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a b s t r a c t

The Empty Quarter (or Rub' al Khali) of the Arabian Peninsula is the largest continuous sandy desert in
the world. It has been known for several decades that Late Pleistocene and Holocene deposits, repre-
senting phases of wetter climate, are preserved there. These sequences have yielded palaeontological
evidence in the form of a variety of vertebrate and invertebrate fossils and have been dated using various
radiometric techniques. However, evidence for human presence during these wetter phases has until
now been ephemeral. Here, we report on the first stratified and dated archaeology from the Empty
Quarter, recovered from the site of Mundafan Al-Buhayrah (MDF-61). Human occupation at the site,
represented by stone tools, has been dated to the later part of Marine Isotope Stage (MIS) 5 using
multiple luminescence dating techniques (multigrain and single grain OSL, TT-OSL). The sequence con-
sists primarily of lacustrine and palustrine sediments, from which evidence for changing local envi-
ronmental conditions has been obtained through analysis of fossil assemblages (phytoliths and non-
marine molluscs and ostracods). The discovery of securely-dated archaeological material at ~100 to
80 ka in the Empty Quarter has important implications for hypotheses concerning the timing and routes
of dispersal of Homo sapiens out of Africa, which have been much debated. Consequently, the data
presented here fill a crucial gap in palaeoenvironmental and archaeological understanding of the
southern Arabian interior. Fossils of H. sapiens in the Levant, also dated to MIS 5, together with Middle
Palaeolithic archaeological sites in Arabia and India are thought to represent the earliest dispersal of our
species out of Africa. We suggest that the widespread occurrence of similar lithic technologies across
southern Asia, coupled with a growing body of evidence for environmental amelioration across the
Saharo-Arabian belt, indicates that occupation of the Levant by H. sapiens during MIS 5 may not have
been a brief, localized ‘failed dispersal’, but part of a wider demographic expansion.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years the Arabian Peninsula has emerged as a critical
region for research into low-latitude Quaternary environmental
change and hominin demography (e.g. Petraglia and Rose, 2009;
Groucutt).
Groucutt and Petraglia, 2012). The Empty Quarter (or Rub’ al
Khali) is the largest sandy desert in the world, occupying
~650,000 km2 of southern Arabia, but little is known of its Qua-
ternary palaeoenvironmental and archaeological records. Although
it has been suggested that expansions of human populations into
and through the interior of Arabia are likely to have been closely
linked to humid climatic phases (e.g. Vaks et al., 2007; Rosenberg
et al., 2011a; Breeze et al., 2015; Jennings et al., 2015; Parton
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et al., 2015a, b), the complexity of the terrestrial Quaternary record
in Arabia and its implications for understanding demography is still
only just being appreciated.

Pleistocene deposits preserved in the Mundafan Basin (Najran
Province, southern Saudi Arabia), on the south-western edge of the
Empty Quarter, provide opportunities to examine the link between
climatic and environmental change and human occupation of the
region (Fig. 1). Early palaeoenvironmental studies (McClure, 1976,
1984) revealed that a large lake had been present at Mundafan,
the evidence for which was obtained from inverted relief features
preserved within the basin; these take the form of flat-topped
benches and mounds of calcareous and fossiliferous marls, clays
and silts. These initial reconstructions identified two main phases
of lake formation and suggested that at its maximum extent the
waterbody had attained a length of ~150 km (McClure, 1976).
Radiocarbon age estimates (McClure, 1976) placed the earlier lake
phase in late Marine Isotope Stage (MIS) 3, between ~30 and 21
thousand years ago (ka) and the later phase between ~9 and 6 ka
(early Holocene). However, more recent OSL dating of the Mun-
dafan palaeolake sediments has placed the earlier phases of lake
formation within MIS 5c and 5a (Rosenberg et al., 2011a). Archae-
ological material from the Mundafan Basin is known from
numerous surficial Middle Palaeolithic and Neolithic sites (cf.
Crassard et al., 2013), although none of these have been associated
with a securely dated sequence.

Here, we report on the newly discovered site of Mundafan Al-
Buhayrah (MDF-61), which has yielded the first stratified and
dated archaeological material from the Empty Quarter. The appli-
cation of multiple luminescence dating techniques has provided
further evidence for lake formation within the Mundafan Basin
during MIS 5, and importantly constrains the period of human
occupation at MDF-61 to between ~100 and 80 ka. A large assem-
blage of Middle Palaeolithic artefacts was recovered from both the
stratified sediment sequence and from the immediately sur-
rounding deflated desert surface. The assemblage is characterized
Fig. 1. The location of Mundafan Al Buhayrah (MDF-61), Najran Province, Saudi Arabia, r
by centripetal Levallois reduction and shares technological simi-
larities with East African, Levantine and Indian assemblages dated
to MIS 5. Detailed palaeoenvironmental analyses provide new in-
sights into local ecological conditions within the Empty Quarter
during this period.

2. Site details and geological setting

The Mundafan Basin occupies a topographical depression with
an area of ~363 km2, extending from 18.52 N, 45.42 E in the
southeast to 18.80 N, 45.13 E in the northwest (Fig. 2). It is bounded
to the east by the Tuwayq Escarpment; the longest and highest of
several Jurassic limestone escarpments in central Saudi Arabia,
which extends ~1300 km from the Nefud Desert in the north to
~60 km south ofMundafan. To thewest and south, the depression is
bounded by large linear dunes. The Mundafan Basin is a large
deflationary basin, with complex geomorphology reflecting
repeated shifts between arid and humid conditions. The floor of the
basin is relatively flat, attaining 860e870 m above sea level.
Pleistocene sediments are preserved within the basin as raised flat-
topped landforms, typically capped by heavily indurated calcretes
that have served to protect the underlying and less durable sedi-
ments from erosion. In many cases, these landforms are associated
with surface scatters of worked lithicmaterial. The site of MDF-61 is
one such feature, covering an area of ~2.7 km2, consisting of a
sequence of lacustrine marls, palustrine carbonates, calcareous
silty-sands and aeolian sands preserved above the deflated basin
floor and capped by an indurated calcrete (Fig. 3).

3. Materials and methods

A 2 � 2 m trench was excavated at a high point in the MDF-61
sequence to a depth of 1.3 m (Fig. 4). Samples for palae-
oenvironmental analysis were retrieved from this trench (Section
A) to a depth of 1.3 m and from an adjacent section (Section B),
elative to other key sites with similar lithic technology dated to mid-to late-MIS 5.



Fig. 2. Estimated MIS 5a lake extent within the Mundafan basin (after Crassard et al., 2013; calculated from data in Rosenberg et al., 2011a); the positions of Middle Palaeolithic
surface scatters discovered within the basin are also shown.
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which exposed a further 1.2 m of Pleistocene sediments below the
base of the archaeological trench. Sedimentary units could be
traced between the base of the Section A and the upper part of
Section B, allowing contiguous sampling of theMDF-61 sequence to
a total depth of ~2.5 m (Fig. 5). Samples were retrieved at 5 cm
intervals for various laboratory analyses. Loss on ignition analyses
for organic carbon (LOIorg) and carbonate (LOIcarb) content were
Fig. 3. View of the MDF-61 site. White sediments in foreground are the surface of the Phas
palustrine carbonates and calcareous silts (Phases 2 and 3).
undertaken following the procedures outlined by Heiri et al. (2001),
whilst magnetic susceptibility analysis followed Dearing (1999). In
order to determine grain size, samples of air-dried sediment were
gently disaggregated in de-ionised water and analysed using a
Malvern Mastersizer 2000. Phytoliths from the archaeology-
bearing strata were prepared using the methodology outlined in
Parker et al. (2011) and microscopic charcoal contained on the
e 1 deposits (lacustrine marls); the people in the centre are standing on the outcrop of



Fig. 4. Topographic map of the MDF-61 site, showing the locations of Trench 1 and the lithic collection areas. The surface scatter of lithics surrounding the preserved sediments is
also shown.
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phytolith slides was counted using the point estimation method
(Clark, 1982). Sample residues that had been subjected to sedi-
mentary analyses were subsequently examined under a low-
powered binocular microscope for extraction of non-marine
molluscan and ostracod fossils. Finally, a variety of typological,
technological and morphological characteristics were recorded for
all recovered lithics, allowing us to characterize the MDF-61 lithic
assemblage. Details of sampling for OSL dating are given below.

4. Stratigraphy

The sequence preserved at MDF-61 comprised 13 stratigraphic
units that can be divided into three distinct phases of sedimenta-
tion (Fig. 5):

4.1. Phase 1 e cemented sandy marls (Unit 1)

The basal unit of the studied sequence was not bottomed, but
~0.3 m of pale grey massive lacustrine marls were recorded at the
base of Section B. This unit was also observed eroding out down-
slope of the excavated section as a shallow (<0.25m) bed extending
along the northeastern face of the sequence. These sediments
contained no fossils or evidence for vegetation development.

4.2. Phase 2 e palustrine carbonates (Units 2e8)

The basal lacustrine sediments were overlain by ~1.5 m of highly
calcareous pale grey silty sands. Seven units were defined within
the Phase 2 sequence on the basis of degree of cementation,
abundance of comminuted shell debris and root voids and evidence
for weathering. The uppermost units (7 and 8) were the most
strongly cemented. Diffuse contacts between the Phase 2 units
suggest that they represent a relatively continuous phase of sedi-
mentation. Grain size characteristics indicate varying contributions
of aeolian and water-lain sediments. Iron staining was common
throughout, particularly within vertically pervasive root voids,
plant impressions and desiccation cracks. Rhizoliths (up to 4 cm in
length) and calcitic nodules (up to 2 cm in diameter) were present
throughout Unit 7. Comminuted shell debris was present
throughout this part of the sequence, with particularly high con-
centrations in Unit 5 (170e140 cm) and Unit 7 (105e80 cm).
4.3. Phase 3 e calcareous silts (Units 9e12)

The uppermost part of the sequence consisted of weakly
cemented, highly calcareous silty sands, with root holes, rhizoliths
and occasional calcitic nodules. The degree of cementation
increased towards the top of the sequence. These units comprise
the artefact-bearing stratigraphic layers, and were separated from
the underlying unit by a sharp contact, reflecting a break and/or
significant change in sedimentation. Fossils were absent from these
sediments, although iron-stained root voids remained abundant.
The uppermost unit consisted of a heavily weathered, indurated
calcrete intermixed with red-brown aeolian sand, which has
formed a partially developed desert pavement. The durability of



Fig. 5. a: MDF-61 section and multi-proxy stratigraphic record, showing stratigraphy of the sedimentary sequence, multigrain OSL and TT-OSL ages with errors (from top to bottom:
MUN13-OSL8, MUN13-OSL10, MUN13-OSL14, MUN13-OSL19), and Bayesian calculation of probable deposition (see text, Fig. 10 for details), fine sediment granulometry (<2 mm
fraction), magnetic susceptibility values and organic carbon, carbonate and clayesilt content data. b: Detailed log of the upper part of the sequence showing frequencies of lithics
and relative abundance of phytoliths and charcoal.

H.S. Groucutt et al. / Quaternary Science Reviews 119 (2015) 116e135120



H.S. Groucutt et al. / Quaternary Science Reviews 119 (2015) 116e135 121
this calcrete has served to armour the underlying deposits, pro-
tecting them from erosion.
5. Palaeoenvironmental and palaeoecological evidence

5.1. Sedimentological analyses

Multiproxy sedimentological data (Fig. 5) generally showed
greater variation at the base of the MDF-61 sequence, particularly
within Units 1 and 2. Phase 1 is represented by marls comprising
poorly-sorted silts and very fine sands. A sharp increase in car-
bonate content marks the contact between Units 1 and 2 (and
Phases 1 and 2), possibly due to the liberation of exposed carbonate
material associated with the underlying Unit 1, although the pre-
cipitation of carbonates within the water body or near surface
groundwater may have also occurred. The absence of pedogenic
features suggests a continuous sedimentation cycle during this
lacustrine phase. The lack of vertical gradation/maturation of the
marls into the overlying palustrine carbonates indicates an abrupt
change in sedimentation at the end of the lake phase. The Phase 2
deposits predominantly comprise palustrine carbonate sediments,
which show an increase in particle size between Units 2 and 6 with
a corresponding reduction carbonate values. An abrupt influx of
well-sorted aeolian sand is evident in Unit 5 (~1.35 m). The Phase 3
deposits show an overall increase in particle size, punctuated by
influxes of coarser sand at the interfaces between Units 10e11 and
12e13; there is also a sharp decline in magnetic susceptibility
values at the transition between units 10 and 11. This is followed by
a sharp rise in magnetic susceptibility values as particle sizes
decline (Fig. 5). Organic carbon content generally declines
throughout units 9e12, before rising sharply within Unit 13. This
pattern is also reflected in carbonate and clay/silt content values; all
of these values display a degree of covariance throughout the
sequence (Fig. 5).
5.2. Phytoliths and charcoal

Phytoliths were intermittently present within units 8e13
(Fig. 5). The lowermost assemblage, recovered from Unit 8 at a
depth of ~80 cm, was dominated by phytoliths of short-bodied
grasses and long-bodied elongates. Low frequencies of circular
rugose phytoliths from dicotyledonous taxa were also present.
Phytoliths were well preserved in Unit 9 and the lower part of Unit
10. Short-bodied grass cells dominated the spectra in this part of
the sequence, accounting for up to 90% of the total. These were
mainly round, small square and rectangular in form. Lobate mor-
photypes derived from tall mesic C4 panicoid grass formed ~5% of
the total. In Unit 9, two samples contained low levels of C4 arid-
adapted chloridoid grasses (~1%). Low levels (up to 2%) of circular
rugose morphotypes were present in the lower part of Unit 9 with
D/P values peaking at values ~0.03. These are absent from the upper
part of Unit 9 and from Unit 10. Two circular crenate phytoliths
were noted in the lower part of Unit 9. Phytoliths were absent from
the upper part of Unit 10 and fromUnit 11, correspondingwith peak
particle size values. Phytoliths are present again in Units 12 and 13
and again show a dominance of short-bodied grass morphotypes
with low levels of Panicoids (~5%) throughout). Chloridoids appear
in Unit 13 only, while charcoal levels are low in these upper two
units.

Traces of charcoal were also intermittently present from Unit 8
upwards (Fig. 5), with two sharp increases in charcoal levels are
evident. The first occurs within Unit 9, peaking towards the top of
the unit. Charcoal was absent from Units 10 and 11, corresponding
with a similar decline in phytoliths and an increase in grain size. A
second, less significant charcoal peak is evident at the top of Unit 12
(Fig. 5).

5.3. Non-marine mollusca and ostracoda

Comminuted shell debris was present throughout the Phase 2
and 3 deposits at MDF-61 (Table 1). The highest densities were
present in samples taken between 1.9 and 1.5 m (units 3e5). The
largest identifiable fragments resembled the thick shells of Mela-
noides sp., although none were sufficiently well preserved to allow
confident species attribution; however, it is highly likely that the
common species Melanoides tuberculata is represented. Small shell
fragments were also evenly scattered through the lower part of the
Phase 3 deposits, occurring throughout units 9 and 10. Non-marine
ostracods were also present a various levels (Table 1). The assem-
blages consisted almost entirely of the smooth form of the eury-
haline species Cyprideis torosa. A particularly rich horizon, from
which hundreds of C. torosa valves and carapaces were preserved,
occurred at 1.5 m within Unit 5 (Fig. 5). Occasional valves of
freshwater ostracod species were encountered in the richest hori-
zons (Table 1).

6. Luminescence dating

Four samples from the MDF-61 sequence were selected for
luminescence dating. Ages were obtained using single aliquot
regeneration OSL measurements, multigrain aliquots and single
grains, along with a simplified SAR thermally-transferred OSL (TT-
OSL) technique (cf. Porat et al., 2009; Rosenberg et al., 2011b). An
additional sample (MUN13-BLEACH) was collected from aeolian-
transported surface sediment, in order to measure any unbleach-
able (‘residual’) TT-OSL signal.

6.1. Sample preparation

Samples for age determinations were collected by hammering
opaque steel tubes into the cleaned sections, in locations chosen to
avoid modern bioturbation and visible sediment fissures. Sample
preparation and measurements were carried out at the Lumines-
cence Dating Laboratory (Research Laboratory for Archaeology and
the History of Art, University of Oxford) under subdued sodium
(588 nm) and LED (590 nm) lighting. Light-exposed ends were
removed and dried in an oven to determine water content, and a
10e15 g portion was retained and analysed for radioisotope con-
centration (see below). All samples were wet sieved, after which
the 180e255 mm grains were subjected to hydrochloric acid (10%)
digestion of carbonates, hydrofluoric acid etching (60% concentra-
tion for 90 min) to remove the alpha-irradiated grain surfaces, and
dry sieving to remove grain fragments <180 mm in size.

6.2. Equivalent dose determination

Measurements were performed on a Risø TL/OSL TL-DA-15
Mini-sys reader fitted with a single grain attachment (Bøtter-
Jensen et al., 2000). The reader is equipped with an LED stimula-
tion unit comprising NISHIA blue LEDs (NSPBe500S, 470D20 nm)
and infrared LEDs (875 nm, 135 mWcm�2) (Bøtter-Jensen et al.,
2000, 2003), as well as a green (532 nm) solid state, diode-
pumped laser (10 mW, Nd:YVO4) for single grain measurements.
Green long pass filters (GG-420) attached to the blue LEDs and a
7.5 mm Hoya U-340 bandpass filter separate the desired ultraviolet
signal from the stimulation light. Emissions were detected with an
EMI Electronics photo-multiplier tube (9235/0158/19747.0020).
Samples were irradiated with the reader's 90Sr/90Y beta source
(0.041 Gy s�1), which was calibrated for multigrain and single grain



Table 1
Fossil remains from MDF-61.

Section A Section B

Sample depth Mollusca Ostracoda Foraminifera Sample depth Mollusca Ostracoda Foraminifera

10 cm 140 cm
20 cm 150 cm þ þþþ þ
30 cm þ 160 cm
40 cm þ 170 cm þ
50 cm 180 cm
60 cm 190 cm þ þ
70 cm þþ 200 cm
80 cm 210 cm þ
90 cm þ 220 cm þ þ
100 cm 230 cm
110 cm 240 cm
120 cm 250 cm
130 cm

þ ¼ present, þþ ¼ common, þþþ ¼ abundant.
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measurements by one of the authors (LC-B) within the last two
years; this and previous single grain calibrations revealed no
detectable spatial heterogeneity in irradiation strength, therefore
all grain positions were calibrated with a single value.

OSL measurements were made using 4 mm diameter multigrain
aliquots and single grains using the single aliquot regeneration
(SAR) protocol (Murray andWintle, 2000); SAR TT-OSL (Porat et al.,
2009; Rosenberg et al., 2011b) measurements were made using
6 mm diameter multigrain aliquots (Fig. 6). The measurement pa-
rameters for the SAR OSL equivalent dose measurements (both
multigrain and single grain) and the simplified SAR thermally
transferred TT-OSL protocol are given in Table 2. Dose response
curves comprise at least four regeneration steps, with further
points used if necessary to bracket the normalized natural response
or test for saturation. Each OSL and TT-OSL dose response curve also
incorporated a repeat and zero dose step, and OSL measurements
included an IR depletion step (Duller, 2003). Initial measurements
used a preheat regime similar to conditions used successfully for
previously published luminescence dating studies upon quartz
from Saudi Arabia (Petraglia et al., 2011, 2012). These conditions
were subsequently tested with a dose recovery experiment (see
below) and found to be suitable.

Luminescence Analyst v. 4.11 was used to analyse OSL and TT-
OSL data. OSL signal and background integration periods were the
first 0.48 s and last 12 s, and first 0.05 and last 0.18 s for multigrain
and single grain data, respectively. Following Rosenberg et al.
(2011b) and Porat et al. (2009), early background subtraction was
used for the TT-OSL data (Ballarini et al., 2007a), with the signal
comprising the first 1.2 s and the background the next 4.4 s. An
extra measurement error factor of 2% was included in the dose
Fig. 6. Dose responses and decay curves (inset) for a: OSL and b: TT-OS
response points. All aliquots and grains were tested against rejec-
tion criteria (Table 3); these were accepted for analysis if the
following conditions were met:

1. The net natural test dose signal was greater than three times the
standard deviation of the background.

2. The natural test dose error was less than 20% of the test dose
response.

3. Recycling ratio: the ratio of the repeated dose step to the first
given dose (‘recycling ratio’) was within 10% of unity, or the
recycling ratio was consistent with unity at 2 sigma.

4. Zero ratio: the ratio of the normalized OSL response of the zero
dose step to the natural signal (‘zero ratio’) was less than a
threshold value of 5% for OSL and 10% for TT-OSL, or the zero
ratio was consistent with 0 at 2 sigma.

5. IR depletion ratio (excluded for TT-OSL): the ratio of the post-IR
repeated dose step to the first given dose (‘IR depletion ratio’)
was greater than 0.9, or the IR depletion ratio was consistent
with unity at 2 sigma.

6. Saturation: only non-saturated aliquots were included in the
dating population. Aliquots were considered to be saturated if
either the natural response plus error was greater than the fitted
exponential (i.e. Luminescence Analyst returned an infinite er-
ror) or the dose response curve never reached the level of the
natural signal (Yoshida et al., 2000).

7. Equivalent dose error was less than 50% of the equivalent dose
(single grain only).

An equivalent dose (De) was then calculated for each sample by
applying the central age model (Galbraith et al., 1999) to the
L protocols for representative multigrain aliquots of MUN13-OSL8.



Table 2
Measurement parameters for SAROSL (multigrain and single grain) and TT-OSL protocols. Regenerative beta irradiation doses are excluded before measurement of the natural
luminescence signal, and the IRSL [square brackets] is measured only during the IR-depletion ratio dose step.

OSL TT-OSL

Multigrain aliquots Single grains Multigrain aliquots

В Irradiation (Regeneration) В Irradiation (Regeneration) В Irradiation (Regeneration)
Preheat
260�C (Ramp 5 �C s�1, Hold 10 s)

Preheat
260�C (Ramp 5 �C s�1, Hold 10 s)

Preheat
200�C (Ramp 5 �C s�1, Hold 10 s)

[IRSL]
50�C, 100 s LED stimulation

[IRSL]
50�C, 100 s LED stimulation

OSL
125�C, 300 s LED stimulation

OSL
125�C, 60 s LED stimulation

OSL
125�C, 1 s laser stimulation

Preheat
260�C (Ramp 5 �C s�1, Hold 10 s)
TT-OSL
125�C, 100 s LED stimulation

В Irradiation (Test)
14.50 ± 0.29 Gy

В Irradiation (Test)
15.97 ± 0.32 Gy

В Irradiation (Test)
14.50 ± 0.29 Gy

Preheat
240�C (Ramp 5 �C s�1, Hold 10 s)

Preheat
240�C (Ramp 5 �C s�1, Hold 10 s)

Preheat
220�C (Ramp 5 �C s�1, Hold 10 s)

OSL
125�C, 60 s LED stimulation

OSL
125�C, 1 s laser stimulation

OSL
125�C, 100 s LED stimulation
Heat
300�C (Ramp 5 �C s�1, Hold 100 s)
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accepted population. Final site ages were estimated from multi-
grain OSL and TT-OSL data, while single grain data were used pri-
marily to evaluate age reliability.
6.3. Dose recovery experiments

Both OSL and TT-OSL dose recovery experiments were per-
formed. For SAR OSL, three multigrain aliquots (4 mm) were pre-
pared from each OSL age sample (excluding the modern surface
sediments). All aliquots were bleached together for 500s in sunlight
(UK, sunny conditions), after which each set of three was irradiated
with a dose within 5 Gy of preliminary OSL De estimates for that
sample (Table 4). For the TT-OSL dose recovery, six aliquots (6 mm)
were prepared from surface sample MUN13-BLEACH and irradi-
ated. SAR OSL and TT-OSLmeasurement and data analysis protocols
have already been described.
Table 3
Multigrain aliquots for a) OSL, b) TT-OSL and c) single grains, excluded according to each
overdispersion and CAM De.

Sample Meas. (#) Number rejected

RR Zero IR

a) Multigrain aliquots (OSL)
MUN13-OSL8 18 2 0 3
MUN13-OSL10 18 2 0 4
MUN13-OSL14 18 0 0 2
MUN13-OSL19 18 0 0 1

Sample Meas. (#) Number rejected

RR Zero

b) Multigrain aliquots (TT-OSL)
MUN13-BLEACH 12 3 0
MUN13-OSL8 27 12 5
MUN13-OSL14 15 5 1
MUN13-OSL19 16 3 2

Sample Meas. (#) Number rejected

<3s Tx err. RR Zero IR

c) Single Grain (OSL)
MUN13-OSL8 1300 910 223 31 14 25
MUN13-OSL14 600 418 97 12 3 20

a 1 each excluded for noisy growth curve.
6.4. Dose rate calculations

Gamma dose rates (Table 5) were measured on-site for each
sample using a Canberra Inspector 1000. The gamma spectrometer
was calibrated using the doped concrete blocks at the University of
Oxford (Rhodes and Schwenninger, 2007), and gamma dose rates
were calculated using the threshold technique (Mercier and
Falgu�eres, 2007; Duval and Arnold, 2013). Elemental concentra-
tions were determined via ICP analysis and beta dose rates (Table 5)
were calculated from these concentrations using the conversion
factors of Adamiec and Aitken (1998) and attenuation values from
Brennan (2003). Alpha dose rates were considered to be negligible
due to grain etching. Due to the shallow depth of certain samples
and the relatively low beta and gamma dose rates, both hard and
soft components of the cosmic ray dose rate were calculated
(Prescott and Stephan, 1982; Prescott and Hutton, 1988, 1994).
Sediment density was assumed to be 1.9 g cm�3. However, the
rejection criteria. The final number of accepted aliquots/grains is also shown, as are

Accepted (#) CAM De (Gy) Overdispersion (%)

Sat.

0 13 72.4 ± 7.0 33.6 ± 7.1
1 11 97.5 ± 9.8 32.2 ± 7.4
1 15 114.0 ± 14.8 49.2 ± 9.3
3 14 116.0 ± 5.4 14.9 ± 3.8

Accepted (#) CAM De (Gy) Overdispersion (%)

8a See text See text
11a 97.6 ± 10.9 35.3 ± 8.3
10 145.9 ± 8.3 15.1 ± 4.6
12 120.7 ± 6.6 17.3 ± 4.2

Accepted CAM De (Gy) Overdispersion (%)

Sat. De> 50%

43 9 48 68.7 ± 4.8 42.5 ± 5.6
24 1 25 109.7 ± 10.1 38.1 ± 7.7



Table 4
Dose recovery data for a) OSL and b) TT-OSL samples.

Sample Meas. (#) Given dose (Gy) Number rejected Accepted (#) Normalized recovered
dose (mean ± 1 s d.)

RR Zero IR

a) OSL
MUN13-OSL8 3 58.0 ± 1.2 0 0 1 2 0.96 ± 0.02
MUN13-OSL10 3 91.1 ± 1.8 0 0 1 2 1.02 ± 0.07
MUN13-OSL14 3 107.6 ± 2.2 0 0 0 3 1.06 ± 0.11
MUN13-OSL19 3 107.6 ± 2.2 0 0 1 2 0.94 ± 0.06
All 12 e 0 0 3 9 1.00 ± 0.08
b) TT-OSL
MUN13-BLEACH 6 146.2 ± 2.9 0 0 0 6 0.97 ± 0.09
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effect of overburden erosion does not significantly affect final dose
rate (and therefore age) estimates.

All as-foundwater contents were less than 1% (mass water/mass
wet sediment). In order to account for higher attenuation during
humid periods, dose rates were calculated assuming an average
water content of 5.0 ± 3.0%. The water content correction factors of
Aitken (1985) were used both to calculate dose rate attenuation for
calculated beta dose rates and to correct on site gamma spec-
trometer measurements. Standard errors of 5% were used for on-
site gamma spectrometer measurements and elemental concen-
trations. Cosmic ray dose rate error was calculated via Monte Carlo
techniques (5000 cycles). Standard errors of 5 m for altitude, 25 cm
for overburden depth and 0.2 g cm�3 for sediment density were
assumed for model inputs.

6.5. Results

6.5.1. Equivalent dose measurements

6.5.1.1. Multigrain OSL. Dose recovery results (Table 4a) suggest
that the SAR OSL protocol is valid for the tested irradiation values.
Nine of twelve measured aliquots were accepted (a minimum of
two accepted per sample), with three rejected for unsuitable IR-
depletion ratios. If each sample is considered individually, the
mean normalized recovered dose is within 10% of unity, and
consistent with unity at the 2 sigma range. If all aliquots are
considered as a single population, the given dose is recovered with
high accuracy (1.00 ± 0.08). Based on these results, the preheat
regime of the SAR OSL protocol is believed to be appropriate for
these samples, although this experiment is not sufficient to exclude
the possibility of age underestimation due to grain saturation (see
below). Eighteen aliquots were measured for each of samples
MUN13-OSL8, OSL10, OSL14, and OSL19. OSL signals were fast
component dominated (Fig. 6). Aliquots were rejected primarily for
IR depletion ratio (Table 3), although the number of saturated ali-
quots increases with stratigraphic depth. Overdispersion values
range from approximately 15% (MUN13-OSL19) to a high of nearly
50% (MUN13-OSL14) (Table 3, Fig. 7).
Table 5
Values used for dose rate calculations and final dose rates, in stratigraphic order.

Sample K (%) Th (ppm) U (ppm) Depth
(m)a

MUN13-OSL8 0.322 1.18 1.03 0.22
MUN13-

OSL10
0.629 1.80 1.80 0.48

MUN13-
OSL14

0.869 1.90 2.00 0.96

MUN13-
OSL19

0.619 1.14 0.85 0.57

a Modern day burial depth; due to the sloping surface of the feature, the stratigraphica
for stratigraphic sequence.
6.5.1.2. Single grain OSL. Single grains were measured for samples
MUN13-OSL8 (1300 grains) and MUN13-OSL14 (600 grains). Be-
tween 80% and 90% of grains were rejected for dimness-related
criteria (see above), and approximately 4% of grains were
accepted to determine the final equivalent dose (Table 3). Consid-
ering only accepted grains, overdispersion values are similar for
both samples: 42.5 ± 5.6% and 38.1 ± 7.7% for MUN13-OSL8 and
MUN13-OSL14, respectively. Such luminescence characteristics are
typical for single grain studies of quartz from the Arabian Peninsula
(Armitage et al., 2011; Rosenberg et al., 2011b; Petraglia et al., 2012).
Measured equivalent doses for both samples span a large range but
are largely symmetric (weak positive skew in both samples) and
unimodal (Fig. 7). It is therefore appropriate to use the central age
model to obtain a central De for this data. Given the uncertainty in
the data, single grain CAM De's are indistinguishable from the
multigrain data (see below).
6.5.1.3. TT-OSL. TT-OSL measurements were made for samples
MUN13-OSL8, -OSL14, and -OSL19 until at least 10 aliquots per
sample were accepted. The TT-OSL dose recovery experiment in-
dicates that the chosen protocol can accurately recover a given dose
(Table 3b), and it has been used successfully (with slightly different
signal and background integration times) for a number of samples
collected from sites in the Arabian Peninsula (Rosenberg et al.,
2011a, b). Rosenberg et al. (2011b) have suggested that the SAR
sensitivity correction (Porat et al., 2009) should not be used to
determine De values greater than 300 Gy for quartz from the
Arabian peninsula, but all measured De values were well below this
limit. Overdispersion values varied between 15% and 35%, which
correspond well with the range of values (9%e36%) reported for
Pleistocene samples from this region (Rosenberg et al., 2011b).

Equivalent doses were also measured from twelve aliquots of
surface sample MUN13-BLEACH in order to determine the magni-
tude of any residual, unbleachable signal. These aliquots were
measured and analysed in the same manner as those for age
determination. Six of the eight accepted aliquots had equivalent
doses indistinguishable from 0 at 1 sigma, and two yielded De
Beta
(Gy ka�1)

Gamma
(Gy ka�1)

Cosmic
(Gy ka�1)

Total wet dose
rate (Gy ka�1)

0.36 ± 0.02 0.37 ± 0.02 0.22 ± 0.01 0.94 ± 0.03
0.66 ± 0.05 0.46 ± 0.03 0.21 ± 0.01 1.34 ± 0.05

0.85 ± 0.06 0.59 ± 0.04 0.20 ± 0.01 1.63 ± 0.07

0.54 ± 0.04 0.47 ± 0.03 0.21 ± 0.01 1.21 ± 0.05

lly lowest sample (MUN13-OSL19) does not have the greatest burial depth. See Fig. 5



Fig. 7. Radial plots of accepted multigrain (white diamond) and single grain (black dot) equivalent doses (OSL) for a) MUN13-OSL8, b) MUN13-OSL10, c) MUN13-OSL14, d) MUN13-
OSL19. The central age equivalent dose (solid line) and two-sigma uncertainty range is indicated for the multigrain aliquots, and single grain central ages are indicated for
comparison (dotted line).
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values of 18.7 ± 7.8 and 14.9 ± 4.8 Gy. There is no evidence for a
systematic residual dose. Moreover, the accuracy of the dose re-
covery data indicates that if any residual is present in this modern
surface sample, it is small in comparison with intrinsic De scatter
for equivalent doses of >100 Gy. Although Rosenberg et al. (2011b)
reported an unbleachable residual of 5.5 ± 2.6 Gy for quartz from
the Arabian Peninsula, the data reported in this paper does not
require a similar systematic correction. Because MUN13-BLEACH
comprises aeolian sediment, however, it cannot be used as a pre-
cise analogue for bleaching efficiency during site formation.
6.5.2. Equivalent dose accuracy: evidence from the comparison of
multiple techniques

Two of the three samples measured using both TT-OSL and OSL
techniques (Table 3) yielded TT-OSL equivalent doses that were
significantly older than the corresponding OSL equivalent doses (no
overlap at 1 sigma); both techniques provided similar De values for
the third sample. In addition, samples measured using single grain
techniques provided equivalent central age De estimates for both
multigrain and single grain SAR OSL. When final ages were calcu-
lated (see Section 8), TT-OSL ages were equivalent throughout the
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sequence given the age uncertainties, but an age reversal was
evident for the quartz OSL ages (both multigrain and single grain).
The reliability of the measured equivalent doses is discussed below
in light of the multiple analyses undertaken and known site char-
acteristics. Effects due to saturation, partial bleaching, bioturbation
and microdosimetry are considered.

6.5.2.1. OSL underestimation near saturation. Age inaccuracy due to
saturation of the OSL signal must be considered for these samples.
The presence of saturated multigrain aliquots increased with
stratigraphic depth, and single grain data from MUN13-OSL8 and
MUN13-OSL14 reveal that nearly half of grains which pass criteria
one through five (acceptable quartz SAR characteristics) were
saturated. The proportion of saturated grains was not significantly
different between tested samples, even though the De of MUN13-
OSL8 (68.7 ± 4.8 Gy) is just over half of that calculated for
MUN13-OSL14 (109.7 ± 10.1 Gy). Dose response curves (single
saturating exponential) are characterized by a wide range of D0
values (ca 10 Gy to several hundred Gy), with a median of 49.0 Gy
and a strongly positively skewed distribution. This wide range of
single grain dose responses is typical for published data (Jacobs
et al., 2003; Duller, 2012), although the high proportion of satu-
rated grains at relatively low equivalent doses is unusual. Similar
high proportions of saturated grains have also been reported for the
site of Jebel Faya (Armitage et al., 2011), but not for sites in northern
Saudi Arabia (cf. Petraglia et al., 2012).

Underestimation of luminescence ages due to signal saturation
can be demonstrated via dose recovery experiments (Duller, 2012),
and it has been suggested that equivalent doses >2D0 should not be
used in luminescence dating calculations (Wintle and Murray,
2006). Additionally, a study of multiple samples in the Arabian
peninsula by Rosenberg et al. (2011b), suggested that multigrain
OSL measurements begin to underestimate the true equivalent
dose (measured via TT-OSL) due to saturation effects at >100 Gy. It
is therefore plausible to consider OSL equivalent doses that are near
this 100 Gy range as potential minimum estimates.

6.5.2.2. Partial bleaching. Partial bleaching of the OSL signals,
which may cause age overestimation in luminescence studies
(Olley et al., 1999; Bailey and Arnold, 2006; Ballarini et al., 2007), is
unlikely to have affected these samples. Palaeoecological and
sedimentological evidence suggest that samples MUN13-OSL8 and
-OSL 10 were deposited under primarily aeolian conditions, with
some evidence for water-lain sediment. Older samples MUN13-
OSL14 and -OSL19 consist of palustrine sediments deposited un-
der relatively low energy, shallow-water conditions. Single grain
OSL equivalent dose distributions (Fig. 7), which are both sym-
metric and concordant with multigrain De estimates, do not sup-
port the hypothesis that sediment was only partially reset. It is
possible, however, that partial bleaching may have affected the TT-
OSL signal, which is significantly less light-sensitive (Adamiec et al.,
2008). This may explain the slight stratigraphic reversal of the
topmost TT-OSL sample, which also provided the highest over-
dispersion values of the three samples analysed. However, this does
not change the overall interpretation of the results.

6.5.2.3. Bioturbation. Evidence for bioturbation, such as iron-
staining caused by the development of root systems, is apparent
within certain stratigraphical units (Fig. 5). However, it is probable
that this would have occurred near the time of the original depo-
sition of these units and therefore not significantly affected OSL
ages. Recent bioturbation, in the form of burrows filled with red
sands, was clearly visible in the section due to the strong colour
difference and the unconsolidated nature of the infilling sediments.
Desiccation cracks were also apparent, which may have introduced
small amounts of younger sediment into older layers, but large
scale sediment mixing away from these features is unlikely.
Although we cannot rule out the effect of bioturbation in post-
depositional mixing of sediment from previously discrete layers,
which may cause both upward and downward grain movements
within the section (Bateman et al., 2007a, b; Rink et al., 2013), such
effects are not evident in the single grain equivalent dose pop-
ulations. Furthermore, a large proportion of ostracods tests recov-
ered from the MDF-61 sequence were preserved as intact
carapaces, suggesting that the majority of the sequence was
deposited under low-energy conditions.

6.5.2.4. Microdosimetry. Beta dose heterogeneity is likely to have
affected the overdispersion values measured for the MDF-61 sam-
ples. The range of beta radiation (several millimetres) is short
enough that grains within a suitably heterogeneous sample may
experience variable dose rates, an effect known as microdosimetry
(Murray and Roberts, 1998; Lomax et al., 2007; Jacobs et al., 2008).
Studies that have either physically tested or modelled the equiva-
lent dose distribution effects caused by microdosimetry
(Kalchgruber et al., 2003; Nathan et al., 2003; Mayya et al., 2006;
Cunningham et al., 2012; Gu�erin et al., 2012) indicate significant
effects on luminescene measurements. We suggest that a signifi-
cant portion of the overdispersion noted in the single grain
equivalent dose populations reported here is due to micro-
dosimetric effects in coarse-grained, porous sediments with iso-
lated feldspar grains (Cunningham et al., 2012; Gu�erin et al., 2012).
Microdosimetric effects are also likely to have contributed to the
high overdispersion in multigrain OSL data from sample MUN13-
OSL14, due to the presence of numerous small fragments of
mollusc shell in the sediments. Nevertheless, these effects are un-
likely to cause a systematic bias in the final age estimates.

6.5.2.5. Summary. Based on the measured equivalent dose distri-
butions and site formation analysis described above, it is likely that
discrepancies between OSL (multigrain and single grain) and TT-
OSL De measurements are primarily due to underestimation of
absorbed dose due to saturation effects. It is also possible that
partial bleaching of the TT-OSL signal may have had an effect: the
TT-OSL De measured for sample MUN13-OSL8 is more than 20 Gy
higher than that measured via OSL even though this sample yields
an equivalent dose less than the apparent 100 Gy saturation limit.
However, the concordance between the two techniques in the
measured De for sample MUN13-OSL19 suggests that any partial
bleaching has not caused systematic age overestimates. Similarly,
bioturbation and microdosimetric effects may be present, but are
not likely to have caused systematic age biases.

7. Archaeological evidence

The spatial and temporal complexity of the Arabian Middle
Palaeolithic record has become increasingly evident (Groucutt and
Petraglia, 2012, 2014; Scerri et al., 2014a). Much recent research has
been focused on the potential African affinities of certain Arabian
Middle Palaeolithic assemblages; although few Arabian sites have
been reliably dated, it has been argued that they correspond with
the environmental amelioration of MIS 5 (e.g. Armitage et al., 2011;
Rose et al., 2011; Crassard and Hilbert, 2013; Usik et al., 2013). Other
Middle Palaeolithic assemblages have been regarded as not being
self-evidently diagnostic in terms of cultural origins (e.g. Petraglia
et al., 2011, 2012), and still others have suggested possibly Levan-
tine origins for some Arabian assemblages (e.g. Crassard, 2009; see
also; Delagnes et al., 2012). Quantified comparisons of Arabian and
northeast African lithic assemblages have demonstrated a complex
pattern of similarities and differences, with one site in northern



H.S. Groucutt et al. / Quaternary Science Reviews 119 (2015) 116e135 127
Arabia (JSM-1, Jubbah) displaying consistent differences from all
the other assemblage studied, but others displaying similarities
with northeast African assemblages (Scerri et al., 2014a). The
complexity of the Arabian Middle Palaeolithic record clearly sug-
gests the operation of a number of influences. Some lithic vari-
ability is doubtless influenced by pragmatic factors such as raw
material form and quality, although some of the variability is likely
to be the result of cultural factors. Given the diversity of assemblage
types seen in Arabia it must be hypothesized that the Peninsula saw
a complex demographic history in the Late Pleistocene, probably
with several waves of dispersal from different sources and complex
interactions between these populations and others perhaps already
in Arabia.

At MDF-61 the stratified archaeological material was buried up
to amaximumdepth of 0.55m. A total of 207 lithic artefacts in fresh
condition were recovered from the calcareous silty sands (Units
9e12). Where the protective calcrete that caps the sequence had
been eroded, numerous similar lithics occurred as a surface scatter,
from which a further sample of 728 lithics was collected. These
were in fresh condition, indicating that they had been exposed
relatively recently. At two points of high artifact density, artefacts
were systematically collected from 2� 2 metre squares (Fig. 4), and
to increase sample size, further examples of types such as cores,
retouched flakes and Levallois flakes were collected from across the
site (Table 6).

The collected lithic assemblage from MDF-61 consists of 935
artefacts (Fig. 8), 99% of which were manufactured using high-
quality chert. The most likely source for this raw material are
seams within the limestone bedrock of the Tuwayq escarpment,
which crops out ~10 km to the east of the site. As assemblage of 130
cores was collected, providing insights into the later stages of
reduction. A large proportion of these (75%, see Table S1) were
Levallois cores, particularly recurrent centripetal (30%) and pref-
erential with centripetal preparation (22%). Almost all of the cores
were small and thin, and had been heavily reduced by these specific
formal reduction methods. The different core types are similar in
size and other morphological features (Table S2), suggesting a dual
strategy of producing large preferential Levallois flakes alongside
productive recurrent cores giving a large number of relatively large
flakes. No evidence for Nubian Levallois or bifacial façonnage
reduction was identified, while unidirectional-convergent reduc-
tion is only indicated by occasional scar patterns on flakes. The
Levallois flakes (n ¼ 97) feature finely faceted striking platforms
and mostly centripetal scar patterns, and are typically ~50e60 mm
long and ovoid to rectangular in shape (Fig. 9, Table S3). The
standardized character of Levallois flakes at MDF-61 provides a
clear technological signal, different from that of sites associated
with, for example, ‘Nubian Complex’ and Levantine Late Middle
Palaeolithic assemblages.

An important feature of the MDF-61 lithic assemblage is the
high frequency of retouched tools. These are a rare component of
Arabian Middle Palaeolithic assemblages because most of the sites
attributed to this period in the region represent raw material pro-
curement and early stage reduction localities. The retouched tool
Table 6
Typological breakdown of the MDF-61 lithic assemblage (percentages are shown in brac

Trench 1 Squar

Cores 8 (6) 21 (15
Flakes 100 (79) 73 (51
Levallois flakes 4 (3) 8 (6)
Core management (d�ebordant) flakes 10 (8) 19 (13
Chips/chunks 81 5
Retouched 4 (3) 21 (15
Total 207 147
assemblage from MDF-61 therefore represents an important
baseline for understanding the character of retouched lithics in this
region. The sample of retouched tools (n ¼ 79) demonstrates an
emphasis on retouch of the lateral margins of flakes. In many cases
this retouch trends towards denticulation. Many of the retouched
flakes are convergently shaped, and some can be classified as
retouched points.

The composition of the assemblage is shown in Table 6. The
different collection units demonstrate some variability across the
site, but also that the major categories occur at broadly similar
frequencies. Further details of the archaeological material from
MDF-61 are presented in the Supplementary Online Material.
8. Synthesis

8.1. Age of the MDF-61 sequence

Final ages are provided in Table 7 and the positions of these
samples is shown on Fig. 5. Quartz multigrain OSL ages range from
77.1 ± 8.0 ka at the top to 95.6 ± 5.9 ka at the bottom of the dated
sequence; TT-OSL ages range from 104.0 ± 12.2 ka to 99.5 ± 6.8 ka.
Age reversal in the upper samples is attributed to signal saturation
(see above). Parsimoniously, the dated sequence is older than the
uppermost quartz OSL age (77.1 ± 8.0 ka), and younger than the
concordant OSL/TT-OSL ages obtained for MUN13-OSL19
(95.6 ± 5.9 ka and 99.5 ± 6.8 ka). A Bayesian statistical model
(OxCal v4.2), incorporating the stratigraphical data, multigrain OSL
and TT-OSL ages (see SOM 2 for code) suggests that site formation is
most likely to have occurred between ~97 and 77 ka (Fig. 10).

The OSL age estimates presented here therefore place the
deposition of the majority of the MDF-61 sequence (Units 4e12)
between ~100 ka and 80 ka, This site therefore provides evidence
for wet savannah environments and the periodic existence of
standing waterbodies within the Mundafan Basin during the later
part of MIS 5 (between ~100 ka and 80 ka). The dates presented
here are in agreement with previous research, which concluded
that a waterbody covering an area up to 300 km2 existed in the
Mundafan Basin at some point during MIS 5 (Rosenberg et al.,
2011a). This is also consistent with palaeoclimatic evidence from
elsewhere in the southern Arabian Peninsula, which indicates an
increase in the northward latitudinal position and intensity of the
monsoon system between ~85 and 75 ka (cf. Burns et al., 2001;
Fleitmann et al., 2003; Fleitmann and Matter, 2009). The basal
lacustrine sediments at MDF-61 remain undated, and it is unclear
whether these represent an earlier part of MIS 5 (i.e. MIS 5e) or a
still older Pleistocene wet phase.
8.2. Palaeoenvironmental reconstruction

The palaeoenvironmental and palaeoecological data from MDF-
61 described above demonstrate a number of significant changes to
the local environment in theMundafan Basinwhich can be ascribed
to three phases of deposition (see Fig. 5).
kets, excluding chips and chunks).

e 1 Square 2 Other surface Total

) 32 (14) 69 130
) 176 (74) 38 387

2 (1) 83 97
) 15 (6) 11 55

100 1 187
) 14 (6) 40 79

339 242 935



Fig. 8. Lithics from MDF-61, Trench 1 and surface collection. A: retouched point, BeD: side retouched and denticulated flakes, EeG: unretouched Levallois flakes, H: preferential
Levallois core with centripetal preparation, IeJ: recurrent centripetal Levallois cores.
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8.2.1. Phase 1
The earliest phase comprises lacustrinemarls that preserve little

evidence for vegetative processes. These are thought to represent a
more substantial water body than that represented by the overlying
shallow/littoral palustrine carbonates. No fossils remains were
recovered and so the character of the local environment during
Phase 1 remains unknown.

8.2.2. Phase 2
The succeeding intermediate depositional phase represents a

palustrine environment characterized by the periodic presence of
standingwater-bodies. The characteristics of these facies are typical
of palustrine carbonate formation within the littoral (shallow
water) zone of low energy and low gradient lakes (Alonso-Zarza,
2003; Alonso-Zarza and Wright, 2010). In such shallow-water en-
vironments, the presence of littoral vegetation and episodic sub-
aerial exposure initiate the pedogenesis of lacustrine carbonates.
This is shown by peaks in organic carbon and corresponding peaks
in phytolith content within Units 7 and 8 (Fig. 5), which probably
reflect episodic (possibly seasonal) water level changes. Distinct
increases in phytolith content at 0.8 and 0.6 m coincide with
increased organic carbon values and reflect a landscape dominated
by C3 grassland with a tall mesic C4 element (Fig. 5). The main
morphotypes counted are predominantly found in C3 taxa across
the region, but also occur in some C4 types and therefore cannot
solely be attributed to type. Importantly, trace levels of woody taxa



Fig. 9. Levallois flakes from MDF-61, with diacritical diagrams showing the direction and sequence of flake removals. Note their similar size and shape, as well as dominance of
centripetal preparation.
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are also present, indicative of shrubs or possibly trees in the sur-
rounding area. The presence of shells ofMelanoides sp. (probablyM.
tuberculata) in discrete concentrations throughout the Phase 2
palustrine facies, suggests the presence of shallow, probably
Table 7
Final ages calculated for all samples and techniques, in stratigraphic order.

Sample Age (ka)

Multigrain (OSL) Single grain (OSL) Multigrain (TT-OSL)

MUN13-OSL8 77.1 ± 8.0 73.1 ± 5.8 104.0 ± 12.2
MUN13-OSL10 73.0 ± 7.9 e e

MUN13-OSL14 69.9 ± 9.5 67.2 ± 6.8 89.4 ± 6.3
MUN13-OSL19 95.6 ± 5.9 e 99.5 ± 6.8
seasonal waterbodies. Melanoides tuberculata is widespread
throughout modern Arabia (Neubert, 1998) and Quaternary sedi-
mentary deposits across Africa and Asia. It is a 'slum' species com-
mon in both evaporative and permanent waterbodies and is
particularly tolerant of warmer waters, often occurring in ephem-
eral pools prone to desiccation (Dundee and Paine, 1977; de Kock
and Wolmarans, 2009). The general impression of evaporative, sa-
line bodies of standing water is supported by the almost mono-
typical ostracod assemblages recovered from throughout the
sequence. These are dominated by Cyprideis torosa, a euryhaline
species tolerant of salinities ranging from almost freshwater to hy-
persaline (Meisch, 2000). Furthermore, all of the C. torosa valves
from MDF-61 were of the smooth variety, thought to indicate



Fig. 10. a: Final multigrain OSL (diamond) and TT-OSL ages (square) plotted against cumulative depth. The grey shaded region indicates the peak likelihood of dated sediment
accumulation, taken as the period between median ages calculated for Bayesian sequence boundaries (see text for details). b: Likelihoods (initial ages, unshaded) and posterior
probabilities (modelled ages, black) for all ages and boundaries calculated via OxCal. For code see SOM 2.

H.S. Groucutt et al. / Quaternary Science Reviews 119 (2015) 116e135130
salinities above 5‰ (Meisch, 2000; van Harten, 2000). The absence
of mollusc or ostracod species indicative of more permanent bodies
of freshwater suggests that such waterbodies were at best short-
lived during the deposition of the Phase 2 deposits and were
probably highly seasonal. Occasional valves of freshwater ostracods,
such as Darwinula stevensoni and Paralimnocythere compressa, were
probably flushed into bodies of standing water in the lower part of
the basin by seasonally activated wadis. More humid periods at
MDF-61 were characterized by a mosaic of vegetation consisting of
C3 grasslands with woody elements (Fig. 5).

8.2.3. Phase 3
The palaeoenvironmental record indicates that shallow water/

palustrine conditions were then succeeded by terrestrial sedi-
mentation, due to a retreat of lake water levels at the site location.
This is shown by the archaeology-bearing Units 9e13, which
comprise partly cemented, calcareous silts/sands with numerous
iron-stained root voids, indicative of an incipient sandy palaeosol.
Although there is evidence for vegetative processes at the site
during this period, these units exhibit numerous desiccation cracks
and carbonate nodules, suggesting that groundwater was exposed
to increased evaporation. Similarly, sharp changes in susceptibility
values and increases in sediment particle size, suggest abrupt var-
iations in sediment influx to the site, possibly as a result of
increased wind strength and aeolian transport. It is possible that
the Mundafan basin still accommodated a lake at this time
(Rosenberg et al., 2011a), although the evidence from MDF-61 in-
dicates a markedly drier environment than during previous phases.
Phytolith evidence from the Phase 3 deposits indicates an expan-
sion of grassland with some scattered woody elements. These were
dominated by C3 taxa, but also contained some tall mesic panicoid
C4 elements with trace levels of arid-adapted C4 Chloridoid grasses
(present in the lower part of Unit 9 only). Two circular crenate palm
phytoliths were present at 0.45 m (Unit 9). It is unclear whether
palm was established locally, although the rarity of phytoliths
attributable to it suggests that it was not common within the
Mundafan Basin. More likely explanations for the presence of palm
phytoliths in the upper part of the MDF-61 sequence include long
distance transport by wind, given that palm phytoliths are small
(typically ~5 mm). The presence of significant quantities of micro-
scopic charcoal indicates that the site was affected by at least two
burning episodes, the first during the deposition of Unit 9 and the
second towards the top of Unit 12. Microscopic charcoal levels rise
sharply at the base of Unit 9 and are present throughout this unit,
peaking to the highest levels in the sequence. Macroscopic charcoal
remains were not observed in the sequence, suggesting that the rise
is due to burning of vegetation within the Mundafan region.
Wildfires were probably caused by natural lighting strikes igniting
seasonally desiccated vegetation, or from deliberate burning by
humans in the surrounding landscape. There is a notable absence of
charcoal and phytoliths in the sediments in the upper part of Unit
10 and all of Unit 11, with Unit 11 also representing an archaeo-
logically sterile layer. This marks a phase of increased aridity at the
site, also evidenced by an influx of coarse aeolian sand material and
low organic carbon values. The overlying Units 12 and 13 are again
typified by grassland environments with occasional woody taxa,
and also contain evidence for burning within the Mundafan Basin.
It is throughout these units that the highest densities of artefacts
were recorded.

The sequence at MDF-61 is overlain by a highly weathered and
indurated calcrete crust, reflecting a further increase in evaporative
conditions and marking the end to enhanced humidity within the
region. No phytoliths were found within the uppermost 5 cm of the
sequence. While a precise age for the termination of pluvial
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conditions at Mundafan is absent, it is reasonable to suggest that
this commenced towards the end of MIS 5a, and had occurred by
the onset of MIS 4 (ca 75 ka). The evidence from MDF-61 indicates,
therefore, that following lake contraction, the desiccation and
pedogenesis of calcareous lacustrine material under increasingly
arid conditions, led to the development of a surficial calcitic crust.
As arid conditions prevailed, erosion and deflation of the sur-
rounding aeolian material led to the formation of a landform that
was inverted with respect to its original (palaeotopographic) relief
and was raised up to 4 m above the basin floor.

9. Discussion

9.1. Timing and extent of lake formation within the Mundafan Basin

The sequence at MDF-61 provides an important record of
palaeoenvironmental changes within the Mundafan Basin during
late-MIS 5. Our data support previous studies that have suggested a
phase of lake formation here at that time (cf. Rosenberg et al.,
2011a; Crassard et al., 2013). The presence of a large waterbody
during MIS 5 would have played a critical role in enabling the
expansion of H. sapiens into the Arabian interior and beyond. The
timing and extent of lake formation corresponds with a variety of
palaeoclimatic evidence indicating that Arabia experienced
increased humidity as a result of northward displacement of the
monsoon system. The sedimentary record at MDF-61 indicates that
a number of environmental changes occurred within theMundafan
Basin in response to changing climatic conditions. Initially higher
lake levels were followed by a contraction of lakewaters, evidenced
by palaeoenvironmental data and a succession of depositional re-
gimes, from deeper lacustrine (marls), to shallow/littoral (palus-
trine carbonates) and terrestrial/shoreline (silts/sands) conditions.
The deposition of Middle Palaeolithic artefacts occurs at the onset
of terrestrial sedimentation at the site, following a period of lake
retreat and groundwater evaporation (indurated calcrete). The
palaeoecological record shows that at the time of occupation, the
Mundafan Basin was a grassland region with a woody component
(possibly including palm), and that the region experienced at least
two phases of burning. The presence of a large freshwater body at
Mundafan during late-MIS 5, along with an expansion of grasslands
and woody taxa, confirms that during this time the region main-
tained an ameliorated climate capable of supporting early human
populations and a variety of flora.

9.2. Local and regional environmental setting

Throughout the Late Quaternary, such incursions of monsoon
rainfall, driven by insolation changes directly coupled with glacial
boundary conditions (Clemens and Prell, 2003; Fleitmann et al.,
2003; Leuschner and Sirocko, 2003; Jennings et al., 2015; Parton
et al., 2015a,b), led to the widespread activation of drainage sys-
tems and extensive lake formation in Arabia. Previous palae-
oenvironmental studies (e.g. Burns et al., 2001; Fleitmann et al.,
2003, 2011; Rosenberg et al., 2011a) have demonstrated that pe-
riods of increased humidity occurred during Marine Isotope Stages
(MIS) 5e (~128e115 ka), 5c (~105e95 ka) and 5a (~85e75 ka).
During these periods, large lakes formed in central Oman and
southern Saudi Arabia, providing favourable environmental con-
ditions conducive to the spread of early human populations. At
these times, the incursion of summer monsoon rainfall was prob-
ably sufficient to trigger at least seasonal lake formation at Mun-
dafan, fringed by savannah grasslands, which may have reached a
maximum extent of ~300 km2, and a maximum depth of ~30 m
during MIS 5c (Rosenberg et al., 2011a) and was likely recharged by
regional wadi activation (Breeze et al., 2015).
Although no lake deposits of MIS 5e age have been reported
from Mundafan, evidence for lake formation at Khujaimah,
~250 km to the east (Rosenberg et al., 2011a), confirms the potential
for large freshwater bodies to have existed elsewhere in Arabia at
that time. The primary source of water for the lake at Mundafan is
via eastward flowing channels which drain the Asir Mountains to
the west, while the adjacent Tuwayq Escarpment and the area to
the east of this drain eastwards into the Empty Quarter (see
Crassard et al., 2013 for detailed discussion of the palaeohydrology
of the Mundafan region). Prior to the development of the sur-
rounding dune fields, it is likely that the channels which drain into
palaeolake Mundafan from the Asir Mountains, would have flowed
past the southern tip of the Tuwayq escarpment at the south-
eastern end of the basin, along a broad north-west to south-east
trending valley. Now obscured by dunes, this valley marks the
course of an ancient river system that was developed long before
the emplacement of the Rub’ al-Khali dunes. The subsequent
blocking of this channel by dunes led to the formation of a large
closed basin, within which Lake Mundafan developed during sub-
sequent humid periods (Crassard et al., 2013). Recharge of the Asir
headwaters may have led to the extension of freshwater fluvial
systems between Asir and Mundafan that may have also have acted
as corridors for the movement of early communities, however,
further archaeological and palaeoenvironmental studies from the
Asir region would be required to support this supposition.

Utilizing the heights of the lake sediments reported by
Rosenberg et al. (2011a), an SRTM DEM of the surrounding paleo-
hydrology produced by Crassard et al. (2013), indicates a total lake
extent of ~58 km2 during the Holocene, ~210 km2 at 80 ka, and
~100 km2 at 100 ka. Crassard et al. (2013) state, however, that these
are minimum estimates, and that the lake was almost certainly
larger than the maximum height of the preserved sediments, given
the significant amount of deflation that would have occurred since
the lacustrine phases ceased. These findings also estimate that
given the accommodation space within the basin, the maximum
potential size of the lake is ~346 km2, which is in keeping with the
estimate suggested by Rosenberg et al. (2011a). It is also possible
that several separate water bodies or an expansive wetland envi-
ronment existed within this large basin, which might not always
have constituted a single large lake. Numerous inverted relief fea-
tures across the basin may support this notion; these features have
been reported from similar desert settings and also attributed to
the presence smaller ponded water bodies (e.g. Aref, 2003; Al
Shuaibi et al., 2011). The position of Middle Paleolithic sites in the
basin at Mundafan may be explained by a mixture of this topo-
graphic/sedimentary complexity and by the sites dating to the time
of the contraction of the lake from its maximum extent.

9.3. Timing of human occupation at MDF-61

The evidence for human occupation at MDF-61 occurs towards
the top of the sequencewithin the Phase 3 deposits, suggesting that
people did not inhabit this particular site in the Mundafan Basin
until MIS 5a. Human occupation at MDF-61 therefore appears to
correspond with a period of more arid conditions, characterized by
dry grassland environments. An archaeologically sterile layer (Unit
11) coincides with a phase of increased aridity at the site, repre-
sented by an influx of coarse aeolian sand and a corresponding
absence of phytoliths and low organic carbon values (Fig. 5).

9.4. Implications of the MDF-61 lithic assemblage for hominin
behaviour

MDF-61 adds a critical new reference point to the small but
growing corpus of dated Middle Palaeolithic assemblages from
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Arabia. By intra- and inter-regional comparative analyses of these
assemblages themes such as human dispersal and adaptation can
be addressed. At MDF-61, the combination of a highly reduced
assemblage (i.e. heavily reduced cores, diminutive lithics, high
frequencies of retouch) with a high incidence of preserved cortex
indicates that complete reduction sequences were carried out on
site. The methods by which the cores were reduced, the morpho-
logical and technological characteristics of preferential flakes and
the character of retouch all indicate cultural (learned) behavioural
influences, which can be compared to surrounding regions in order
to understand factors such as dispersal. In terms of core reduction
strategies, for instance, the raw material could have been worked
by other methods such as Nubian Levallois or bifacial reduction, but
was instead repeatedly reduced by centripetal Levallois methods.

The location of the site on the southwestern margin of a
seasonally wet grassland environment would have provided a
topographic highpoint and allowed easy access to the basin and its
contained resources. In contrast, the terrain on the steeper eastern
side of the lake would have exhibited an abrupt transition between
the water body and the Tuwayq Escarpment. Nonetheless, the
limestone Tuwayq Escarpment was the likely source of the chert
used for lithic production. Factors such as the high frequencies of
retouch indicate that raw material was being used in an efficient
manner and that tools were both being initially shaped and reju-
venated (resharpened) at MDF-61 suggesting repeated occupations
of the site (although perhaps over a relatively short time period).
Most Middle Palaeolithic localities at Mundafan are extremely low
density scatters. In contrast MDF-61 has thousands of lithics,
indicating that hominins were repeatedly attracted to this spot.
Previous accounts have suggested correlations between Palae-
olithic sites and lakes in Arabia, but not to specific positions in
relation to the lake (e.g. Petraglia et al., 2011, 2012). An analogous
explanation to that we have proposed for MDF-61 can be applied to
other lakeside Middle Palaeolithic sites in Arabia. At JKF-1 in the
Nefud Desert of northern Saudi Arabia hominins also transported
lithics from a raw material source to the far side of a lake (Petraglia
et al., 2012; Groucutt et al., 2015a). Elsewhere in the Nefud desert,
Lower and Middle Palaeolithic lithic assemblages have been found
associated with small lake basins (Scerri et al., 2015).

The typological, morphological and technological features of the
MDF-61 lithics are similar to those of assemblages associated with
fossils of H. sapiens in Africa and the Levant, as well as MIS 5 Middle
Palaeolithic sites lacking fossils, such as Jwalapurum 22 in India
(Groucutt et al., 2015b). The main characteristic shared between
these assemblages is the combination of high frequencies of
recurrent centripetal and centripetally prepared preferential
Levallois methods of core reduction. Retouched tools are focused on
side-retouched flakes and retouched points. This combination is
found in East Africa by MIS 8, broadly contemporaneous with the
origin of H. sapiens in the late Middle Pleistocene. With MIS 5
similar assemblages are found across the Saharo-Arabian belt and
into India. Fossils associated with this combination of lithic features
are assigned to H. sapiens (e.g. Omo-Kibish, Aduma, Haua Fteah,
Qafzeh), while other hominin fossils (Neanderthals) in southwest
Asia are instead associatedwith features such as high frequencies of
unidirectional-convergent Levallois reduction (e.g. Yellen et al.,
2005; Shea, 2008; Hovers, 2009; Nishiaki et al., 2012; Groucutt,
2014; Groucutt et al., in 2015b).

9.5. Implications for models of human dispersal

Current evidence indicates that H. sapiens was present in Africa
by ~200e150 ka (e.g. McDougall et al., 2005; Stringer, 2011), but
questions remain as to how and when they left Africa to colonize
Asia and beyond (e.g. Petraglia et al., 2010; Mellars et al., 2013).
Genetic evidence has produced conflicting results, with geneal-
ogies of single loci (such as mitochondrial DNA) generally being
interpreted as indicating dispersal ~60e50 ka (Mellars et al., 2013),
but whole genome analyses are consistent with much earlier
dispersal (Scally and Durbin, 2012). Fossil evidence is rare, but
demonstrates thatH. sapienswas in the Levant in MIS 5, yet this can
be interpreted as either representing a failed dispersal (Mellars
et al., 2013), or as evidence of a far wider expansion into Asia
(Petraglia et al., 2010). In the absence of fossil evidence, several
claims have been made for African affinities in Asian archaeological
material, in both eastern Arabia and India (Petraglia et al., 2007;
Armitage et al., 2011; Rose et al., 2011; Crassard and Hilbert,
2013; Usik et al., 2013). The lack of similarity between these
various assemblages - which differentially emphasize bifacial,
Nubian and centripetal reduction e suggests a complex de-
mographic process of dispersal out of Africa, subsequent adaptation
and change, and/or that some of these assemblages were produced
by hominins other than H. sapiens. Crucially, previous claims for
‘African-like’ technology in Arabia were of a rather different char-
acter to contemporary assemblages in the Levant and India
(Armitage et al., 2011; Rose et al., 2011; Usik et al., 2013).

The MDF-61 assemblage provides not only the first stratified
and dated human occupation in the Empty Quarter, but also a key
reference point for lithic comparisons. The MDF-61 assemblage is
the first to demonstrate distinct similarities between contempo-
raneous African, Levantine and Arabian assemblages, as well as late
MIS 5 with material from the site of Jwalapurum 22 in southern
India. MIS 5 sites with similar technological features to the MDF-61
assemblage are located close to both postulated northern and
southern routes out of Africa (Fig. 1). H. sapiens could have moved
through ameliorated northeast Africa (e.g. Wendorf et al., 1993) and
the Sinai Peninsula (Kobusiewicz, 1999; Kobusiewicz et al., 2001).
Alternatively, sites such as Aduma, Ethiopia (Yellen et al., 2005) are
located close to the hypothesized Bab al Mandab route across the
Red Sea. The current evidence is congruent with either, or both, of
these dispersal routes having been used.
10. Conclusions

The MDF-61 record provides an important addition to knowl-
edge of Late Pleistocene environments in interior Arabia. Although
most of our current knowledge of this period has been obtained
from southern and eastern regions, these areas may have been
more sensitive to short term and localized climatic variability. They
are therefore likely to have acted as population refugia, particularly
the Yemeni highlands (Delagnes et al., 2012, 2013) and the Arabian
Gulf (Rose, 2010; Armitage et al., 2011). Indeed the emerging
archaeological record for these areas indicates a significant aspect
of putatively autochthonous developments, perhaps suggesting
that the interior areas are likely to be particularly fruitful if wewish
to understand inter-regional population dispersals.

The presence of hominins in the interior of Arabia during MIS 5
between ~100 and 80 ka is consistent with hypotheses placing
dispersals of H. sapiens out of Africa during MIS 5 (e.g. Petraglia
et al., 2010; Boivin et al., 2013). The lithic assemblage from MDF-
61 is another example of a stone tool technology similar to that
found in east Africa (e.g. Shea, 2008), the Levant (Hovers, 2009;
Shea, 2013) and India (Haslam et al., 2012; Petraglia et al., 2012),
and reduces the ‘outlier’ status of the last two. Where dated, many
of these examples of similar technology date to mid to later MIS 5.
Alternatively, it has been suggested that sites such as MDF-61
represent a ‘failed dispersal’ that also saw H. sapiens expanding
into the Levant during MIS 5 (Mellars et al., 2013). This suggests
that this dispersal was not the narrow and localized dispersal to the
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Levant which has been envisaged, but a spatially and temporally
broader and more complex process.

Given increasing evidence for complex Late Pleistocene
demography, with various episodes of population interbreeding,
considerable caution is needed in simplistically relating lithic typo-
technological features to particular hominin species. Nevertheless,
hypotheses can be developed and tested. Regardless of the origins
of the early humans who made the Mundafan Al-Buhayrah lithic
assemblage, our discovery demonstrates the importance of peri-
odic climatic amelioration in the usually arid regions of the Saharo-
Arabian belt (see also Groucutt and Blinkhorn, 2013; Scerri et al.,
2014b; Parton et al., 2015a,b). The site of MDF-61 contributes
further to the correlation of evidence for ancient human occupation
and palaeohydrological features in Arabia. It also adds a further
element to discussions of Arabian Late Pleistocene lithic evidence.
However, it should be noted that direct association of human
populations with the lake within the Mundafan Basin remains
inferred, since the evidence for the latter was recovered from
sediments deposited during more arid conditions. This is not sur-
prising, given that people would not have inhabited the lake itself,
and the continued existence of a substantial waterbody (at least
seasonally) during the later part of the sequence is highly likely.

Mundafan Al-Buhayrah fills a critical gap in archaeological un-
derstanding, and articulates the African Middle Palaeolithic record
with those of the Levant and India. The observation that hominin
groups in these disparate regions were behaving in similar ways,
inferred from their lithic technology, is consistent with a wide-
spread dispersal of H. sapiens into southern Asia correlating with
environmental amelioration across the Saharo-Arabian belt with
the formation of rivers and lakes such as that at Mundafan. Given
that this technology is also similar to that associated with H. sapiens
in Africa by the late Middle Pleistocene, this dispersal into Asia does
not seem to have occurred due to a technological or cognitively
facilitated ‘revolution’. The evidence fromMDF-61 suggests that the
MIS 5 Levantine occupation was probably not a localized failed
dispersal, but part of a broad occupation of southern Asia by H.
sapiens.
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