit 1 are typical of acolian dune sands
and indicate that, prior to carbonate accumulation, the Al Wusta site was affected by active
dune migration. Unit 2, characterised by massive carbonate beds and their microfabrics, is
typical of the accumulation of authigenic carbonate marl on the bed of a lacustrine
environment®*®*. The precipitation of carbonate in the water column and its deposition out of
suspension leads to the development of fine-grain marl beds. The structureless character of
the beds is indicative of shallow water resulting in the sediment being oxidised and
consequently bioturbated, or exposed to water column turbulence by surface winds. The
preservation of laminations within PD16 most probably relates to short-term episodes of
deeper water or more rapid rates of sedimentation. Despite being shallow there is no
sedimentary evidence to indicate that the lacustrine environment underwent desiccation, as
there is a complete absence of surface exposure features, and the character of the sediments
are consistent throughout the entirety of the bed®*. The shallow nature of the water is
supported by the diatom assemblage which contains significant proportions of Aulacoseira
italica and Aulacoseira granulata which indicates a few metres of water depth, with the latter
being indicative of turbulent water conditions. While changes in the plantktonic/benthic ratio
of the diatom assemblage suggest progressive changes in water level there is no evidence to
indicate that the water level dropped to sub-aerially expose the lake beds. Consequently, the

beds record the existence of a perennial water body.
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The diatom flora is dominated by freshwater species with negligible evidence for salinity
tolerant species. The lake was, therefore, a freshwater environment; an interpretation
supported by the dominance of calcite in the lake XRD mineralogy traces and an absence of

evaporitic minerals such as halite and gypsum.

A lack of covariance in 3'*0 and 8"°C values is often used to indicate whether a lake basin
was part of an open system (i.e. a system with an active inflow and outflow to the basin) or
not. Generally, the absence of co-variance is indicative of open-system lake waters that are
regularly recharged; this has the effect of limiting any in-basin modification of the isotopic
signal by processes such as evaporation®. Such a scenario could be true of the Al Wusta lake
beds as the persistence of freshwater conditions (as evidenced by the diatom assemblages)
and the lack of evaporative minerals would indicate that this system never underwent
sufficient evaporation to produce brackish or saline conditions. However, two points are
important to consider here. Firstly, a number of studies exist that report closed lake systems
that do not show co-variance in their isotopic signals®’. The exact cause of this is not always
clear, however, it highlights the fact that the absence of 8'°0 and 8"°C co-variance at Al
Wousta should not be used as definitive evidence of this site recording an open lake system.
Secondly, it is important to acknowledge that, even when there is no isotopic covariance, the
8'%0 of the water in open system lakes can still become enriched as a result of the
evaporation of surface waters. However, as such systems have regular recharge this does not
result in the waters becoming brackish or saline®. This is an important point as it is
impossible to say whether minor or major evaporative enrichment in lake 8'*O water values
occurred at Al Wusta, but the diatom and mineralogical evidence shows that if such

evaporation did occur, it was not sufficient to cause the waters to become brackish.
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In summary, the proxy evidence indicates that Unit 2 represents the deposition of marl in a
perennial water body that was entirely fresh. At this time the Al Wusta lake basin was an
accessible and permanent freshwater resource for any early humans in the region. The pattern
in the 8'%0 values seen at site PD40 (an increase in 8'°0 values upward through the
sequence) could reflect a trend to greater aridity during the accumulation of this sequence
(with increasing values reflecting greater evaporation and hence greater aridity). However, as

the reverse is true for PD16 it is difficult to know how robust this interpretation is.

The mean 5'*0 values of this sequence (-2.4 to -1.9%o) reflect both the 8'*0 value of the lake
water and the temperature at which carbonate precipitation occurred®®. Both of these are
unknown, however, the nearest local isotopic datasetindicates that modern rainfall has a §'°0
value of -4.0 to -4.5%0%. If such values occurred at the time of marl development at Al Wusta
then it is likely that either the temperature of mineralisation was surprisingly low (i.e. a
carbonate with a mean 8'°O value of -2.2%o precipitating from water with a mean 8'°0 value
of -4.25%o would form in isotopic equilibrium at a temperature of ca 11°C) or that significant
isotopic enrichment, through evaporation, of the lake water had occurred. It is also important
to consider, however, that the modern climate system that generates rainfall with a value of -
4.0 to -4.5%o 1s a function of a westerly dominated system. As most humid phases in the
Arabian Peninsula are suggested to relate to increased monsoon strength’’, it is likely that the
8'%0 value of the rainfall during the formation of the lake system at Al Wusta was
significantly different, and most likely heavier, than modern day values. A strong south to
north gradient in the 8'°0 value of modern rainfall appears to exist in Arabia in the present
day, with values in the southern part of this region being >0%o in contrast with those in the

north that are around 4%o’'. Only a small northward shift in the air masses bringing rainfall
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from a southerly source would, therefore, produce a significant increase in the 8'°0 value of

rainfall at Al Wusta.

Consequently, it is currently unclear whether the marl 3'*0 value of ca -2.2%o is a function of
low water temperatures, isotopic enrichment, different air mass trajectory or a combination of
all of these factors. Although many of the artefacts and fossils are found within Unit 3 it is
important to stress that in sifu artefacts are found with Unit 2 implying that humans were

present in the landscape during the existence of the perennial freshwater lake body.

The deposits of Unit 3a are interpreted as waterlain sands based on the presence of freshwater
molluscs, the horizontal laminations and the incorporation of ripped up fragments of the
underlying marl. The sands are interpreted as reflecting the encroachment of fluvial
sedimentation during the final phase of basin infilling, either as a result of desiccation or
simply due to the progressive reduction in available accommodation space. It is considered
that the former is more likely as the inclusion of ripped up marl fragments would imply that
the upper surface of Unit 2 had dried out and fragmented prior to the deposition of Unit 3a.
The waterlain sands are capped by a horizon of calcified rhizoliths that represent the final
transition from sub-aqueous to terrestrial conditions at the site. The coarse surface lag (Unit
3b) reflects the winnowing of Unit 3a by aeolian processes and the formation of a desert
pavement. The relatively resistant nature of the rhizolith horizon makes this layer resistant to
aeolian erosion resulting in the occurrence of these features as a cemented cap at the top of

the sequence.

The majority of the excavated Al Wusta artefacts and fossils are found in Unit 3a. As the

sediments of this unit contain evidence of eroded and reworked marl from Unit 2 it is
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possible that the archaeological and faunal material has been derived from Unit 2 and
reworked into the fluvial sands. If this is the case then it supports the idea that human
occupation at the site is associated with the existence of a perennial, freshwater lake. If the
artefacts and fossils are in situ then it implies that occupation of the site must have persisted

after the contraction of the lake basin and the desiccation of the water body.

5.2.2. Implications of the Al Wusta sequence for regional palaeoclimate

The proxy record of the Al Wusta sequence records the existence of a perennial, freshwater
lake system. Regarding human migration into this region, it is important to establish whether
the existence of such a system can be explained by local hydrogeology or by increased
regional moisture (i.e. the occurrence of a humid phase). It is argued here, despite evidence
from only a single site being presented, that an increase in mean annual precipitation is
required to explain the development of the Al Wusta lake basin. This suggestion is based
upon three main observations. Firstly, the fact that Unit 2 comprises well-developed marl
beds means that the lake waters must have been fed by groundwater recharge. The presence
of sufficient dissolved Ca®" in the lake waters to produce extensive marl precipitation
requires migration of the waters through an aquifer. While much of the underlying geology is
quartz rich sands, these are interbedded with units of carbonate rich marls that reflect phases
of lake activity that pre-date the formation of the Al Wusta sequence. It is likely that these
beds are the source of the dissolved minerals that fed into the Al Wusta basin. Secondly, no
groundwater fed lake systems currently exist in the Nefud as the water table is too low.
Surface water bodies are, therefore, restricted to highly ephemeral recharge playas. Thirdly,
the underlying sediments and bedrock in this region are highly permeable aeolian sands; no

local impermeable strata exist that could generate a locally perched water table that would
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explain the existence of a lake system at this site. It is, therefore, proposed that the genesis of
a groundwater fed lake system at this locality requires a regional increase in mean annual

rainfall and the persistence of a humid phase in the Nefud Desert.

5.2.3 Summary

The Al Wusta sequence records the evolution of the site across an entire humid phase from
aeolian deposition (Unit 1) to the development of lacustrine conditions (Unit 2) to the
progressive drying out of the lake basin and the reversion to terrestrial conditions (Units 3a
and b). In particular, the diverse range of proxies discussed here indicate that the Unit 2
carbonate deposits at Al Wusta were deposited in a perennial shallow (a few metres of water
depth) alkaline lake environment. This lake water body formed as a result of a humid phase
and was fresh throughout its existence, making it a major resource for humans and fauna

during this interval.
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SI 6. Al Wusta vertebrate palaeontology, biogeography and taphonomy.

The Al Wusta vertebrate fossil assemblage (Supplementary Table 19; Supplementary Figure
19) is very fragmented, with few complete bones recovered. Fossil weathering is extensive
and much of the cortical surfaces of the bones are missing, making skeletal element and
taxonomic identification difficult. Of the 860 specimens, 305 are identifiable to skeletal
element, with long bone shafts most common (Supplementary Table 20). Of the 12 distinct
taxa identified, medium-sized bovids are most abundant, followed by small-sized bovids and
Hippopotamus. Hippopotamus is represented solely by incisor and tusk fragments recovered
in situ. Kobus sp. is represented by partial right M, and M3 teeth (Supplementary Figure 20).
The Mj; has a distally positioned lingual accessory cusp, simple and flattened U-shaped
infundibulum, and a rounded buccally projecting hypoconulid. The occlusal length is within
the range of K. ellipsiprymnus; nevertheless, the specimen is too fragmented to allow positive
species identification. Rodentia is represented by two specimens, a maxilla fragment missing
all molars, and an almost complete cranium including part of the mandible. Despite the
completeness of this specimen, it is distorted, fragile and partially covered in matrix, making
a more precise taxonomic identification difficult. Two isolated reptile teeth belonging to a
species of Varanus were identified. The presence of Struthio is confirmed by numerous egg
shell fragments recovered in situ. Additionally, two smaller-bodied species of birds are

represented by incomplete long bone fragments.

While Hippopotamus is restricted to Africa today, during the Pleistocene it was common
throughout parts of Europe and Asia’>"". Dispersals out of Africa led to localised speciation
events in Europe and the Levant’*; however, there is some debate surrounding the precise

number of Hippopotamus species’>'®. While it seems likely that the Al Wusta specimens
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represent an out of Africa dispersal, it should be noted that H. amphibius has been identified
at sites in Britain and Central Europe dated near the Middle to Late Pleistocene
transition’*"""®. Pelorovis is common in East Africa throughout the Pleistocene and is also
found at a few sites in North Africa but is absent from Europe and the Levant after the Early

. -81
Pleistocene’’

. Both Pelorovis and Hippopotamus have been identified at other sites in
Saudi Arabia®** suggesting repeated dispersal events into the Arabian Peninsula during
periods of climate amelioration. Kobus typically inhabit flood-plains and grasslands
bordering water®*. During the Middle and Late Pleistocene Kobus was restricted to Africa
and mostly south of the Maghreb. Notable northern occurrences were reported from Algeria
and Egypt, associated with the Last Interglacial®™, but is unknown from the Levant during
this period. This may support a tendency toward longitudinal dispersals®’, in this case
eastward dispersal out of Africa and into the Arabian Peninsula via the Southern Levant.
Struthio 1s common in Africa, but has also been identified by eggshell fragments on the
Indian subcontinent from as early as the Middle Miocene and as recently as 18 ka®"*,

Struthio has been found at several sites in the Levant, and was extant in Southwest Asia until

the 20™ century.

Weathering of many specimens, particularly those collected from the surface at the western
edge of the southern ridge at Al Wusta, suggests that they were likely exposed for a
significant period of time post-fossilisation, with abrasion and polishing attributable to
aeolian processes. Surface fossils included several refits recovered in close proximity,
suggesting limited post-exposure transport. It is likely that such specimens became
concentrated on the surface as a result of winnowing of the main fossiliferous layer. For these
specimens, post-mortem weathering (i.e. prior to fossilisation) was impossible to determine

due to the extensive fossil weathering of the cortical surfaces (i.e. following fossilization).
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Specimens collected in situ were typically better preserved and lacked the abrasion and
polishing common to the specimens from the surface. Pre-depositional weathering of these
remains, on the other hand, was difficult to determine due to the fragmentary nature of the
fossils and the fact that many specimens remain encrusted in carbonate. Despite the absence
of large-bodied mammalian carnivores in the fossil assemblage, tooth pits potentially
attributable to hyenas, large canids, or large felids are evident on some bones (Supplementary
Figure 20H; Supplementary Table 21). Manganese staining is also present on numerous
specimens. Two small bone fragments may have been burnt: one is blackened and the other
one is dark brown in colour. However, their preservation is too poor to confidently rule out
diagenetic discolouration. No additional bone surface modifications were observed, although
this was not surprising considering that fine scale modifications are likely to have been

removed during weathering.

Analysis of long bone circumference revealed a majority of type 1 shafts (75%), with type 2
and type 3 occurring much less frequently (12% and 13%, respectively). The type 3 and type
2 to type 1 index 1s 0.31, falling within the typical range identified for assemblages
accumulated by carnivores and hominins®. While extensive fossil weathering may also have
contributed to the production of type 1 shafts; nevertheless, there is evidence for large
carnivores and hominins at Al Wusta and it is likely that they contributed to the production of
type 1 shafts during prey processing and consumption. Furthermore, the under-representation
of epiphyses (N = 11) at Al Wusta supports carnivore ravaging of long bone ends” although
this may also be an artefact of other non-biological preservation biases. Additional support
that bone breaking agents were, at least in part, responsible for the accumulation of bones is
the presence of green breaks (N = 12). Unfortunately, the assemblage is too poorly preserved

to determine a primary accumulator.
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SI 7. Al Wusta lithic technology.

7.1 Introduction

The Al Wusta lithic (stone tool) assemblage consists of 380 artefacts, systematically collected
in transects and piece plotted from the southern end of the site in close proximity to the marl
beds and from excavations in 2016 and 2017 (Figure 1). Lithics continued to the north, but
were not included in the analysis here, which is limited to material south of the Holocene
playa (Figure 1). The assemblage is Middle Palaeolithic in its characteristics, with a focus on
centripetal Levallois reduction, particularly of chert and quartzite. Retouched tools are
predominantly side-retouched flakes. The lithics, all from the same spatially restricted area,
also display similar raw materials, weathering and technology and are therefore treated here
as a single assemblage. The Al Wusta lithic assemblage is a valuable reference point for late
MIS 5 Arabia, and displays similar technological features to other contemporary Arabian

43,91-93
asssemblages™™” 7.

The Al Wusta lithic assemblage can be divided into the following categories (% in brackets
shows % of total assemblage): 229 flakes (60.20%) [of which 36 are Levallois flakes,
9.47%], 55 chips and chunks (14.47%), 21 retouched flakes (5.52%), one hammerstone
(0.26%), and 74 cores (19.47%). Our aim here is to describe the basic technological

characteristics of this lithic assemblage, which we analysed using the methodology and

94-96 93,97

terminology described by Scerri and colleagues and Groucutt and colleagues

The surface lithic assemblage was found closely associated with the marl deposits. Eleven

lithics were excavated at the site, in the upper part of the marl and in the overlying in situ
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sand layer. The excavated material demonstrates similar characteristics to the larger sample
from the surface, and includes similar raw material (focus on local lacustrine chert), three
Levallois cores, flakes with facetted platforms and a debordant flake. The density of lithics
on the surface, together with the considerable variation in their size suggests that they are not
extensively redeposited, and we suggest that they were made by hominins beside the late MIS

5 lakeshore and then deposited into the lake by gravity and low energy movement.

7.2 Raw materials

In terms of raw material composition, the most common material consists of

a local lacustrine chert (65.09%), followed by quartzite (17.59%), ferruginous quartzite
(11.02%), quartz (5.25%), argillaceous sandstone (0.52%), and other sandstone (0.52%). This
raw material structure is unusual for the area. Al Wusta is the only identified Middle
Palaeolithic assemblage in the region not dominated by quartzite, generally highly
ferruginized’'”>"". It appears that suitable quartzite is rare in the environs of Al Wusta,
with our survey of the area showing an absence of large beds of ferruginous quartzite (Figure
5¢). Non-ferruginous forms of quartzite (e.g. Figure 5f) are relatively common in the
assemblage, and appear to occur as rounded pebbles of fluvial or conglomerate origin. Aside
from chert, other materials occur in low frequencies, such as quartz (Figure 5Se), which occurs
as small pebbles in the bedrock of the area, and a rare type of rock which can be described as

argillaceous sandstone’” (Figure 5A).

The dominant raw material consists of chert, which occurs with varying colours and textures.

The most common is brown in colour (e.g. Figure 5d). Our surveys of the area show that this

material has formed in lakebeds in the area, which form a raw material source when exposed
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by subsequent erosion. We have conducted knapping experiments with this raw material,
which shows that while variable, it is difficult material for knapping. The dominant chert at
Al Wusta seems to be a particular poor quality form. The chert clasts are relatively small
(always smaller than fist sized), have a very thick and undulating cortex, and frequently have
inclusions. The material is also extremely hard, and has to be struck with considerable force
to remove a flake. Despite these limitations, if knappers could access the inner part of the
nodules, the chert is fine grained and appears to have reasonable properties of conchoidal

fracture.

7.3 Core technology

The 74 residual Al Wusta cores are dominated by Levallois cores (54, 73%), with smaller
numbers of non-Levallois multiple platform cores (12, 15.6%), double platform
(bidirectional) cores (two, 2.7%), single platform cores (two, 2.7%), tested/minimally flaked
cores (two, 2.7%), one radial core (i.e. a core flaked centripetally, but which is neither
Levallois nor discoidal) (1.4%), and one core fragment (1.4%). It is clear, therefore, that
reduction was dominated by use of the Levallois technique. Other methods appear more ad
hoc in character. Multiple platform cores, for instance, tend to be small, having a mean
weight of 19.3 g if one large outlier weighing 349.9 g is removed. This compares to the
average weight for all cores of 34.9 g (with the same outlier also excluded). This suggests
that multiple platform core reduction, the main non-Levallois reduction method, was
employed on small clasts and/or on heavily reduced cores, which may have been Levallois
cores earlier in reduction. There is no evidence of fagonnage reduction, nor of blade

production.
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Of the 54 Levallois cores, 36 (66.7%) are preferential Levallois cores with centripetal
preparation (e.g. Supplementary Figure 21a,b,d) and 13 (24.1%) are recurrent centripetal
Levallois cores (e.g. Supplementary Figure 21C). The small number of pieces not in these
categories are indeterminate Levallois cores where overshot removals have removed the
whole debitage surface (9.2%). From the geometry of the cores and the morphology of
platform surface these are clearly centripetal Levallois cores, but it is not clear if their final
phase of reduction was recurrent or preferential in character. Finally, one example each of
recurrent unidirectional and recurrent bidirectional Levallois cores were identified. Striking
platforms are facetted on 87% of the Levallois cores. In most cases preferential scars on
Levallois cores demonstrate the product of parallel sided and sometimes oval Levallois

flakes, with a small number producing pointed products.

Preferential and recurrent cores are similar in many features, for instance they have a similar
number of scars (average of 12.9 and 10.9 respectively) and a similar percentage of cortical
cover (23% and 27%). However, in terms of size recurrent cores are typically smaller (14.3 g,
0 9.0) than preferential cores (36.9 g, 6 42.7). These data indicate that, as a general pattern
and perhaps within a situation of interchangeable reduction between Levallois methods,
larger cores were reduced preferentially and a recurrent method was used late in reduction.
The predominant focus on centripetal Levallois reduction demonstrates a level of

homogeneity to core reduction at the site.

7.4 Debitage
Lithic debitage (n=284) at Al Wusta can be classified as complete flakes (185, 65.1%),
broken flakes (44, 15.5%) and chips/chunks (55, 19.4%). Our description here focusses on

complete flakes.
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The average length (technological), width (mid-point), thickness (mid-point), and weight of
complete flakes are 29.8 mm (o 11.9), 24.5 mm (c 9.2), 8.46 mm (c 4.2), and 13.1 g (5 16.3)
respectively. To aid comparability, if we exclude flakes which are less than 20 mm in length,

these values become 32.25 mm (o 11.3), 25.7 mm (¢ 9.4), 9.3 mm (c 4.3), and 14.6 (¢ 16.9).

Other basic features for complete flakes >20 mm in length include an average cortical cover
of 16.5% of the debitage surface, an average of 2.8 dorsal scars (c 1.7), striking platforms are
prepared (facetted or dihedral) in 41.6% percent of cases and striking platforms have average
external platform values of 74.9° (¢ 6.2). Dorsal scar patterns can be classified as: 31.5%
unidirectional, 2.4% unidirectional convergent, 1.6% perpendicular, 3.1% crossed, 11.8%

bidirectional, 13.4% subcentripetal, and 36.2% centripetal.

Complete Al Wusta Levallois flakes (e.g. Supplementary Figure 21E,G-K) are on average 33
mm in length, 25.5 mm in width and 7.4 mm thick. They are generally broadly parallel sided
in shape. They most commonly (64.5%) have centripetal scar patterns, with a further 12.9%
having subcentripetal scar patterns. The remaining Levallois flakes are characterised by
unidirectional scar patterns (16.1%) and unidirectional convergent (6.5%). 74.2% of the Al

Wousta Levallois flakes have prepared platforms.

Summarising these data, Al Wusta flakes are therefore typically small, quite commonly
cortical and with various scar patterns but particularly unidirectional and centripetal.
Levallois flakes are also small, and indicate a tendency to produce Levallois flakes by

centripetal preparation and hard hammer percussion from prepared platforms. These
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characteristics are consistent with the evidence from the cores in indicating that lithic

technology at Al Wusta is focussed on centripetal Levallois reduction.

7.5 Retouched flakes

A total of 21 retouched flakes were found at Al Wusta (15 complete). Three of these have
only distal retouch (e.g. Supplementary Figure 21m), seven are retouched along one lateral
(e.g. Supplementary Figure 21n), seven are retouched on both laterals (e.g. Supplementary
Figure 211), and two are retouched on both laterals and distally (two more are fragments).

Where it can be determined, 87.5% of striking platforms are facetted or dihedral.

Of the complete retouched pieces, they are mostly parallel sided and 66.7% have either
cortical surfaces or unidirectional scar patterns. Their average length, width, thickness and
weight are 33.6 mm (o 11.5), 24.34 mm (c 12.4), 10.7 mm (c 2.4), and 15.9 g (c 2.4). These

are similar values to the overall flake population.

In most cases retouch is ‘regular’, while 33% of retouched flakes have notches as well as
regular retouch. In all but one case, the retouch is continuous rather than clustered, and
virtually all of the retouch is semi-abrupt. Retouch is always found on either the dorsal
surface or on both surfaces, and never exclusively on the ventral surface. Index of

Invasiveness (I of I)'”

, values range from 0.094 to 0.5, averaging at 0.25. Geometric Index of
Unifacial retouch (GIUR)'"' values range from 0.45 to 0.89 with an average of 0.69. The

quite low values for I of I and high values for GIUR demonstrates that retouch was not

horizontally extensive across the face of the flakes, but was vertically quite intensive.

46



The retouched component of Al Wusta therefore shows a focus on typical side retouched
flakes (“scrapers”) with prepared platforms, as is commonly the case for Middle Palaeolithic

assemblages.

7.6 Al Wusta lithic technology in comparative context

The lithic assemblage of Al Wusta demonstrates a consistent approach to lithic technology,
focussed on centripetal Levallois technology. Here we will briefly consider this technology in

relation to sites elsewhere in Arabia and surrounding regions.

The corpus of Arabian sites which can be related to later MIS 5 by chronometric dating
techniques is small, but increasing. These include the ~75 ka assemblage at JQ-1 at

Jubbah® ’91, the ~ 100-60 ka assemblage from JSM-1 at Jubbah®'?° , and the ~85 ka
assemblage from Mundafan Al Buhayrah in southwestern Arabia’. We emphasise the latter
assemblage from Mundafan as the key example, with both good chronometric age estimates
and a large and diagnostic lithic assemblage. Most Arabian Middle Palaeolithic assemblages
remain undated, or have produced contradictory age estimates, which mean little can be said
on their age with certainty. The available chronologically secure data indicate that mid to late
MIS 5 sites demonstrate a focus on centripetal Levallois reduction, with both centripetally
prepared preferential and recurrent centripetal Levallois methods employed. In all cases they
lack bifacial fagonnage technology and beaked (‘Nubian’) Levallois reduction. Levallois
point production only occurs at marginal levels. Differences at these sites tend to correlate
with raw material aspects. Both MDF-61 and JQ-1 appear to be located far (>10 km) from
good raw material sources, and in both cases demonstrate highly reduced assemblages, both

in terms of core reduction and high levels of retouch’”’. In terms of size aspects, lithics at Al
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Wausta are relatively small for MP/MSA assemblages. They are much smaller than many
Arabian sites, but also not as small as sites with highly reduced assemblages elsewhere in

93,97,102 .
391102 Ve associate these

southwest Asia, such as Tor Faraj in Jordan and Warwasi in Iran
small size aspects primarily with raw material factors at Al Wusta. The relatively high levels

of retouch at Al Wusta likewise likely correlate with the limitations of raw material in the

area, encouraging resharpening/edge rejuvenation of existing pieces.

In areas to the north and west of Arabia a number of assemblages date to mid to late MIS 5
and share similar technological characteristics with Al Wusta. In the Levant this is most
clearly demonstrated by Qafzeh Cave, with its famous Homo sapiens fossils, dating to ~100-
90 ka'®'. Moving into northeast Africa, sites such as 1017 and 34a have been attributed to
later MIS 5 (~85-80 ka) on both stratigraphic grounds and with preliminary chronometric age
estimates'®'%. The technology of these sites again demonstrates a focus on centripetal
Levallois reduction. The Bir Tarfawi and Bir Sahara palaeolakes feature broadly similar
technology, and were repeatedly occupied during the wet phases of MIS 5'”’. In the Horn of
Africa key evidence comes from a series of dated assemblages in the Aduma area'®. These
date to between ~100 and 80 thousand years ago, and as with sites such as Al Wusta
demonstrate a focus on the centripetal reduction of small Levallois cores, and are also
associated with Homo sapiens fossils. While these sites feature similar core reduction
methods, in contrast to, for example, the unidirectional focus of MIS 4-3 Neanderthal
assemblages in southwest Asia, further research is needed to understand similarities and

differences in areas such as retouched tool technology.

While traditionally masked by variable analytical methodologies, differing regional

nomenclatures and a lack of knowledge on areas such as Arabia, we interpret these findings
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as indicating broad technological similarities across a large area in mid to late MIS 5''°,

However, East African sites appear to feature more of a focus on retouched point production
(although this must be matched against these sites having large sample sizes compared to
assemblages in places such as Arabia). In terms of core reduction methods, however,
assemblages in East Africa, northeast Africa, the Levant and Arabia all appear to be similar
in mid to late MIS 5. In line with available fossil evidence, we note that this pattern appears
to be most ancient in East Africa'®®!'%. In contrast to East Africa, areas such as the Nile
Valley, the Levant and Arabia demonstrate highly variable MP/MSA records. This pattern
suggests that at least in terms of visible (archaeologically preserved) aspects of material
culture, the earlier phases of dispersal into southwest Asia did not relate to radical
technological innovation. Phases of dispersal correlate with windows of climatic amelioration
in the Saharo-Arabian arid belt, while further research is needed to understand the nature of
demographic, social and behavioural changes in sub-Saharan Africa which might have
triggered dispersals. Beyond these broad observations of similarities in contemporaneous
similarities, detailed comparative studies of chronometrically constrained lithic assemblages

are needed to clarify patterns of similarities and differences in lithic assemblages.
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Supplementary Table 1. Calliper measurements of AW-1 phalanx following measurement

scheme of Horwitz and colleagues''!, proximal radio-ulnar maximum breadth following''*

Measurement Measurement | Value Notes
no.'"! (mm)

Maximum length 1 32.25

Inter-articular length 2 30.21

Midshaft dorso- 3 6.25 Measured just distal to the pathology,

palmar breadth which lies across midshaft (actual
measurement location at <Imm distal to
true midshaft).

Midshaft radio-ulnar 4 8.53

breadth

Proximal joint surface 5 8.03 Proximal joint surface damaged, estimate.

dorso-palmar height

Proximal joint surface 6 11.92

radio-ulnar breadth

Proximal radio-ulnar n/a 14.98

maximum breadth

Distal joint surface dorso- | 7 5.25

palmar height

Distal joint surface radio- 8 8.72 Distal joint surface incomplete, estimate.

ulnar breadth

Midshaft circumference 9 14
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Supplementary Table 2. Comparative sample for linear metric analysis of Al Wusta-1 intermediate phalanx.

AL Wusta SI

Taxon Specimen IP ray total sample Source of data
A. afarensis AL 333x-18 1P2-4 n=5 measured directly from fossils by TLK
AL 333-32 1P2-4
AL 333-46 1P2-4
AL 333-88 1P2-4
AL 333-149 1P2-4
A. africanus StW 331 1P2-4 n=1 measured directly from fossils by TLK
A. sediba MH2 1P3, IP4 n=2 measured directly from fossils by TLK
Swartkrans
(4. robustus/early Homo) SKX 13476 1P2-4 n=6 measured directly from fossils by TLK
SKX 5019 1P2-4
SKX 5021 1P2-4
SKX 9449 IP2-4
SKX 36712 1P2-4
SKX 35439 1P2-4
H. antecessor ATD6-28 1P3-4 n=2 published values from Lorenzo et al.'"?
ATD6-53 1P3-4
H. naledi Hand 1 1P2, IP3, IP4 n=5 measured directly from fossils by TLK
UW 101-1646 IP3
UW 101-1647 1P4
H. floresiensis LB6/9 1P? n=2 published values from Larson et al.'"
LB1/48 1P?
min. n=12
H. neanderthalensis Amud 1 1P2, IP3? individuals measured directly from fossils by TLK
n=27 IPs
Kebara 2 IP2, IP3, IP4 measured directly from fossils by TLK
Tabun 1 1P2, IP4? measured directly from fossils by TLK
Moula Guercy M-G1-
154 1P2-4 published values from Mersey et al.'"*
Spy 430a IP3 published values from Semal et al.'"
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AL Wusta SI

Spy 390a 1P3
Spy 484a P4
Shanidar 3 1P3, IP4 published values from Trinkaus''®
Shanidar 4 1P2, IP3, IP4
Shanidar 5 1P3, IP4
Shanidar 6 1P3
Krapina 205.1 1P3-4 published values from Trinkaus'"’
Krapina 205.2 P34
Krapina 205.3 1P3-4
Krapina 205.4 P34
Krapina 205.5 1P3-4
Krapina 205.6 P34
Krapina 205.7 IP3-4
Krapina 205.8 P34
Krapina 205.10 P2
Krapina 205.12 P34
Krapina 205.13 1P3-4
Krapina 205.14 P2
Krapina 205.15 1P2
Krapina 205.17 P2
Krapina 205.18 1P2
n=17
early H. sapiens Dolni Vestonice 3 1P2-3 individuals published values from Sladek et al.''®
Dolni Vestonice 13 1P2-3, IP4 n=33 IPs
Dolni Vestonice 14 1P3
Dolni Vestonice 15 1P2, IP3
Dolni Vestonice 16 1P2, IP3, IP4
Dolni Vestonice 34 1P2-3
Ohalo IT H2 1P2, IP3, IP4 measured directly from fossils by TLK
Qafzeh 9 P2 measured directly from fossils by TLK
Qafzeh 8 1P2, IP3, IP4 measured directly from fossils by TLK
Barma Grande 2 1P3, 1P4 measured directly from fossils by NBS
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AL Wusta SI

Arene Candide 2 1P2, IP3, IP4 measured directly from fossils by NBS
IP2, IP3, IP4,
Sunghir 1 IP5 published values in Trinkaus et al.'"’
Tianyuan 1 1pP2? published values in Shang and Trinkaus'*’
Skhul IV 1P3, IP4, IP5 published values in McCown and Keith'?!
Pavlov 33 1P? published values in Trinkaus et al.'*
Caldeirao 9 1P2-4 published values in Trinkaus et al.'”
Cueva Victoria CV-
0* 1P2 published values in Martinez-Navarro et al.'
n=22
recent H. sapiens 1P2-4 individuals measured directly from specimens by TLK
n=67 IPs
Pan (P. troglodytes & P. paniscus) 1P2-5 n=8 individuals  measured directly from specimens by TLK
n=34 IPs
Gorlla (G. gorilla & G. beringei) 1P2-5 n=8 individuals = measured directly from specimens by TLK
n=34 IPs
Cercopithecids 1P2-5 n=11 IPs measured directly from specimens by TLK

. .. . . . . . . 1.2
*The taxonomic association of this specimen with H. sapiens is questionable
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AL Wusta SI

Supplementary Table 3. Results from Mann-Whitney U pairwise comparisons with Bonferroni correction (a = 0.003) of all shape ratios

(i.e. divided by the total length of the phalanx). All breadth measurements are radio-ulnar dimensions and all height measurements are

dorsopalmar dimensions. All significant pairwise comparisons are in bold text.

Cercopiths Gorilla Pan Neandertal early H. sapiens H. sapiens
base breadth above Cercopiths X 0.007 0.000 0.079 0.110 0.018
prox. articular breadth below Gorilla 0.001 X 0.000 0.000 0.133 0.869
Pan 0.000 0.000 X 0.000 0.000 0.000
Neandertal 0.196 0.000 0.000 X 0.000 0.000
early H. sapiens 0.130 0.009 0.000 0.001 X 0.125
H. sapiens 0.033 0.022 0.000 0.000 0.368 X
prox. shaft breadth above Cercopiths X 0.001 0.000 0.000 0.000 0.000
midshaft breadth below Gorilla 0.526 X 0.000 0.180 0.000 0.481
Pan 0.000 0.000 X 0.123 0.011 0.000
Neandertal 0.886 0.418 0.000 X 0.011 0.404
early H. sapiens 0.088 0.052 0.000 0.009 X 0.000
H. sapiens 0.001 0.000 0.000 0.000 0.000 X
midshaft height above Cercopiths X 0.000 0.000 0.866 0.014 0.000
distal shaft breadth below Gorilla 0.032 X 0.000 0.000 0.001 0.000
Pan 0.000 0.000 X 0.000 0.000 0.000
Neandertal 0.048 0.356 0.076 X 0.005 0.000
early H. sapiens 0.000 0.000 0.002 0.003 X 0.359
H. sapiens 0.005 0.625 0.000 0.481 0.000 X
distal shaft height above Cercopiths X 0.000 0.000 0.004 0.000 0.020
prox. articular height below Gorilla 0.200 X 0.000 0.640 0.002 0.000
Pan 0.000 0.000 X 0.087 0.010 0.000
Neandertal 0.988 0.164 0.000 X 0.026 0.043
early H. sapiens 0.318 0.885 0.000 0.120 X 0.000
H. sapiens 0.217 0.674 0.000 0.083 0.876 X
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Supplementary Table 4. Landmarks used in geometric morphometric analyses of Al

Wousta-1 phalanx and the comparative samples.

Landmark | Description

1 Mid-point of distal articulation (distal view, dorsal up)

2 Furthest left point on distal head (dorsal view)

3 Furthest right point on distal head (dorsal view)

4 Furthest proximal point on midline of proximal articulation (proximal view, dorsal up)

Mid-point of ridge between two articulations on proximal face (proximal view, dorsal

5 up)

6 Furthest left point on proximal base (dorsal view)

7 Furthest right point on proximal base (dorsal view)

8 Deepest point on left proximal articulation (proximal view, dorsal up)
9 Deepest point on right proximal articulation (proximal view, dorsal up)
10 Centre of trochlea

Place where triangular raised region merges with central ridge on proximal palmar

11 surface (palmar view)

12 Most dorsal point on proximal base (dorsal view)

13 Most palmar point of left proximal articulation (proximal view, dorsal up)

14 Most palmar point of right proximal base (proximal view, dorsal up)

15 Furthest point left of the distal trochlea (palmar view)

16 Furthest left point of the proximal articular surface (proximal view, dorsal up)
17 Furthest right point of the proximal articular surface (proximal view, dorsal up)

Most palmar point at the mid-line of the proximal articular surface (proximal view,

18 dorsal up)
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Supplementary Table 5. Sample used in comparative primate geometric morphometric

analyses.

Institutions: Duckworth: Duckworth Collection, University of Cambridge; NHM Vienna: Vienna Natural
History Museum; Uni. of Florence: University of Florence; GAUG: Johann-Friedrich-Blumenbach-Institut fiir
Zoologie und Anthropologie der Georg-August-Universitit Gottingen; Uni. of Kent: University of Kent; Tel
Aviv Uni.: Tel Aviv University; MPNBR: Museo Preistorico Nazionale dei Balzi Rossi, Italy; MAF: Museo
Archeologico del Finale, Italy; NHM: Natural History Museum, London; MRAC: Musée Royal de 1 Afrique

Centrale, Tervuren; MPI-EVA: Max Planck Institute, Leipzig; Powell Cotton: Powell Cotton Collection.

Group Sample number Institution
Al Wusta 1
Colobus badius preussi total 7 Powell Cotton
Gorilla gorilla total 20 Powell Cotton
Mandrillus leucophaeus 4 Powell Cotton
Mandrillus sphinx 2 Powell Cotton
Mandrillus total 6
Pan paniscus 4 MRAC
Powell Cotton, MPI-
Pan troglodytes 4 EVA
Pan total 8
Papio anubis neumanni total
Krapina 17 NESPOS
Regourdou 3 NESPOS
Kebara 2 3 Tel Aviv Uni.
Tabun C1 2 NHM
Neanderthal total 25
Qafzeh 4 Tel Aviv Uni.
Ohalo 3 Tel Aviv Uni.
Barma Grande 2 MPNBR
Arene Candide 3 MAF
Early H. sapiens total 12
Australian 3 Duckworth
Inuit 1 Duckworth
Kerma 3 Duckworth
Maiden Castle 3 Duckworth
Egyptian Nubian 19 NHM Vienna
Fuegian 3 Uni. of Florence
Siracusian 5 Uni. of Florence
German 13 GAUG
Canterbury 11 Uni. of Kent
Holocene H. sapiens total 61
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Supplementary Table 6. Procrustes distances from primate and hominin mean shapes

to Al Wusta-1.

Mean Shape Distance to AW-1
Holocene H. sapiens 0.080184
Early H. sapiens 0.084209
Mandrillus 0.093510
Gorilla 0.101452
Papio 0.106864
H. neanderthalensis 0.119294
Pan 0.119404
Colobus 0.150987
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Supplementary Table 7. Details of the comparative sample of intermediate phalanges

from Neanderthals and Pleistocene and Holocene Homo sapiens used for geometric

morphometric analyses of known side and digit, and cross sectional geometric analyses.

Institutions: Duckworth: Duckworth Collection, University of Cambridge; NHM Vienna: Vienna Natural

History Museum; Uni of Florence: University of Florence; GAUG: Johann-Friedrich-Blumenbach-Institut fiir

Zoologie und Anthropologie der Georg-August-Universitit Gottingen; Uni of Kent: University of Kent; Tel

Aviv Uni: Tel Aviv University; MPNBR: Museo Preistorico Nazionale dei Balzi Rossi, Italy; MAF: Museo

Archeologico del Finale, Italy; NHM: Natural History Museum, London.

Group Specimen/Group Institution Lefts (n) Rights (n) Sample
2nd 3rd 4th | 2nd 3rd  4th total
Holocene H. sapiens Australian Duckworth 1 1 1 2 5
Holocene H. sapiens Kerma Duckworth 1 1 1 3
Holocene H. sapiens Inuit Duckworth 1 1 2
Holocene H. sapiens Maiden Castle Duckworth 1 1 1 3
Holocene H. sapiens Egyptian NHM Vienna 2 2 5 6 4 19
Nubian
Holocene H. sapiens Fuegian Uni of Florence 1 1 1 1 4
Holocene H. sapiens Siracusian Uni of Florence 2 1 1 2 1 2 9
Holocene H. sapiens German GAUG 1 2 2 3 3 2 13
Holocene H. sapiens Canterbury Uni of Kent 1 1 2 2 3 2 11
Pleistocene H. sapiens Ohalo 2 Tel Aviv Uni 1 1 2
Pleistocene H. sapiens Qafzeh 8 Tel Aviv Uni 1 1 1 1 1 1 6
Pleistocene H. sapiens Qafzeh 9 Tel Aviv Uni 1 1 1 3
Pleistocene H. sapiens Barma Grande 2 ~ MPNBR 1 1 1 1 4
Pleistocene H. sapiens  Arene Candide MAF 1 1 1 1 1 1 6
2
Neanderthal Kebara 2 Tel Aviv Uni 1 1 1 1 1 5
Neanderthal Tabun C1 NHM 1 1 2
Total 14 12 14 19 20 18 91
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Supplementary Table 8. Procrustes Distances between Al Wusta-1 and other hominin

groups with sides pooled.

Holocene H. Pleistocene H.
sapiens sapiens Neanderthal
AW-1 0.078 0.084 0.099

Supplementary Table 9. Procrustes distances between Al Wusta-1 and its nearest

neighbours with sides pooled. Specimen numbers refer to Figure 2.

Procrustes

Nearest neighbour Side Ray Distance

1) Maiden Castle EU.1.3.70_Sk20 Left 3™  0.084
2) Egyptian NHMW K24 2 Right 3"  0.061
3) Canterbury

NGB 89 Sk15 1247 Left 39  0.072
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Supplementary Table 10. Procrustes distances between Al Wusta-1 and comparative

groups and ray numbers across groups, analysing left and right hands separately.

Phalanx side  Holocene H. Pleistocene H.

sapiens sapiens Neanderthals
Right 0.080 0.090 0.119
Left 0.076 0.081 0.098

2" Ray 3" Ray 4™ Ray
Right 0.095 0.076 0.083
Left 0.092 0.068 0.084

Supplementary Table 11. Procrustes distances between Al Wusta-1 and its nearest

neighbours, analysing left and right hands separately.

Nearest neighbour

Procrustes

Distance

Egyptian NHMW K24 3 HP3MR

Canterbury NGB 89 Sk15 1247 HP3ML

0.061

0.072
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Supplementary Table 12. U-series results on Al Wusta-1. All errors are 2-c. Individual
results do not contain errors of standard measurement (correlated errors), mean values
incorporate errors of standard.

B675# | U Th U/T | 2'th2® | 20Th/ABU Bu/ss | Putu Age Age error
1 (ppm) | (ppb) h U error U error (ka) (ka)
1 49.99 16 3072 | 0.7293 0.0066 1.6887 | 0.0053 59.1 0.7
2 48.60 11 4258 | 0.7310 0.0085 1.6817 | 0.0046 59.6 0.9
3 46.10 14 3394 | 0.7537 0.0052 1.6798 | 0.0045 62.1 0.6
4 43.85 16 2707 | 0.7724 0.0061 1.6899 | 0.0073 63.6 0.7
5 34.79 226 154 [ 0.7744 0.0063 1.6801 | 0.0048 64.3 0.7
6 23.25 290 80 0.7950 0.0107 1.6829 | 0.0130 66.4 1.4
7 19.12 166 115 | 0.7851 0.0094 1.6861 | 0.0051 652 1.1
8 15.34 118 131 | 0.7791 0.0109 1.6895 | 0.0107 64.4 1.3
9 14.22 106 135 [ 0.7522 0.0088 1.6807 | 0.0092 61.9 1.0
10 14.65 129 114 | 0.7574 0.0093 1.6882 | 0.0173 62.1 1.3
11 15.29 100 152 [ 0.7622 0.0084 1.6794 | 0.0101 63.1 1.0
12 14.58 89 164 | 0.7559 0.0082 1.6895 | 0.0074 61.9 0.9
13 12.02 81 148 [ 0.7474 0.0089 1.6828 | 0.0099 613 1.1
14 10.84 69 157 [ 0.7516 0.0102 1.6798 | 0.0106 61.9 12
15 11.08 54 207 | 0.7598 0.0103 1.6808 | 0.0118 62.7 1.3
16 11.22 48 235 | 0.7585 0.0115 1.6772 | 0.0106 62.8 1.3
17 11.20 47 240 | 0.7558 0.0111 1.6871 | 0.0104 62.0 1.3
18 10.85 58 188 | 0.7606 0.0107 1.6933 | 0.0090 622 12
19 10.08 48 211 | 0.7558 0.0135 1.6884 | 0.0104 619 1.5
20 9.01 51 177_10.7572 0.0119 1.6952 | 0.0093 61.7 1.3
21 7.81 70 111 [ 0.7489 0.0133 1.6825 [ 0.0098 61.5 1.5
22 7.30 80 92 0.7311 0.0123 1.6858 | 0.0116 59.5 1.4
23 6.57 72 91 0.7275 0.0124 1.6769 | 0.0088 59.5 1.4
24 6.27 65 96 0.7251 0.0161 1.6833 | 0.0093 59.0 1.7
25 6.19 67 92 0.7361 0.0120 1.6666 | 0.0159 60.9 1.5
26 5.34 68 78 0.7338 0.0216 1.6691 | 0.0154 60.6 2.4
27 5.33 61 87 0.7405 0.0132 1.6833 | 0.0150 60.6 1.6
28 5.55 51 109 [ 0.7351 0.0107 1.6971 | 0.0165 59.3 1.3
29 5.63 46 124 | 0.7527 0.0136 1.6880 | 0.0109 61.6 1.5
30 5.28 37 143 10.7333 0.0169 1.6821 | 0.0168 59.9 1.9
MEAN VALUES
1-30 [ 0.7547 0.0129 [ 1.6843 [ 0.0152 62.0 [ 1.6
3675# | U Th B0p/B8 | 20T/ 28y B/ | Bu”tu Age Age error
2 (ppm) (ppb) U/Th | U error U error (ka) (ka)
1 57.79 16 3687 | 0.5955 0.0200 1.6802 | 0.0107 46.3 1.9
2 57.29 9 6263 | 0.6742 0.0066 1.6675 | 0.0068 545 0.7
3 53.84 7 8207 | 0.7077 0.0114 1.6700 | 0.0061 57.8 12
4 47.64 5 9152 | 0.7705 0.0068 1.6852 | 0.0127 63.7 1.0
5 45.61 5 9414 | 0.7969 0.0088 1.6784 | 0.0077 66.9 1.1
6 42.56 4 1079 | 0.7910 0.0122 1.6714 [ 0.0172 66.6 1.7
7 40.59 3 1267 | 0.7948 0.0084 1.6845 | 0.0094 66.3 1.1
8 38.07 2 1570 | 0.7810 0.0075 1.6844 | 0.0088 64.8 0.9
9 37.47 2 1760 | 0.7814 0.0125 1.6748 | 0.0196 65.4 1.7
10 37.71 2 1541 | 0.7671 0.0079 1.6749 [ 0.0174 63.8 1.2
11 33.73 2 1364 | 0.7640 0.0067 1.6755 | 0.0094 63.5 0.9
12 30.04 3 1166 | 0.7767 0.0112 1.6806 | 0.0097 64.6 1.3
13 30.55 3 1109 | 0.7883 0.0082 1.6952 [ 0.0125 65.1 1.1
14 29.63 3 1097 | 0.7787 0.0085 1.6844 [ 0.0086 64.6 1.0
15 23.02 22 1060 | 0.7867 0.0099 1.6800 | 0.0076 65.7 1.2
16 17.81 33 540 | 0.8032 0.0098 1.6839 | 0.0093 67.3 1.2
17 14.64 |22 660 | 0.8113 0.0091 1.6941 | 0.0118 67.6 1.2
18 12.94 30 425 | 0.7987 0.0076 1.6783 | 0.0112 67.1 1.0
19 10.54 39 272 1 0.7877 0.0106 1.6873 | 0.0097 65.4 1.3
20 8.24 48 171 | 0.7746 0.0125 1.6877 | 0.0069 64.0 1.4
21 6.20 61 102 [0.7546 0.0143 1.6917 | 0.0102 61.6 1.6
22 5.00 31 160 | 0.7692 0.0162 1.6939 | 0.0166 63.1 1.9
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23 4.40 17 256 | 0.7668 0.0163 1.6926 | 0.0146 62.9 1.9
24 3.90 12 319 | 0.7495 0.0165 1.6929 | 0.0151 61.0 1.9
25 3.57 11 329 1 0.7547 0.0183 1.6891 [ 0.0145 61.8 2.1
26 2.97 10 296 | 0.7577 0.0177 1.6826 | 0.0146 62.4 2.0
27 2.63 9 282 [ 0.7240 0.0209 1.6951 | 0.0197 58.3 23
28 2.34 8 299 | 0.6894 0.0234 1.6955 | 0.0151 54.8 24
29 2.16 7 300 | 0.6274 0.0259 1.6883 [ 0.0174 49.0 2.6
30 1.85 6 331 0.6463 0.0358 1.6758 | 0.0322 51.3 3.7
MEAN VALUES
5-26 [ [ 0.7837 [ 0.0135 | 1.6814 [ 0.0154 653 |17

B675%# | U Th BOTR/AE T BOTh/A8u Zy/ss T PSSt Age Age error

(ppm) (ppb) U/Th [ U error U error (ka) (ka)
1 58.44 18 3325 | 0.6462 0.0124 1.6700 | 0.0073 51.6 1.3
2 56.93 8 7353 | 0.6569 0.0049 1.6696 | 0.0153 52.6 0.8
3 55.96 6 9673 | 0.6594 0.0066 1.6702 | 0.0096 52.9 0.8
4 47.14 5 9675 | 0.6976 0.0087 1.6696 | 0.0108 56.7 1.0
5 41.59 35 1201 [ 0.7572 0.0132 1.6680 | 0.0139 63.1 1.6
6 37.40 11 33838 | 0.8065 0.0132 1.6908 | 0.0192 67.3 1.8
7 38.25 7 5596 | 0.7945 0.0094 1.6807 | 0.0074 66.5 1.1
8 38.32 5 7199 | 0.7931 0.0102 1.6773 | 0.0157 66.5 1.4
9 38.60 5 8198 | 0.8012 0.0106 1.6876 | 0.0156 66.9 1.4
10 37.61 2 1640 | 0.7850 0.0062 1.6900 | 0.0124 65.0 0.9
11 35.79 3 1383 | 0.7851 0.0086 1.6803 | 0.0087 65.5 1.0
12 35.59 2 1452 | 0.7800 0.0088 1.6783 | 0.0102 65.1 1.1
13 36.60 2 1522 [ 0.7671 0.0057 1.6745 | 0.0088 63.8 0.8
14 32.65 2 1478 | 0.7566 0.0063 1.6792 | 0.0075 62.5 0.8
15 30.15 3 1155 | 0.7659 0.0103 1.6884 | 0.0125 63.0 1.3
16 27.97 3 1025 | 0.7703 0.0085 1.6835 | 0.0129 63.7 1.1
17 25.75 4 6415 | 0.7698 0.0120 1.6816 | 0.0171 63.8 1.6
18 24.69 3 8744 | 0.7781 0.0090 1.6691 | 0.0107 65.3 1.1
19 22.23 3 8589 | 0.7997 0.0127 1.6868 | 0.0087 66.8 1.5
20 19.33 3 6449 | 0.8015 0.0108 1.6820 | 0.0131 67.2 1.4
21 14.70 10 1482 [ 0.7975 0.0083 1.6827 [ 0.0059 66.7 1.0
22 8.99 19 471 0.7862 0.0162 1.6855 | 0.0115 65.3 1.9
23 5.23 11 497 ] 0.7627 0.0172 1.6863 | 0.0158 62.8 2.0
24 5.05 6 827 | 0.7796 0.0105 1.7064 | 0.0110 63.5 1.2
25 5.18 8 667 | 0.7626 0.0118 1.6977 | 0.0141 62.2 1.4
26 5.43 8 653 | 0.7599 0.0196 1.6880 | 0.0132 62.4 22
27 5.14 5 1090 | 0.7318 0.0161 1.6956 | 0.0179 59.1 1.9
28 491 4 1297 | 0.7474 0.0144 1.6741 | 0.0193 61.7 1.8
29 4.70 3 1664 | 0.7497 0.0153 1.6738 | 0.0139 62.0 1.8
30 432 2 1859 | 0.7433 0.0144 1.6836__ | 0.0160 60.8 1.7
MEAN VALUES
5-30 I [0.7821  T[0.0135 [ 1.6827 [ 0.0154 650 |17
36754 | U Th Bop/B8 | BOmh/A%u By~ | Putu Age Age error
(ppm) (ppb) U/Th | U error U error (ka) (ka)
1 59.50 39 1524 [ 0.6319 0.0102 1.6640 | 0.0054 50.4 1.0
2 61.70 14 4513 | 0.6370 0.0064 1.6770 | 0.0311 50.4 1.3
3 55.83 9 6523 | 0.6833 0.0087 1.6684 | 0.0049 553 0.9
4 46.15 6 8275 | 0.7477 0.0088 1.6755 | 0.0096 61.7 1.1
5 40.88 6 6811 | 0.8026 0.0100 1.6834 | 0.0081 67.3 1.2
6 37.30 5 6899 | 0.8437 0.0085 1.6773 | 0.0067 723 1.1
7 35.26 3 1049 | 0.8453 0.0054 1.6879 | 0.0048 71.8 0.7
8 36.35 3 1420 | 0.8305 0.0077 1.6833 | 0.0067 70.4 1.0
9 35.68 3 1253 | 0.8276 0.0079 1.6798 | 0.0080 70.3 1.0
10 33.76 2 1598 | 0.8366 0.0057 1.6846 | 0.0066 71.0 0.8
11 33.52 2 1678 | 0.8263 0.0069 1.6815 | 0.0104 70.0 1.0
12 32.93 2 1780 | 0.8117 0.0072 1.6814 | 0.0039 68.4 0.8
13 32.85 2 2134 | 0.8043 0.0070 1.6824 | 0.0086 67.5 0.9
14 31.36 2 1722 | 0.7961 0.0074 1.6893 | 0.0078 66.2 0.9
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15 29.38 2 1603 | 0.7894 0.0074 1.6852 | 0.0093 65.7 1.0
16 28.26 1 1957 | 0.7801 0.0083 1.6719 [ 0.0087 65.4 1.0
17 26.76 2 1245 | 0.7734 0.0080 1.6847 | 0.0066 64.0 0.9
18 24.71 2 1468 | 0.7655 0.0083 1.6735 | 0.0099 63.7 1.0
19 23.88 2 1269 | 0.7582 0.0097 1.6864 | 0.0156 62.3 1.3
20 2221 7 3326 | 0.7556 0.0095 1.6836__ | 0.0122 62.1 1.2
21 12.10 13 896 | 0.7489 0.0105 1.6782 | 0.0087 61.7 1.2
22 8.43 8 1063 | 0.7651 0.0101 1.6788 | 0.0119 63.4 1.2
23 7.16 5 1313 | 0.7567 0.0115 1.6846 | 0.0139 62.2 1.4
24 6.07 7 897 10.7675 0.0137 1.6901 [ 0.0140 63.1 1.6
25 4.01 7 563 | 0.7555 0.0175 1.6847 [ 0.0138 62.1 2.0
26 3.58 4 845 | 0.7533 0.0170 1.6764 | 0.0173 62.3 2.0
27 3.27 4 821 0.7348 0.0249 1.6763 | 0.0192 60.3 2.8
28 2.97 3 1072_| 0.7227 0.0224 1.6744 | 0.0174 59.1 25
29 2.59 2 1655 | 0.7398 0.0209 1.6773 | 0.0148 60.8 23
30 221 2 1242 | 0.7129 0.0255 1.6696 | 0.0139 58.3 2.7
MEAN VALUES
5-30 [ 0.8017 ] 0.0137 | 1.6820 [ 0.0152 672 |17

3675# | U Th B2 | POthA¥u Zgss | Bustu Age Age error

(ppm) (ppb) U/Th [ U error U error (ka) (ka)
1 74.45 19 3962 | 0.5473 0.0042 1.6540 [ 0.0049 427 0.4
2 68.19 8 8411 | 0.5574 0.0083 1.6487 | 0.0099 43.8 0.8
3 56.73 6 9114 | 0.6294 0.0134 1.6630 | 0.0063 50.2 1.3
4 47.30 6 7446 | 0.6985 0.0155 1.6621 | 0.0083 57.2 1.6
5 42.32 4 1050 | 0.7863 0.0120 1.6734 | 0.0149 66.0 1.6
6 38.37 3 1119 | 0.8324 0.0086 1.6852 | 0.0112 70.5 1.2
7 35.55 2 1465 | 0.8375 0.0101 1.6859 | 0.0067 71.0 1.2
8 33.52 2 1625 | 0.8548 0.0093 1.6904 [ 0.0107 72.7 1.3
9 33.30 3 1090 | 0.8778 0.0072 1.6882 [ 0.0107 75.5 1.1
10 32.28 2 1476 | 0.8746 0.0062 1.6817 | 0.0094 75.6 1.0
11 33.75 2 1990 | 0.8530 0.0068 1.6894 | 0.0165 72.6 1.3
12 32.58 2 2007 | 0.8570 0.0077 1.6872 | 0.0078 73.2 1.0
13 30.24 1 2053 | 0.8603 0.0106 1.6888 | 0.0099 73.5 1.4
14 27.27 2 1585 | 0.8684 0.0082 1.6860 | 0.0068 74.6 1.1
15 25.94 2 1567 | 0.8557 0.0082 1.6852 | 0.0112 73.2 1.2
16 24.93 1 2556 | 0.8451 0.0130 1.6847 | 0.0118 72.0 1.7
17 24.91 1 2502 [ 0.8222 0.0100 1.6866 | 0.0063 69.3 1.2
18 23.05 1 3626 | 0.8358 0.0113 1.6888 | 0.0117 70.7 1.5
19 21.56 1 2173 | 0.8262 0.0080 1.6915 | 0.0091 69.4 1.0
20 20.31 1 1552 | 0.8322 0.0095 1.6917 [ 0.0167 70.1 1.4
21 19.72 1 2411 [ 0.8187 0.0146 1.7064 | 0.0278 67.7 22
22 19.69 1 2830 | 0.8080 0.0074 1.6861 | 0.0113 67.7 1.0
23 18.82 1 3367 | 0.8073 0.0079 1.6746 | 0.0132 68.3 1.2
24 18.26 1 1927 | 0.8028 0.0075 1.6792 [ 0.0105 67.5 1.0
25 17.53 1 2329 | 0.8008 0.0102 1.6882 [ 0.0064 66.8 1.2
26 16.43 1 1982 | 0.8079 0.0103 1.6917 | 0.0077 67.4 1.2
27 14.39 1 1501 | 0.8072 0.0094 1.6860 | 0.0132 67.6 1.3
28 10.81 1 8682 | 0.8119 0.0101 1.6874 | 0.0129 68.1 1.3
29 9.63 1 6644 | 0.8100 0.0107 1.6954 [ 0.0113 67.4 1.3
30 9.14 1 8014 | 0.8081 0.0137 1.6825 | 0.0139 67.9 1.7
MEAN VALUES
6-30 [ [0.8392  [0.0144 [ 1.6874 ] 0.0153 71.1 [ 1.9
36754 | U Th Bop/B8 | Bomh/A%u By~ | Putu Age Age error
(ppm) (ppb) U/Th | U error U error (ka) (ka)
1 76.83 11 7262 | 0.4753 0.0142 1.6530 | 0.0051 36.2 1.3
2 67.12 6 1086 | 0.5164 0.0068 1.6578 | 0.0123 39.7 0.7
3 63.03 7 9262 | 0.5360 0.0068 1.6572 | 0.0039 41.5 0.6
4 53.40 6 9030 | 0.6315 0.0155 1.6663 | 0.0084 50.3 1.6
5 47.14 4 1266 | 0.7257 0.0141 1.6735 | 0.0110 59.5 1.6
6 42.65 3 1293 | 0.7690 0.0090 1.6757 | 0.0050 64.0 1.0
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7 4002 [3 1340 | 0.8297 0.0122 1.6803 | 0.0178 70.5 1.7
8 3880 |2 1670 | 0.8562 0.0078 1.6840 [ 0.0100 733 1.1
9 36.41 2 2159 | 0.8708 0.0134 1.6868 | 0.0158 74.8 1.9
10 3503 [ 2 1790 | 0.8810 0.0087 1.6841 | 0.0106 762 1.2
11 3468 |2 1756 | 0.8966 0.0128 1.6925 | 0.0148 715 1.8
12 3332 [ 2 1818 | 0.9060 0.0089 1.6809 | 0.0091 794 1.3
13 3097 [ 2 1775 1 0.9079 0.0085 1.6863 | 0.0109 793 1.3
14 2812 |2 1582 | 0.8927 0.0089 1.6786 | 0.0083 78.0 1.2
15 2578 |2 1359 | 0.8953 0.0098 1.6778 | 0.0098 783 1.4
16 23.78 1 1965 | 0.8768 0.0109 1.6750 [ 0.0130 76.3 1.6
17 21.87 1 2389 | 0.8852 0.0132 1.6860 | 0.0115 76.6 1.7
18 20.16 1 2144 | 0.8767 0.0125 1.6867 | 0.0105 75.5 1.6
19 19.88 1 2676 | 0.8574 0.0109 1.6881 | 0.0119 732 1.5
20 18.92 1 2179 | 0.8605 0.0097 1.6928 | 0.0105 732 1.3
21 17.80 1 1407 | 0.8454 0.0062 1.6846 | 0.0087 720 0.9
22 16.52 1 1433 | 0.8354 0.0126 1.6931 | 0.0158 70.4 1.7
23 16.42 1 2041 | 0.8389 0.0125 1.6902 [ 0.0100 70.9 15
24 13.49 1 1810 | 0.8522 0.0131 1.6874 | 0.0123 72.6 1.7
25 12.28 1 1640 | 0.8742 0.0148 1.6841 | 0.0112 75.4 1.9
26 12.87 1 1602 | 0.8535 0.0161 1.7026 | 0.0164 719 2.1
27 11.94 1 8285 | 0.8409 0.0082 1.6995 | 0.0103 70.6 1.1
28 9.69 2 5389 | 0.8488 0.0108 1.6870 | 0.0103 722 1.4
29 8.40 2 4912 | 0.8500 0.0137 1.6845 | 0.0140 725 1.8
30 7.84 1 7437 10.8594 0.0136 1.6788 | 0.0122 74.0 1.8
MEAN VALUES
5-30 [ 0.8739 [ 0.0150 | 1.6859 [ 0.0154 752 (2.0

3675# | U Th B2 | POthA¥u Zgss | Bustu Age Age error

7 (ppm) (ppb) U/Th | U error U error (ka) (ka)
1 121.03 [ 24 5024 | 0.3769 0.0033 1.6413 | 0.0025 28.0 0.3
2 11597 [ 15 7838 | 0.3748 0.0040 1.6423 | 0.0033 27.8 0.3
3 108.17 [ 10 1073 | 0.4193 0.0081 1.6487 | 0.0030 314 0.7
4 86.57 |9 9184 | 0.4735 0.0067 1.6484 | 0.0031 36.1 0.6
5 71.74 10 6855 | 0.5251 0.0146 1.6540 | 0.0038 40.6 1.3
6 57.44 13 4434 | 0.6336 0.0108 1.6660 | 0.0045 50.5 1.1
7 50.64 |91 554 | 0.6722 0.0060 1.6690 | 0.0056 542 0.6
8 47.15 517 91 0.6413 0.0102 1.6627 | 0.0040 514 1.0
9 43.06 | 307 140 | 0.6922 0.0108 1.6750 | 0.0103 55.9 1.2
10 39.06 133 295 [ 0.7215 0.0081 1.6787 | 0.0107 58.8 1.0
11 36.80 | 67 552 | 0.7133 0.0051 1.6666 | 0.0068 58.5 0.6
12 3029 [ 51 594 | 0.8452 0.0279 1.6882 | 0.0095 71.8 3.2
13 28.00 | 31 895 | 0.9252 0.0086 1.6917 | 0.0068 81.0 1.2
14 26.21 23 1162 | 0.9647 0.0104 1.7002 | 0.0094 85.3 1.5
15 23.79 17 1392 | 0.9813 0.0111 1.6944 | 0.0076 87.9 1.6
16 22.45 19 1199 [ 0.9855 0.0112 1.6979 | 0.0067 38.1 1.5
17 21.92 [ 22 982 | 0.9827 0.0079 1.6945 | 0.0066 88.0 1.2
18 21.01 17 1246 | 0.9752 0.0084 1.6878 | 0.0098 87.6 1.3
19 1925 [ 22 866 | 0.9940 0.0088 1.6967 | 0.0067 89.3 1.3
20 18.50 | 43 426 | 0.9641 0.0113 1.6841 | 0.0127 86.5 1.8
21 17.60 |22 801 | 0.9799 0.0115 1.6883 | 0.0095 88.2 1.7
22 17.30 [ 30 573 | 0.9743 0.0093 1.6958 | 0.0069 86.9 1.3
23 17.07 |23 738 | 0.9737 0.0103 1.6907 | 0.0068 87.2 1.4
24 16.51 22 765 | 0.9703 0.0129 1.6869 | 0.0082 87.0 1.8
25 15.15 14 1054 | 0.9627 0.0098 1.6961 | 0.0058 85.4 1.3
26 13.61 8 1714 | 0.9810 0.0110 1.6945 | 0.0084 87.8 1.6
27 12.93 10 1267 | 0.9869 0.0123 1.6882 | 0.0095 89.1 1.8
28 11.39 19 614 | 0.9928 0.0109 1.6940 | 0.0073 89.4 1.5
29 7.08 76 93 0.9768 0.0133 1.6930 | 0.0112 87.4 1.9
30 5.92 53 112 10.9350 0.0144 1.6934 | 0.0148 82.1 2.1
MEAN VALUES
15- I [ 09778 | 0.0168 [ 1.6923 | 0.0153 876 |25
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Supplementary Table 13. U-series results on sample WU1601. All errors are 2-c.

3672 U (ppm) Th (ppb) | U/Th BThAU | ZTh/> ¥ Uerror | 2UAU | 2UA U error | Age (ka) | Age error (ka)
MEAN VALUES
Enamel | 0.83+0.28 0.8346 0.0533 1.5042 0.0329 83.5 8.1
Dentine | 109+6 0.7295 0.0173 1.5742 0.0124 65.0 2.1

Supplementary Table 14. Combined US-ESR age results obtained for sample WU1601.

See Methods and Supplementary Information 2 for discussion.

Internal | Beta Beta Gamma | Cosmic | Total Enamel Removed De p-parameter US-ESR
dose dose dose rate | dose dose dose thickness | surface (Gy) age (ka)
rate rate sediment | rate rate rate (um) layer(um)
(nGy/a) | dentine | (uGy/a) (nGy/a) | (nGy/a) | (nGy/a) on each
(nGy/a) side
enamel | dentine
241475 | 260448 | 4+0 180+10 | 254425 | 939+93 | 3244+100 | Ext.: 97.1£1.9 -0.83 -0.53 103+10/-9
176+50;
Int.:181+50
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Supplementary Table 15. The number of single grains which were measured, rejected

after application of the criteria outlined in Supplementary section 3.2, and accepted for

inclusion in the calculation of Dy,. Samples indicated (DR) represent dose recovery data.

Sample PD15 PD17 PD15 PD17 PD40 PD41

(DR) (DR)
Total number of grains measured

2500 2500 3600 3400 2800 3100
Grains rejected for the following reasons
T, signal 2358 2363 3373 3223 2606 2951
<3*background
Poor recycling ratio 11 25 34 21 16 30
Depletion by IR 51 48 79 50 73 55
Recuperation 36 29 58 53 28 17
Oversaturation 3 1 0 5 12 7
D, <20 above 0 Gy 0 0 6 6 2 5
Sum of rejected grains

2459 2466 3550 3358 2737 3065
Acceptable individual D, values

41 34 50 42 63 35
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Supplementary Table 16. Sample depths, water content and dose rate for Al Wusta

samples.

Sample Depth Moisture  Dose rate (Gy/ka) Total dose
(m) (%) Beta Gamma Cosmic rate, (Gy/ka)

PD15 0.95+0.10 5+2.5 0.1540.01 0.27+0.02 0.209+0.021 0.624+0.03

PD17 0.70+£0.10 5+2.5 0.16+0.01 0.24+0.01 0.222+0.022 0.62+0.03

PD40 0.65+0.10 5+2.5 0.10+0.01 0.18+0.01 0.219+0.022 0.50+0.03

PD41 1.20+£0.10 5+£2.5 0.10£0.01 0.25+0.01 0.198+0.020 0.54+0.03

Supplementary Table 17. OSL Summary dating results and ages. Uncertainties in the age

estimates are based on the propagation, in quadrature, of errors associated with individual
errors for all measured quantities. In addition to uncertainties calculated from counting

statistics, errors due to (1) beta source calibration (3 %); (2) single-grain instrument

reproducibility (1.5 %); (3) dose rate conversion factors (3 %) and attenuation factors (3 %)

have been included.

Sample Dy, calculation Dy, (0))) Total dose Age
method (Gy) (%) rate, (ka)
(n) D, (Gy/ka)
PDI15 CAM (50) 57.4+£3.0 2244  0.62+0.03 92.0+6.3
PD17 CAM (42) 53.0+£2.5 16+3  0.62+0.03 85.3+£5.6
PD40 CAM (63) 49.6+£2.5 26+3  0.50+0.03 98.6+7.0
PD41 CAM (35) 50.242.8 2044  0.54+0.03 92.2+6.8
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Supplementary Table 18. Quantification of bulk mineralogy from XRD data. Note that

in all cases calcite makes up at least 85% of the crystalline mineral fraction. Gypsum and

halite are below the detection limit of the instrumentation except in PD15-30. The absence of

any saline tolerant diatom species at this level makes it unlikely that halite was precipitating

in this system and it is more likely that this reflects acolian dust blown onto the exposure.

There is no evidence for Halite in any of the thin sections.

Sample ID Calcite % Quartz % Gypsum % Halite %
PD15_10 93.9 3.5 1.6 1
PD15_30 92.4 2 0.8 4.7
PD15_40 96.7 1.7 0.7 0.9
PD15_50 97.4 1.8 0.7 0.2
PD16_30 95.9 2.2 1.5 0.3
PD16_40 96.6 1.7 1.4 0.3
PD16_80 97.3 1.4 1.1 0.2
PD17_20 93.8 33 1.3 1.6
PD17_30 96.7 1.8 0.9 0.6
PD17_40 87.3 11 0.7 1
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Supplementary Table 19.

Class Order

Reptilia Squamata

Aves
Struthioniformes

Mammalia Primates
Rodentia
Artiodactyla

Taxonomy of Al Wusta vertebrate fossils.

Family

Varanidae

Struthionidae

Hominidae

Hippopotamidae

Bovidae

Taxon

Varanus

Aves gen. et sp. indet. (small)
Aves gen et sp. indet (medium)
Struthio sp.

Homo sapiens

Myomorpha gen. et sp. indet.
Hippopotamus sp.

cf. Pelorovis

cf. Kobus sp.

Large bovid gen. et sp. indet.
Medium bovid gen. et sp. indet.

Small bovid gen. et sp. indet.

Common name
Monitor lizard
Small bird
Medium bird
Ostrich
Human
Rodent
Hippopotamus
Pelorovis
Kobus

Large bovid
Medium bovid

Small bovid
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Supplementary Table 20. Number of Identified Specimens for small, medium and large-

sized fossil vertebrates from Al Wusta.

Element Small Medium Large
Horn core 2 1 -
Crania 2 - -
Mandible 2 4 -
Isolated teeth 5 10 2
Vertebrate 2 7 4
Ribs 7 12 4
Scapula - 1 -
Pelvis - 2 1
Humerus 2 3 2
Femur - - -
Radius - 2 -
Tibia 2 - -
Carpals/Tarsals 2 4 1
Metapodials 1 - 2
Phalanges 1 2 3
Long bone shaft 11 46 7
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1. AW-1 geometric morphometric analysis (see main text for methods and

summary results)

Supplementary Figure 1. Box-and-whisker plots of intermediate phalanx shape ratios of
Al Wusta 1 and a sample of primates, including hominins. Al Wusta-1 is highlighted in
red.



Supplementary Figure 2. Landmarks and wireframes used in geomorphomteric

analyses. A: Landmarks used to analyse phalanx shape using GMM. Landmarks numbered
as in Supplementary Table 4 (AW-1 shown); B: Wireframes composed of straight lines
connecting landmarks shown in A. Dorsal (left), lateral (middle) and proximal (right) views.
Dotted lines connect landmarks not visible when bone is present, some lines omitted in

proximal view for ease of visualisation.
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Supplementary Figure 3. Scatterplot of the first two principal component (PC) scores of
the geometric morphometric analysis of the Al Wusta-1 phalanx and a sample of
primates, including hominins. Non-human primates in red; Colobus: triangles, Pan: stars,
Mandrillus: squares, Gorilla: circles, Papio: diamonds. Hominins in blue; Neanderthals:
diamonds, Holocene H. sapiens: squares, early H. sapiens: triangles. AW-1 in black. Data
presented are the same as Figure 3, but filled convex hulls (for visualisation of data spread
only) show hominins (blue) and non-human primates (red) generic groups of non-human
primates and different groups of hominins. Circled shapes show means for groups (see

Supplementary Table 6).
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Supplementary Figure 4. Scatterplots of PC1 and PC2 scores from GMM analyses of
left (top) and right (bottom) intermediate phalanges from a sample of Neanderthals and
modern humans, and Al Wusta-1. Wireframes (see Supplementary Figure 2) show
configurations at extremes of PC axes in dorsal (left), proximal (middle) and sagittal (right)

views. Convex hulls added post-hoc for ease of visualisation.
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Supplementary Figure 5. Scatterplots of cross-sectional geometric properties of Al

Wusta-1 and comparative modern human and Neanderthal intermediate manual

phalanges from rays 2-4. Plots against bone length: A = cortical area; B = total area; C =

percent cortical area; D = J. Plot against 1,;,: E = L4y
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Supplementary Figure 6. AW-1 phalanx laser ablation sampling and data streams. A:
Image of AW-1 (dating code 3675) with location of the laser ablation analysis holes; B: Data
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calculated closed system age estimates; D: Average age estimates for 30 bins of 33 cycles

each; E: Plot of apparent age vs elemental U/Th.
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Supplementary Figure 7. Uranium concentrations and age estimates. A: Plot of all
average age estimates; B: U-concentrations (these are not corrected for diminishing U-yields
from deeper domains in the hole). Note the different aspect compared to A; C: Age vs U-
concentration for outside (bin 1); D: Age vs U-concentration for the age plateaux (bins 16-
30).



Supplementary Figure 8. Image of sample WU1601 with location of the laser ablation

analysis holes.
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Supplementary Figure 9. ESR Dose response curve (DRC) obtained for WU1601. Final
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the three repeated measurements in a single DRC. Fitting was performed with a SSE function

and data weighting by 1/I°.
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Supplementary Figure 10. OSL radial plots. Radial plots of the single-grain dose
distributions for Al Wusta samples. For panels a and b the grey band is centred on the dose
administered (49.8 Gy) in the dose recovery experiment. In panels c to f, the grey bar is
centered on Dy, determined with the Central Age Model. All points that lie within the grey
band are consistent (at 2 standard errors) with either the administered dose (a,b) or Dy, (c-f),
and are shown as closed symbols. Open symbols denote equivalent doses which are greater
than 2 standard errors from the administered dose (a,b) or Dy, (c-f).
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Supplementary Figure 11. Modelled ages for stratigraphic Units 1 (aeolian sand underlying
the site) and 3 (waterlain sands and associated fossils overlying lacustrine marls). Two
sequential phases were defined. Sample codes end with the age determination method in
parentheses. The ages WU1601 (US-dentine), WU1601 (US-enamel) and AW-1 (US) are
minimum age estimates, and the age model accounts for the fact that U-series ages are
conventionally reported with 2 s uncertainties whereas OSL and ESR ages are reported with

1 s uncertainties. 4 posteriori densities are shown in darker shade while the likelihoods are
shown in a lighter shade. Open circles underneath the a posteriori densities represent the
mean age estimate, with 1o uncertainty bars, while the lower bar represents the 95.4 % range.



Age constraints on AW-1

phase 2 (end) 90.4+7.8 ka (20)
AW-1_U-series + ~8-
WuU1601dentine_U-series |
WL1601enameal_U-series - HH
WU1601denamel_US-ESR - I ® |
OSL_PD40a - [ 2 |
phase 2 (start): 92.245.2 ka (20)
- phase 1 (end): 93.1%5.2 ka (20)
Weighted mean O5L age ——
OSL_PD17 A P
O5L_PD40b | & |
0OSL_PD15 - I i {
—_

50 60 70 80 90 100 110 120 130 140 150
Age (ka)

Supplementary Figure 12. Overview of the available age constraints for AW-1. In red,
the modelled ages of the phase boundaries
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Supplementary Figure 13. Stratigraphic sections from Al Wusta. A: stratigraphic logs of
lacustrine marl deposits showing the main sedimentary units and stratigraphic variations in O
and C isotopes and % CaCOs. To avoid wasted space at the base of each stratigraphic section,
OSL ages are not presented at their true depth below the sand-marl interface. B: Diagram
summarising the difference in isotope values derived from aliquots of the same sample using
different preparation techniques (dashed line = carbon isotope values, solid line = oxygen
isotope values), although sieving of samples is often desirable the indurated nature of many
samples makes such an approach impractical.
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Supplementary Figure 15. XRD traces from PD15-50 (top) and PD17-40 (bottom).

Calcite peaks (orange) dominate with secondary quartz peaks (blue).



Supplementary Figure 16. Representative photo-micrographs of Al Wusta lake
sediments. A) Finely laminated microsparite with silt-sized quartz grains (Allogenic). B)
Massive microsparite with sand sized quartz grains (allogenic). C) freshwater sponge spicules
in a microsparite/sparite massive matrix.
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Supplementary Figure 17. Al Wusta carbonate isotopic data shown by sampling
location (a) and as a single dataset (b). The overall r* value is 0.0521, while for each site
the value is PD15=0.121, PD17 =0.001, PD16 = 0.132, PD40 = 0.072. The three outlying
samples are not shown but are included in the r* calculation.
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Supplementary Figure 18. Summary diagram of Al Wusta Pit 1 PD 15 diatomite diatom
assemblage. All taxa with relative abundances of >3%. The diatoms are ordered according to
their weighted averaging distribution and divided up into assemblage zones derived from the
optimal-sum-of squares partitioning using the program ZONE”?. The statistically significant
zones were deduced by comparison with the Broken-stick model using the program BSTICK
version 1°%. The planktonic: benthic ratio is shown with the habitat summary,
Correspondence Analysis and Detrended Canonical Correspondence Analyses axis 1 sample
scores (abbreviated to CA and DCCA respectively), log concentration, F-index which ranges

from 0 (most dissolved) to 1 (most pristine).
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Supplementary Figure 19. Summary diagram of Al Wusta Pit 2 PD 16 diatomite diatom

assemblage. All taxa with relative abundances of >3%. The diatoms are ordered according to

their weighted averaging distribution and divided up into assemblages zones derived from the

optimal-sum-of squares partitioning using the program ZONE**. The statistically significant

zones were deduced by comparison with the Broken-stick model using the program BSTICK

version 172, The planktonic: benthic ratio is shown with the habitat summary, Principal

Component Analysis and Detrended Canonical Correspondence Analyses axis 1 sample

scores (abbreviated to PCA and DCCA respectively), log concentration, F-index which

ranges from 0 (most dissolved) to 1 (most pristine).
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Supplementary Figure 20. Al Wusta vertebrate palaeontology. A: cf. Kobus sp. lower
right M2-3; B: Pelorovis sp. mandibular fragment: C: Hippopotamus sp. Tupper canine
fragment; D: Hippopotamus sp. medial upper incisor; E: Varanus sp. isolated tooth; F: Aves
gen. et sp. indet. coracoid fragment; G: NISP for identified taxa. NISP is reported in
parentheses; H: Evidence of carnivore gnawing on a bone fragment. Black scale bar = 10mm.

White scale bar = 15mm.



Supplementary Figure 21. Selected Al Wusta lithic artefacts. A,B,D: Preferential
Levallois cores with centripetal preparation, C: recurrent centripetal Levallois core, E,G-K:
Levallois flakes, F: broken Levallois point, L: double side retouched flake, M: end retouched

flake, N: side retouched flake.



