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a b s t r a c t

Optically stimulated luminescence (OSL) measurements were made on individual, sand-sized grains of
quartz from Middle Palaeolithic deposits at two cave sites (El Harhoura 2 and El Mnasra) on the Atlantic
coast of Morocco. We were able to calculate OSL ages for 32 of the 33 samples collected from the Middle
Palaeolithic deposits, including the earliest and latest Aterian levels at both sites. These ages reveal
periods of occupation between about 110 and 95 ka (thousands of years ago), and at w75 ka. A late
Middle Palaeolithic occupation of El Harhoura 2 is also recorded at w55 ka. Our single-grain OSL
chronologies largely support previous age estimates from El Mnasra and other sites along the Atlantic
coast of Morocco, but are generally more precise, reproducible and stratigraphically more coherent (i.e.,
fewer age reversals). We compare the single-grain ages for El Harhoura 2 and El Mnasra with those
obtained from single- and multi-grain OSL dating of Middle Palaeolithic deposits in the nearby sites of
Contrebandiers and Dar es-Soltan 1 and 2, and with records of past regional environments preserved in
sediment cores collected from off the coast of northwest Africa. A conspicuous feature of the new
chronologies is the close correspondence between the three identified episodes of human occupation
and periods of wetter climate and expanded grassland habitat. Owing to the precision of the single-grain
OSL ages, we are able to discern gaps in occupation during Marine Isotope Stages 5 and 4, which may
represent drier periods with reduced vegetation cover. We propose that these climatic conditions can be
correlated with events in the North Atlantic Ocean that exert a major control on abrupt, millennial-scale
fluctuations between wet and dry periods in northwest and central North Africa.

� 2011 Elsevier Ltd. All rights reserved.
Introduction

In recent years, there has been resurgence of research into the
Middle Palaeolithic (MP) and Middle Stone Age (MSA) archaeo-
logical records of Africa. This is partly due to the widespread
interest in issues relating to the origins of Homo sapiens, the
dispersal of H. sapienswithin, and out of, Africa, and the origins and
development of modern human behaviour. The North African fossil
evidence has been integrated into models dealing with origins of
H. sapiens and their spread within Africa (Hublin et al., 1987;
Hublin, 1992, 2001), with long-standing suggestions that the
emergence of anatomical features particular to H. sapiens should
All rights reserved.
not be restricted to sub-Saharan Africa (Hublin, 1992). By contrast,
models dealing with the origins and development of modern
human behaviour and the dispersal of H. sapiens out of Africa to
populate the rest of the Old World are based largely on MSA finds
and chronologies from sub-Saharan Africa (e.g., Jacobs and Roberts,
2008; Jacobs et al., 2008a).

The North African MP assemblages have rarely been integrated
into such models, due to the low number of stratified Mousterian
sites and the chronological uncertainties associated with the Mous-
terian and Aterian industries. From palaeoenvironmental records
and geophysical data, it is now clear that the Sahara has not always
been a biogeographic barrier between sub-Saharan and North Africa
(e.g., Osborne et al., 2008; Drake et al., 2011), so it is important to
construct a chronological framework for the MSA and MP assem-
blages in these regions to facilitate a pan-African synthesis ofmodern
human evolution and migration. An improved understanding of the
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Figure 1. Map of northwest Africa indicating some of the better-known Middle
Palaeolithic sites in Morocco: Djebel Irhoud (1), Témara (2), Mugharet el ’Aliya (3),
Benzù (4), Ifri N’Ammar (5), Taforalt (6), Rhafas (7). The Témara region includes
El Mnasra, El Harhoura 2 and several other sites referred to in this paper, which are
marked on the detailed map in the top panel. The inset map shows the location of the
geographic area enlarged in the bottom panel.
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timing, duration and (dis)continuity of these archaeological records,
and their relation to changes in climate and environment, can help
establish the sequence of events that may have led to certain key
turning points in the history ofH. sapienspopulations both south and
north of the Sahara.

Early H. sapiens in Morocco are associated with two MP indus-
tries, the Mousterian and Aterian. The Mousterian is similar to
other Mousterian assemblages of the Near East and Europe: it is
flake-based and displays some use of Levallois technology
(McBurney, 1975; Bordes, 1976; Wendorf et al., 1993; Aumassip,
2001). It differs in other aspects of technology, however, and the
assemblages are commonly deficient in retouched tools, with
mainly side-scrapers. The Aterian industry includes elements not
seen in Mousterian assemblages, such as stemmed artefacts
(Reygasse, 1919e1920; Tixier, 1959), bifacial and unifacial points
(Debénath, 1992; Marean and Assefa, 2005), worked bones
(Ruhlmann, 1951; Howe, 1967; El Hajraoui, 1994), shell beads
(Bouzouggar et al., 2007; d’Errico et al., 2009), pigment use
(Nespoulet et al., 2008) and structured fireplaces (El Hajraoui,
2004; Nespoulet et al., 2008).

Recent dating projects in North Africa have specifically focussed
on constraining the age of the Aterian, using four different tech-
niques: optically stimulated luminescence (OSL) dating of sedi-
ments, thermoluminescence (TL) dating of burnt stones, electron
spin resonance (ESR) dating of tooth enamel, and uranium-series
dating of flowstone. Ages obtained using these methods indicate
that the Aterian probably began well beyond the range of radio-
carbon (14C) dating, so the choice of an appropriate dating method
is critical to resolving the antiquity of the Aterian (Wrinn and Rink,
2003; Bouzouggar et al., 2007; Mercier et al., 2007; Barton et al.,
2009; Richter et al., 2010; Schwenninger et al., 2010).

Dating studies in Morocco have focussed on two geographic
areas: 1) the Témara region on the Atlantic coast, which represents
the westernmost extent of the known distribution of Aterian
assemblages, and 2) the northeast region, inland from the Medi-
terranean coast (Fig. 1). The published ages for the Aterian (i.e.,
assemblages that contain stemmed pieces) appear to differ
between these two regions, despite the same dating techniques
being used. In the Témara region, the Aterian deposits at Dar es-
Soltan 1 (Barton et al., 2009; Schwenninger et al., 2010), El
Mnasra (Schwenninger et al., 2010) and Contrebandiers
(Schwenninger et al., 2010; Jacobs et al., 2011) have OSL ages, all
self-consistent, of between 123 � 9 and 92 � 6 ka (thousands of
years ago). The oldest and youngest individual ages were obtained
for samples OSL6 from Dar es-Soltan 1 (Level I) and SC31 from
Contrebandiers (Layer 4d), respectively.

Muchyounger OSL ages (70� 4, 62� 4 and 59� 10 ka) have also
been obtained for a second occurrence of the Aterian, higher up the
stratigraphic profile at Dar es-Soltan 1 (in Ruhlmann’s Layer C2;
Barton et al., 2009) and at Contrebandiers (in Roche’s Trench;
Schwenninger et al., 2010), but see Jacobs et al. (2011) for a discus-
sion of the reliability of the latter age estimate. These ages fall within
the range of ages (85 � 4 to 60 � 5 ka) published for the Aterian at
sites in northeast Morocco, including Taforalt (Bouzouggar et al.,
2007), and for the proto-Aterian levels (Layer 3a) that underlie the
undated Aterian levels (Layer 2) at Rhafas (Mercier et al., 2007).
Bracketing ages of between 60 and 35 ka for the Aterian have also
been reported for the site of Mugharet el ‘Aliya, near Tangiers, based
on ESR dating of tooth enamel (Wrinn and Rink, 2003). At Dar es-
Soltan 1, the two discrete pulses of Aterian occupation (i.e., assem-
blages containing diagnostic stemmed points) were separated by
layers with no stemmed points, and the same patternwas identified
at Ifri n’Ammar. At the latter site, TL dating of burnt stones yielded
weighted mean TL ages of 145 � 9 and 83 � 6 ka for the Aterian
assemblages containing stemmed points (Richter et al., 2010).
These new chronologies have implications for our under-
standing of the timing and culture-stratigraphy of the MP in North
Africa. They re-introduce the question of which region of Africa,
north of the Sahara, the Aterian originated in and dispersed from,
and cast doubt on the Aterian as a single, short-lived culture. The
revised chronologies challenge the consensus view, based on
models of lithic assemblages and unreliable 14C ages, that the
Aterian on the Atlantic coast represents only the middle and later
phases of this industry (Roche, 1969; Camps, 1974; Roche and
Texier, 1976), and force a re-appraisal of the relationship between
the Mousterian and Aterian, and the Aterian and Upper Palaeolithic
(UP) Iberomaurusian. Furthermore, it is apparent from these recent
studies, primarily of sites in Morocco (e.g., Bouzouggar et al., 2007;
Nespoulet et al., 2008; Barton et al., 2009; Richter et al., 2010;
Schwenninger et al., 2010), that the North African MP, and in
particular the Aterian, can no longer be ignored in models of
modern human behaviour and dispersal (Balter, 2011), but should
be viewed as part of a pan-African MSA that represents one of the
earliest fully modern behavioural adaptations (McBrearty and
Brooks, 2000).

To address the implications raised by these recent studies
requires an accurate and precise chronology for the entire MP
throughout Morocco. Thus far, no single site appears to contain
a continuous cultural sequence from the earliest to the latest MP, so
finely-resolved dating comparisons between sites are needed. The
necessary temporal resolution can only be achieved by conducting
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a systematic dating study, using the same method, operator,
equipment, measurement and analytical procedures for every
sample. With this approach, systematic biases are held constant for
all samples and the random component of error associated with
subtle variations in sample preparation, measurement and data-
analysis practices between different operators and laboratories
can beminimized. Such a studymay provide ages with the required
reproducibility and precision to allow the identification of chro-
nological patterns among sites, and enable comparisons with high-
resolution palaeoclimatic data sets (e.g., Jacobs et al., 2008a), but it
does not prevent replication of our study at one or many different
sites by the same or other methods. Replication will address issues
related to operator bias and measurement accuracy, but all sources
of systematic error must be included in the uncertainties attached
to the age estimates, which will reduce their precision and, thus,
the ability to resolve subtle differences in timing.

In this paper, we use single-grain OSL dating as the method of
choice and report its systematic application to the MP levels at two
sites on theAtlantic coast (Témara region) ofMorocco: ElMnasra and
ElHarhoura2. Single-grainOSL datinghasnot been comprehensively
used at any sites in North Africa, except for Contrebandiers (Jacobs
et al., 2011). It was applied to three samples from Taforalt
(Bouzouggar et al., 2007) and to some of the samples from Dar
es-Soltan 1 (Barton et al., 2009), but without detailed supporting
information.Noneof the reportedages for those two siteswerebased
on these single-grain measurements. In the case of Contrebandiers,
the first author of this paper (ZJ) also measured the majority of
samples and analysed the data, so the ages from all three sites can be
compared directly with the systematic component of error removed.
By employing, in the same scientific program, the same method,
equipment, procedures and operator in both studies, we can place El
Mnasra, El Harhoura 2 andContrebandiers on the common timescale
developed originally for sites in southern Africa (Jacobs and Roberts,
2008; Jacobs et al., 2008a; Jacobs, 2010), and thereby improve the
precision with which we can compare ages within and between
regions, and calculate durations of particular industries.

The reason we have used single-grain OSL dating in this and
previous studies is because of the benefits inherent in measuring
individual grains from archaeological contexts where post-
depositional disturbance may have occurred (Jacobs et al., 2006b,
2008c; David et al., 2007; Lombard et al., 2010) or where there is
the possibility of roof spall contamination and other forms of
inhomogeneous bleaching (Roberts et al., 1998, 1999; Jacobs et al.,
2011). The incorporation of such ‘contaminant’ grains in a sample
can skew the age estimate substantially, unless these grains are
identified and removed prior to age calculation. This requires that
grains are measured individually, rather than simultaneously as
aliquots composed of many tens, hundreds or thousands of grains.
The archaeological sediments at El Mnasra and El Harhoura 2 show
potential for both of the major concerns discussed above: roof spall
occurs in abundance in some units and localised disturbances have
been documented in the form of pits dug by Neolithic and UP
people into the underlying MP levels, and as large-scale animal
burrows and smaller-scale insect activities (Nespoulet et al., 2008).
The magnitude of impact that these factors may have on the reli-
able estimation of an OSL age will vary across a site, so each sample
should be assessed individually. Multi-grain OSL dating can provide
accurate results if grains with problematic behaviours are in the
minority, or if there are no complications from post-depositional
mixing or other forms of contamination. However, one cannot
know beforehand if this is the case, hence the need for single-grain
measurements. The purpose of this paper is to present the meth-
odological and analytical information underpinning the single-
grain OSL age estimates for these two sites, and thereby provide
confidence in the chronologies derived for the MP levels.
Site background and stratigraphy

Since the 1940s, the archaeological discoveries made from sites
near Rabat-Témara along the Atlantic coast have contributed to
establishing Témara as a reference region for human occupation in
North Africa. This is due to the large number of caves excavated
within a restricted geographical area, extending w9 km along the
coastal strip betweenRabat andCasablanca (Fig.1). Sites includeDar
es-Soltan 1 (Ruhlmann, 1951; Barton et al., 2009), Dar es-Soltan 2
(Debénath, 1975, 1976, 1980), El Harhoura 1 (Debénath and Shibi-
Alaoui, 1979), El Harhoura 2 (Nespoulet et al., 2008), El Mnasra
(El Hajraoui, 1993) and Contrebandiers (Roche, 1976; Roche and
Texier, 1976). These caves occur within a low calcarenite cliff,
which represents one of a series of dune cordons that runs parallel
to the coast and is thought to have formed sometime during the
Quaternary, when sea levels were higher than today. All of the caves
facewest, towards the ocean,which suggests that theywere formed
by sea erosion. However, the timing of dune deposition, subsequent
carbonate cementation and cave formation are disputed. It had been
thought that the dunes into which the caves are cut were of early
Marine Isotope Stage (MIS) 5 age (130e110 ka; Texier et al., 1985),
but preliminary OSL ages for samples of calcarenite indicate that the
dunesmay have formed at leastw210 ka, duringMIS 7 (Barton et al.,
2009), and possibly as early as MIS 11 (Jacobs et al., 2011).

The caves have acted as sediment traps, preserving thick accu-
mulations of palaeontological (Monchot and Aouraghe, 2009),
archaeological and culturally-sterile geological sediments. The cave
deposits are 4.5e7.5 m deep and are dominated by sand derived
mainly from disintegration of the host calcarenite, with some
aeolian input (Niftah, 2003; Niftah et al., 2005; Nespoulet et al.,
2008). The caves also present similar culture stratigraphies, with
occupations during the Middle Palaeolithic, Upper Palaeolithic and
Neolithic (early, middle and recent). Several of these caves also
contain a wealth of H. sapiens remains associated with all major
phases of occupation, including rare finds in the MP levels at Dar
es-Soltan 2, El Harhoura 1 (Debénath, 1980, 2000), Contrebandiers
(Roche, 1976; Balter, 2011) and, recently, at El Harhoura 2 and El
Mnasra (El Hajraoui, 2004; ongoing study).
El Harhoura 2 El Harhoura 2 (33�950N, 6�920W) is located in the
village of El Harhoura,w4 km south of Rabat. It is situatedw300 m
from the shore, and the top of the upper level is w17 m above
present sea level. The cave was first discovered in 1977 and after
preliminary excavations in 1996, the site has been continuously
excavated since 2001. The known extension of the cave is about
22 m wide, 9 m deep and 8 m high, and covers a total area of
w200 m2 (Fig. 2a). Before excavations began, the cave was
completely filled with sediments, and most were still preserved
when excavation of a 2 m2 test pit commenced in 1977, in the
entrance of the cave. In 1996, a second 8 m2 test pit established
the depth of the three upper levels of deposits (Levels 1e3). The
general archaeological sequence (Fig. 2a and b) was finally known
in 2007 from a 4 m2 test pit, although bedrock had still not been
reached at a depth of 6.5 m. More laterally extensive excavations
(25 m2) have since been performed in the upper levels (1e4) in
the entrance of the cave, and a 6 m2 test pit has revealed an
inner chamber at the back of the cave (Fig. 2a).

The stratigraphy currently comprises 11 levels (Fig. 2b),
numbered from top to bottom. All levels are relevant to this paper,
except for Level 1 (the Cardial, Middle and recent Neolithic) and
Level 2 (the UP Iberomaurusian). Levels 5, 7, 9, 10 and 11 are
archaeologically almost sterile, or have such low artefact densities
that it is difficult to assign them to any particular culture. Levels 3,
4, 6 and 8 are classified as Aterian. No stemmed artefacts associated
with the Aterian have been found in these assemblages, but all
other attributes of the Aterian are represented. Levels 5e11 have



Figure 2. (a) Plan view of El Harhoura 2, showing the position of the test pit, the excavated areas and the position of the excavation in the rear cavity. The inset shows a general
photograph of the cave in relation to the calcarenite cliff. The numbers 1e3 mark the general positions from where the OSL samples were collected from Levels 4a to 11.
(b) Illustration of the test pit (Area 1 in Fig. 2a) and the position of each OSL sample and its identification code. (c) Photograph of Area 2 in Fig. 2a, showing the OSL sample positions
and codes. (d) Photograph showing the position and code of the OSL sample collected from Area 3 in Fig. 2a.
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been recognised only in the test pit (Fig. 2b), so the absence of
stemmed points or pieces in Levels 6 (21 stone artefacts) and 8
(46 stone artefacts) may be due to the limited area of excavation.
Further excavations are needed to obtain a larger archaeological
sample before a definitive diagnosis can be made. The larger-scale,
lateral excavations have revealed deposits representative of Levels
1e4 in front of the cave (Fig. 2c and d) and Levels 2 and 3 in the
inner chamber. At the latter location, Level 3 is represented only by
aw10 cm-thick layer sitting on top of a rock, whereas Level 3 is well
defined in front of the cave and yielded a comparatively large
number of artefacts (n ¼ 286). The absence of stemmed pieces in
Level 3 and Level 4 (157 stone artefacts) may, therefore, imply an
Aterian industry without these ‘classical’ pieces.

Preservation of micro- and macrofauna (Campmas, 2007;
Stoetzel, 2009; Stoetzel et al., 2011a, b) is exceptional at El Har-
houra 2, and includes human remains in Levels 1, 2, 3 and 8.
Microvertebrate remains are abundant, compositionally diverse,
and accumulated in situ as the result of predation by diurnal and
nocturnal birds and small carnivores. The taphonomic study of
Stoetzel et al. (2011b) demonstrated that these accumulations are
almost undisturbed. The dominant macrofauna comprise the
remains of various herbivores and carnivores (Michel et al., 2009,
2010), with the most hunted species being the gazelle (Campmas
et al., 2008). Carnivores appear to have been the primary accu-
mulator of mammal remains in Levels 3e5 (Campmas, personal
communication).
To date, no ages have been published for the Middle Palaeolithic
layers at El Harhoura 2.
El Mnasra El Mnasra (33�550N, 6�570W) is located in the town of
Témara, and is positioned w500 m from the shore and the surface
of the deposits is w14 m above current sea level. The cave is about
14 m wide, 22 m deep, 6 m high and covers a total area of 230 m2

(Fig. 3a). The cave has a long history of archaeological research,
starting with its discovery in the 1960s and continuing at the
present day, involving the excavation of more than 100 m3 of
deposit. The stratigraphy currently comprises 12 levels, numbered
from top to bottom (Fig. 3). Level 1 is a modern and disturbed
sedimentary layer at the top of the sequence, while Levels 8, 9, 10
and 12 are archaeologically sterile. Level 2 is attributed to the
Cardial Neolithic, Level 3 is assigned tentatively to the
Iberomaurusian, and Levels 4e7 and 11 are classified as Aterian.
In contrast to El Harhoura 2, stemmed pieces were recovered
from all Aterian levels. The latter also contain evidence of closed
fireplaces (with edges defined clearly by limestone pavements)
and open hearths of oval and circular shape (El Hajraoui, 2004).
Bone tools (El Hajraoui, 1993, 2004) and worked hematite
(Nespoulet et al., 2008) have been recovered from the Aterian
levels, along with concentrations of Nassarius shell beads (many
of which are perforated), similar to those reported for Taforalt
(Bouzouggar et al., 2007) and other sites in North Africa, the Near
East and South Africa (Henshilwood et al., 2004; Vanhaeren et al.,
2006; d’Errico et al., 2009). The micro- and macrofaunal records



Figure 3. (a) Plan view of El Mnasra, showing the position of the test pit (Area A) and the excavated areas (black squares). The inset shows a photograph of the cave entrance in
relation to the calcarenite cliff. The letters AeC show the general position from where the various OSL samples were collected. (b) Illustration of the test pit (Area A in Fig. 3a.) and
the position of each OSL sample and its identification code. The samples are numbered in reverse stratigraphic order from EM08-1 at the base (Level 12) to EH08-12 near the top
(Level 4). The stars indicate the positions of the four samples reported in Schwenninger et al. (2010). (c) Photograph of Area B in Fig. 3a, showing the positions and codes of OSL
samples collected from Level 3. (d) Photograph of Area C in Fig. 3a, showing the position and codes of additional OSL samples collected from Level 4.
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at El Mnasra are similar to those at El Harhoura 2, and isolated
human remains have been found with the Aterian in Levels 5 and 6.

To date, four multi-grain OSL ages have been obtained for the
sedimentary deposits at El Mnasra (Schwenninger et al., 2010).
These suggest deposition of the lowermost sediments (Level 11)
during or shortly after MIS 5e (119 � 20 and 112 � 7 ka), and
occupation of the site during the Aterian at 108 � 8 ka (Level 7b)
and 106 � 12 ka (Level 5a).

In summary, the MP sequences of the two sites are very similar.
Both are characterised by low artefact densities and similar raw
material sources (mainly quartzite, flint and exogenous limestone),
and the micro-Levallois débitage (flakes and cores), types of side
scrapers and other retouched tools are identical in the two caves.
The only major difference is themarked absence of stemmed pieces
from the Aterian assemblages at El Harhoura 2. The absence of
stemmed pieces, however, is not sufficient to infer a cultural
distinction between the two Aterian sequences until their
contemporaneity has been established and further collections
made at El Harhoura 2. This caveat also extends to the MP deposits
at Contrebandiers and Dar es-Soltan 1 and 2. In this paper, there-
fore, all MP deposits from sites in the Témara region are referred to
as Aterian. We are not concerned here with the re-appraisal of the
cultural definition of the artefact assemblagesdthe cultural attri-
butions of individual levels, and correlations between assemblages
from different sites, are the subject of papers in preparation and of
new studies that are underway. This paper addresses the chrono-
logical question, our aim being to provide a standardised timeframe
that will enable archaeologists to make direct comparisons
between contemporaneous assemblages from different sites.
Sampling for OSL dating

A total of 30 samples, 15 each from El Harhoura 2 and El Mnasra,
were collected from the MP levels for OSL dating. Both archaeo-
logical and non-archaeological levels were sampled, the latter to
provide additional chronological and contextual information. A
further nine samples were collected from deposits attributed to the
UP. Dating of the UP deposits at El Harhoura 2 will be discussed
elsewhere, but the three samples collected from the purported UP
at El Mnasra are reported here, because we provide evidence that
the host sediments are not, in fact, associated with the UP.

Each sample was collected by hammering opaque plastic tubes
(5 cm in diameter and 15 cm in length) into the cleaned section
walls. Extra material was collected for laboratory-based radioac-
tivity measurements and to determine the fieldmoisture content of
each sample. At least one OSL sample was collected from each
stratigraphic layer, with the majority of samples collected from
a single stratigraphic profile at each site (Figs. 2b and 3b).

Owing to the nature of the Level 3 deposits at El Harhoura 2,
however, it was necessary to collect multiple samples from across
a wide area. This level was heavily altered by pit-digging and bio-
turbation inplaces, especiallyalong the easternwall of the cave, so by
sampling strategically we hoped to obtain more accurate age esti-
mates from the areas that had been altered least. At El Mnasra, Level
4 thickened considerably to the back of the cave, where it consisted
of multiple white ash bands. To capture this change, sediments from
the uppermost and lowermost exposed ash bands were sampled
along the North face. The sample positions, their stratigraphic levels,
and archaeological associations are shown in Figs. 2 and 3.
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Age determination by OSL dating

OSL dating provides a means of determining burial ages for
sediments. The time elapsed since sediments were last exposed to
sufficient heat or sunlight to reset the luminescence ‘clock’ can be
estimated from measurements of the OSL signal, and of the radio-
activity of the sample and surrounding materials (Aitken, 1998;
Bøtter-Jensen et al., 2003). By measuring the OSL signal from
a sample of sediment, the equivalent dose (De) can be determined.
The De is defined as the amount of radiation (in gray, Gy) needed to
generate an OSL signal in the laboratory of equal intensity to that
emitted by the natural sample as a result of the sediment grains
having been exposed to low levels of ionizing radiation in the
natural environment after themost recent ‘clock’ resetting event. In
practice, this involves comparing the OSL signal from the natural
sample with the signals induced in the laboratory by administering
known doses (using a calibrated radiation source) to portions of the
same sample (in this study, individual grains). The latter signals are
used to construct an OSL doseeresponse curve (Fig. 4), fromwhich
an estimate of the De can be made.

An estimate of the environmental dose rate (Dr) is also required
to determine an OSL age. The Dr represents the rate of supply of
ionizing radiation to the sample in the natural environment over
the entire period of burial. This involves assessing the radioactivity
of the sample and the surrounding material, to a distance of about
40 cm, using chemical or physical methods. An estimate of the time
of burial of fully bleached or heated grains can then be obtained by
dividing the De by the Dr.

Recent reviews of the method as applied to archaeological
materials can be found in Feathers (2003a), Jacobs and Roberts
(2007), and Wintle (2008).

Sample preparation and OSL instrumentation

All samples were opened in the laboratory under appropriate
lighting conditions (dim red/orange illumination). Sediments
collected for moisture content and radioactivity measurements
were weighed and dried to obtain estimates of field moisture
content, and these same sediments were then ground to a fine
powder for laboratory determinations of the Dr. All OSL samples
were subjected to a series of chemical treatments to isolate quartz
grains of a specific size range for measurement of the OSL signal.
Carbonates were dissolved in 10% HCl acid, and organic matter was
oxidized in 30 vol H2O2. The 180e212 mm diameter grain-size
fraction was then separated by wet sieving and the quartz grains
isolated by density separation, using sodium polytungstate
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Figure 4. OSL decay and doseeresponse curves for a representative single grain from El
Mnasra. This grain is typical of those accepted for De determination after application of
stringent data rejection criteria to eliminate grains with unsuitable OSL characteristics.
solutions of specific gravity 2.62 (to reduce the potassium-rich
feldspar content) and 2.70 (to remove heavy minerals). The
quartz grains were etched in 40% HF acid for 45 min to destroy any
remaining feldspars, and then washed with concentrated HCl acid
for 45 min to remove any precipitated fluorides. The etched quartz
grains were sieved again, using the smaller mesh diameter
(180 mm), and only grains retained on this sieve were used for
dating. This same procedure was systematically applied to each
sample, and generated ample material in all cases.

The prepared quartz grains were mounted on discs that had
a 10 � 10 grid of 300 mm diameter holes drilled in the surface, so
that each hole contained one grain of w200 mm in diameter. In
total, 31,400 grains were measured individually in this way. A Risø
TL/OSL-DA-15 optical stimulation and detection system, equipped
with a focussed laser attachment for optical stimulation of indi-
vidual sand-sized grains, was used to measure each grain in this
study. OSL measurements were made using the beam from
a 10 mWNd:YVO4 diode-pumped green laser (532 nm) focussed to
a 10 mmdiameter spot with a power density ofw50W/cm2 (Bøtter-
Jensen et al., 2000). The laser reproducibility on our instrument was
estimated to be �2%, which we have propagated through the error
calculation for each of the natural, regenerative and test dose OSL
signals. The ultraviolet OSL emissions were detected using an
Electron Tubes Ltd 9635Q photomultiplier tube fitted with 6 mm of
Hoya U-340 filter, and laboratory doses were given using a 90Sr/90Y
beta source mounted on the reader. The beta source was calibrated
using a range of known gamma-irradiated quartz standards and to
account for spatial variation in dose across a disc (e.g., Ballarini
et al., 2006), we determined the beta dose rates to individual
grain positions from measurements of gamma-irradiated quartz
grains.

Equivalent dose measurements

The measurement procedures employed in this study are the
same general single aliquot regenerative-dose (SAR) procedures as
those described in Jacobs et al. (2003b, 2006b, 2008a, c) for single
grains. After measurement of the natural OSL signal, each grainwas
subjected to seven regenerative-dose cycles, and the induced OSL
signals were measured. These cycles included laboratory doses of
between 30 and 320 Gy, a duplicate dose and a zero dose, which
form part of the SAR performance tests routinely carried out on
quartz grains (Jacobs and Roberts, 2007). After measurement of the
natural and each regenerative dose, a fixed test dose of w9 Gy was
applied and then optically stimulated. The resulting OSL signal was
used to monitor and correct for any sensitivity changes between
successive SAR cycles. The natural and regenerative doses were
preheated at 180 �C for 10 s, and the test doses at 180 �C for 5 s,
before optical stimulation for 2 s at 125 �C (at 90% laser power). The
OSL signal was determined from the first 0.22 s of stimulation, and
the count rate over the final 0.33 s was used as background. At the
end of this SAR sequence, a checkwas also made for the presence of
infrared-sensitive grains and inclusions, using the OSL IR depletion-
ratio test described by Jacobs et al. (2003a) and Duller (2003). A
representative OSL decay curve and doseeresponse curve for
a single grain of quartz from El Mnasra are shown in Fig. 4.

As reported in previous studies, not every grain yields useful
information on absorbed dose (Jacobs and Roberts, 2007). Accord-
ingly, we rejected uninformative grains (Tables S1eS4) using objec-
tive criteria described and tested elsewhere (Jacobs et al., 2003a,
2006a). These included the rejection of grains with (1) an initial
OSL signal from the first test dose of less than three times the back-
ground count rate; (2) a sensitivity-corrected signal measured in the
zero-dose cycle of more than 5% of the sensitivity-corrected natural
OSL signal; (3) a ‘recycling ratio’ between the sensitivity-corrected
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signals for the duplicate regenerative doses that differed significantly
(i.e., at 2s) from unity; (4) a sensitivity-corrected natural OSL signal
that did not intercept the doseeresponse curve (‘over-saturation’);
and (5) anOSL IR depletion-ratio smaller than unity bymore than 2s.

Most grains were rejected owing to the lack of a discernible OSL
response to the test dose (criterion 1), which provides information
about the inherent brightness of a grain. It is common in studies of
quartz grains from a range of geographic and depositional envi-
ronments that a large proportion of measured grains are not
luminescent. Based on our experience, the grains from El Mnasra
and El Harhoura 2 are some of the more luminescent observed. For
the majority of samples, more than 50% of the grains produced
a measurable OSL signal. This high OSL sensitivity to dose was also
noted for the samples from Dar es-Soltan 1 (Barton et al., 2009).

It is also noteworthy that a large number of grains were rejected
for some samples because the sensitivity-corrected natural signal
(LN/TN) did not intercept the doseeresponse curve (criterion 4).
These grains are ‘over-saturated’ and are an experimental artefact
that is not well understood (Yoshida et al., 2000; Bailey, 2004;
Bailey et al., 2005; Jacobs et al., 2006b). Multi-grain aliquots will
include an unknown proportion of such grains, which will
contribute to the measured OSL signal and may result in a signifi-
cant overestimation of De and, hence, age.

For grains that satisfied the criteria for acceptance, a saturating-
exponential-plus-linear curve was fitted to the regenerative-dose
points and the De was obtained from interpolation of the natural
signal (Fig. 4). Under the measurement conditions specified above,
this procedure gave correct estimates of dose for single grains of
samples EH08-3 and EM08-5 that had been bleached in sunlight
and then given a known dose of 100 Gy, similar to that expected
for the burial doses of the majority of our samples. Both samples
had mean ratios of measured/given dose consistent with
unityd1.03 � 0.06 (n ¼ 163) and 0.98 � 0.05 (n ¼ 127), respecti-
velydbut the individual dose estimates were spread more widely
than expected from their measurement uncertainties alone,
yielding ‘overdispersion’ values (Roberts et al., 2000) of 12 � 2 and
15 � 2%, respectively. This extra spread is typical for sedimentary
quartz grains, even in the absence of any complicating factors such
as insufficient sunlight exposure before burial or sediment mixing
after burial, and should be taken into account whenDe distributions
for natural samples are assessed for the effects of depositional and
post-depositional processes.

Dose recovery tests were also performed using alternative
preheat treatments, which revealed that the samples from these
two sites are largely insensitive to the typical range of preheat
temperatures used in OSL dating. The measurement conditions
employed in this study are also consistent with those indepen-
dently assessed for quartz grains extracted from deposits in nearby
Contrebandiers (Jacobs et al., 2011).

In addition to the presence of ‘over-saturated’ grains in the El
Mnasra and El Harhoura 2 deposits, we identified a variety of other
quartz OSL characteristics that are not favourable for De determi-
nation. For example, many of the grains exhibited unusually slow
rates of OSL decay with stimulation time, which suggests the
presence of a large, hard-to-bleach component in the OSL signal.
The vast majority of grains with this and other aberrant lumines-
cence characteristics failed to satisfy one or more of the afore-
mentioned objective criteria and were therefore rejected during
the initial screening process. We also scrutinised each of the
remaining grains individually before calculating the De, but did not
find any reasons to reject additional grains. The majority of
accepted grains were characterised by OSL signals that decayed
rapidly with stimulation time, consistent with them being
composed predominantly of the most light-sensitive (‘fast’)
component of quartz OSL, and produced doseeresponse curves
typical for quartz (Fig. 4). In addition, none of the grains showed
significant variation in De when the signal integration range was
systematically changed to construct De(t) plots (e.g., Bailey, 2003).
This suggests that even the few grains with slower rates of OSL
decay had been fully bleached prior to burial, and are not afflicted
by the differential rates of sensitivity change reported for the
various OSL components present in other quartz samples (e.g., Jain
et al., 2003; Singarayer and Bailey, 2003). Because of the favourable
luminescence characteristics of these grains, we consider that the
De values and OSL ages obtained from themwill provide useful and
reliable information about the depositional and post-depositional
history of the sediments.

Analysis and interpretation of De distributions

Of the 31,400 individual sand-sized grains of quartz measured,
between 11% and 43% of grains per sample proved suitable for OSL
dating using the SAR procedure (Tables S1eS4). In total, De values
were estimated for 9424 grains (30% of the number of grains
measured), and these are displayed as radial plots in Figs. S1 and S2
for each of the samples from El Harhoura 2 and El Mnasra,
respectively. In such plots, the most precise estimates fall to the
right and the least precise to the left. If the De values are consistent
with statistical expectations, then 95% of the points should scatter
within any chosen band of width �2 units projecting from the left-
hand (standardised estimate) axis (Galbraith et al., 1999).

The grey shaded bands in Figs. S1 and S2 are each �2 units in
width, so it is immediately apparent that for all samples, the De

estimates are spread too widely to fall within any single shaded
band. This is reflected also in the overdispersion values of 21e43%
(El Harhoura 2: Table 1) and 18e89% (El Mnasra: Table 2), which are
much greater than the values obtained for samples EH08-3 and
EM08-5 under controlled laboratory conditions in the dose
recovery test. We attribute this additional De overdispersion to the
samples being afflicted by variations in the beta dose rate to indi-
vidual grains (e.g., Murray and Roberts, 1997; Olley et al., 1997) and/
or by post-depositional mixing of grains with different burial ages
(e.g., Roberts et al., 1998,1999; Feathers, 2003b; Jacobs et al., 2006b,
2008b; David et al., 2007; Lombard et al., 2010; Tribolo et al., 2010).
We refer to the two types of De distributions resulting from the
influence of these factors as ‘scattered’ and ‘mixed’, respectively,
following the nomenclature introduced by Jacobs et al. (2008b) for
samples from Sibudu, South Africa. We reserve the term ‘mixed and
scattered’ for distributions affected by both beta dose variations
and post-depositional mixing; these De distributions were treated
as ‘scattered’ after removing the intrusive grains.

The finite mixture model (FMM) was applied to both types of
single-grain De distribution to determine the number of discrete De

components, the relative proportion of grains in each component,
and the weighted mean De value and associated standard error of
each component (Roberts et al., 2000; David et al., 2007; Jacobs
et al., 2008c, 2011). We ran the FMM using overdispersion values
of between 10 and 20% and identified the minimum number of
statistically supported De components from the values of maximum
log likelihood and the Bayes Information Criterion (BIC). Details
about the number of components, their relative proportions, and
their weighted mean De values are listed for each of the samples in
Table 1 (El Harhoura 2) and 2 (El Mnasra). Jacobs et al. (2011) give
worked examples for samples from the nearby site of Con-
trebandiers, and Jacobs and Roberts (2007) provide further
discussion on the interpretation of radial plots and a review of the
FMM and other age models.

The standard error in De obtained using the FMM represents the
total uncertainty associated with all sources of random variation
arising from photon counting statistics, instrument reproducibility



Table 1
De information for all samples measured from El Harhoura 2.

Sample Excavation
level

No. of
grains

Central
De (Gy)

Overdispersion
(%)

No. of
componentsa

De values (Gy) and proportions (%)

Component-1 Component-2 Component-3

De Proportion De Proportion De Proportion

EH08-1 11 296 111 � 2.3 24 � 2 2 (s) 46.4 � 7.5 2.6 � 1.5 114.0 � 2.3 97.4 � 1.5 e

EH08-2 10 303 112 � 2.2 23 � 2 2 (s) 67.1 � 6.3 7.3 � 3.5 117.0 � 2.7 92.7 � 3.5 e

EH08-3 9 294 111 � 2.1 21 � 2 2 (s) 52.3 � 10.7 1.6 � 1.5 112.7 � 2.1 98.4 � 1.5 e

EH08-4 8 239 98 � 2.2 25 � 2 2 (s) 66.5 � 7.2 14.8 � 8.2 105.8 � 3.5 85.2 � 8.2 e

EH08-5 7 333 91 � 1.7 25 � 2 2 (s) 59.7 � 6.7 12.2 � 6.5 93.7 � 2.6 87.8 � 6.5 e

EH08-6 6 264 86 � 1.8 26 � 2 2 (s) 51.3 � 4.1 12.1 � 4.1 91.8 � 2.2 87.9 � 4.1 e

EH08-7 5 219 78 � 1.8 26 � 2 2 (s) 56.3 � 2.6 21.4 � 4.6 87.1 � 2.0 78.6 � 4.6 e

EH08-8 4b 266 90 � 2.2 32 � 2 2 (s) 62.6 � 3.4 26.5 � 6.4 104.7 � 3.3 73.5 � 6.4 e

EH08-9 4a 353 78 � 1.3 25 � 1 2 (s) 45.9 � 4.6 8.7 � 3.7 88.8 � 1.7 91.3 � 3.7 e

EH08-10 3 383 47 � 1.0 37 � 2 3 (m þ s) 20.2 � 1.3 8.1 � 2.1 39.8 � 1.3 43.4 � 4.9 65.3 � 2.0 48.5 � 5.0
EH09-1 3 326 72 � 2.0 43 � 2 3 (m þ s) 38.8 � 2.3 19.2 � 4.2 71.2 � 2.8 58.6 � 5.2 129.4 � 7.2 22.2 � 4.6
EH09-2 3 371 60 � 1.4 38 � 2 3 (m þ s) 34.5 � 2.3 16.4 � 5.4 55.8 � 2.8 55.6 � 6.1 94.5 � 5.1 28.0 � 5.7
EH09-3 3 307 63 � 1.7 38 � 2 3 (m þ s) 36.6 � 3.5 14.9 � 6.9 58.0 � 3.1 58.5 � 7.2 103.8 � 6.6 26.6 � 5.9
EH09-4 3 320 68 � 1.8 40 � 2 3 (m þ s) 29.0 � 4.2 5.0 � 2.7 56.8 � 2.0 63.7 � 4.7 109.5 � 5.3 31.4 � 4.8
EH09-10 3 267 77 � 1.9 31 � 2 2 (m) 62.0 � 2.2 56.2 � 7.2 102.9 � 4.9 43.8 � 7.2 e

Shown are the number of grains used for final De determination, the central De value calculated for all of the grains and the corresponding overdispersion value. The finite
mixture model was used to fit discrete components to each of the De distributions. The number of components fitted to the data, the De values of these and the proportion of
grains belonging to each component are also listed. The De values used for age determination are shown in bold.

a Indicates whether the De distribution was scattered (s) or mixed and scattered (m þ s) (see text for details).
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(Jacobs et al., 2006a) and the uncertainties in fitting the dosee
response curves and the FMM. To this random error, we added (in
quadrature) a systematic uncertainty of 2% to allow for possible bias
in De estimation due to calibration of the 90Sr/90Y beta source used
for laboratory irradiation of all samples.

Scattered De distributions

Nine of the samples collected from El Harhoura 2 and 11
samples from El Mnasra have typical ‘scattered’ De distributions
(denoted as (s) in column 6 of Tables 1 and 2), with overdispersion
values of between 18 � 2 and 34 � 3%. These distributions can be
fitted by two discrete De components, with the major component
containing more than three-quarters of the single-grain De values.
For the El Harhoura 2 samples, the major component accounts for
Table 2
De information for all samples measured from El Mnasra.

Sample Excavation
level

No. of
grains

Central
De (Gy)

Overdispersion
(%)

No. of
componentsa

EM08-1 12 (b) 214 114 � 2.5 24 � 2 2 (s) 56.5
EM08-2 12(t) 290 131 � 2.1 20 � 2 2 (s) 66.5
EM08-3 11 (t) 365 128 � 2.1 23 � 1 2 (s) 57.9
EM08-4 10 336 110 � 1.8 25 � 1 2 (s) 58.8
EM08-5 9a 266 119 � 2.4 26 � 2 2 (s) 60.1
EM08-6 8 246 116 � 2.3 25 � 2 2 (s) 60.0
EM08-7 7b 257 115 � 1.9 18 � 2 2 (s) 68.0
EM08-8 6 252 118 � 2.2 21 � 2 2 (s) 59.5
EM08-9 6a 388 128 � 1.8 19 � 1 2 (s) 83.1
EM08-10 5b 346 106 � 2.0 29 � 2 3 (m þ s) 18.9
EM08-11 5a 393 53 � 2.4 89 � 3 3 (m) 15.4
EM08-12 4 (b) 209 109 � 3.0 33 � 2 2 (m) 20.4
EM10-1 3 (t) 229 85 � 2.3 33 � 2 2 (s) 61.3
EM10-2 3 (b) 112 81 � 3.7 40 � 4 2 (m) 20.4
EM10-3 4 150 84 � 3.7 47 � 4 3 (m þ s) 21.7
EM10-4 3 (t) 317 49 � 2.4 82 � 4 e (m) Inde
EM10-5 4 (t) 281 106 � 2.7 36 � 2 3 (m þ s) 42.5
EM10-6 4 (b) 113 120 � 4.6 34 � 3 2 (s) 53.4

Shown are the number of grains used for final De determination, the central De value ca
mixture model was used to fit discrete components to each of the De distributions. The n
grains belonging to each component are also listed. The De values used for age determin

a Indicates whether the De distribution was scattered (s), mixed (m) or mixed and sca
�73% of the De values (Table 1), while at El Mnasra it captures�89%
of the individual estimates (Table 2). The only exception is EM10-1,
which containsw65% of the grains in the major component. The De

estimates for grains in the minor components are typically about
half the value of those in the major components. Most of the
samples also have grains with De values that fall between these two
components.

Such distributions typically result from grains that were buried
at the same time, but received different beta doses afterwards.
Grains with the lowest De values may have received no beta dose,
such as when a grain is surrounded by more than 2 mm of low
radioactivity material (e.g., carbonate), whereas grains with De

values intermediate between the two fitted components may have
received a partial beta dose, as would occur if they were situated
close to a low radioactivity material. The greater abundance of
De values (Gy) and proportions (%)

Component-1 Component-2 Component-3

De Proportion De Proportion De Proportion

� 4.7 7.4 � 2.3 120.9 � 2.2 92.6 � 2.3 e e

� 7.9 3.3 � 1.8 134.5 � 2.1 96.7 � 1.8 e e

� 4.8 3.7 � 1.4 133.0 � 1.8 96.3 � 1.4 e e

� 4.7 5.9 � 2.1 114.7 � 1.9 94.1 � 2.1 e e

� 3.7 6.8 � 1.9 125.4 � 2.0 93.3 � 1.9 e e

� 3.8 5.6 � 1.8 122.1 � 2.0 94.4 � 1.8 e e

� 5.2 4.8 � 2.0 118.7 � 1.7 95.2 � 2.0 e e

� 6.2 3.6 � 1.8 121.8 � 2.1 96.4 � 1.8 e e

� 4.4 11.0 � 3.1 136.1 � 2.0 89.0 � 3.1 e e

� 2.2 1.0 � 0.6 61.0 � 4.4 7.0 � 2.2 113.9 � 1.8 92.0 � 2.3
� 0.5 28.2 � 3.0 31.4 � 2.3 12.5 � 2.5 106.9 � 2.1 59.3 � 2.6
� 2.5 2.5 � 1.2 114.4 � 2.1 97.5 � 1.2 e e

� 6.2 35.5 � 14.3 101.6 � 6.2 64.5 � 14.3 e e

� 3.1 4.6 � 2.3 88.8 � 2.8 95.4 � 2.3 e e

� 2.6 4.5 � 2.0 48.4 � 4.6 16.6 � 4.6 104.3 � 3.4 78.9 � 4.8
terminate
� 4.8 5.8 � 2.2 97.5 � 5.7 64.3 � 13.3 150 � 14.6 30 � 13.8
� 13.1 4.4 � 3.5 126.5 � 3.9 95.6 � 3.5 e e

lculated for all of the grains and the corresponding overdispersion value. The finite
umber of components fitted to the data, the De values of these and the proportion of
ation are shown in bold.
ttered (m þ s) (see text for details).
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inhomogeneous carbonate indurations at El Harhoura 2 may
explain the greater proportion of grains (up to 27%) in the minor De

component of those samples. We argue against mixing as the
mechanism responsible for generating these types of De distribu-
tions, because the proportion of grains in the two De components
remains similar down a single stratigraphic profile (w3.5 m deep at
El Harhoura 2 and w2.7 m deep at El Mnasra), which is not
consistent with mixing as a result of particle diffusion (Heimsath
et al., 2002). Also, the taphonomic study of microvertebrates by
Stoetzel et al. (2011b) demonstrated that there has been little
disturbance of these deposits. For samples with ‘scattered’ De

distributions, therefore, the layers from which they were collected
are thought to have retained their stratigraphic integrity and not
been compromised by post-depositional mixing.

We used the approach described by Jacobs et al. (2008b, c) to
identify those samples that have a spread in De values consistent
with beta dose variations between grains, and classified 20 of the
30 samples as having ‘scattered’ distributions. For each of these
samples, the OSL age was calculated from the weighted mean De of
the major component (i.e., the component containing the greatest
proportion of grains, as determined by the FMM: Tables 1 and 2)
divided by the Dr with the beta dose rate adjusted for the propor-
tion of grains in the main component (Tables 3 and 4). Worked
examples of this approach are given in Jacobs et al. (2011), together
with a sensitivity test to demonstrate the limited effect that our
assumptions, and the use of modelled beta dose rates, have on the
final ages. Fig. 5 shows a representative example of a scattered De

distribution for each site.

Mixed De distributions

Six samples from El Harhoura 2 and seven samples from El
Mnasra have been identified as having possible ‘mixed’ or ‘mixed
and scattered’ De distributions. These samples are identified as (m)
or (m þ s) in column six of Tables 1 and 2. Two or three De

components could be fitted to these distributions using the FMM.
The De overdispersion values range from 31 � 2 to 43 � 2% at El
Harhoura 2 (Table 1) and from 29 � 2 to 89 � 3% at El Mnasra
(Table 2), which are significantly greater than the corresponding
ranges for the ‘scattered’ De distributions (with the sole exception
of EH08-8). These De distributions typically contain a proportion of
measured grains that can be interpreted as intrusive, given that the
spread in De values is too large to be explained solely in terms of
grain-to-grain variations in beta dose rate. We envisage that sedi-
ment mixing took place by a combination of natural processes and
anthropogenic factors. Representative examples of ‘mixed and
Table 3
Equivalent dose (De) and dose rate values used to calculate the OSL ages of the El Harho

Sample Excavation
level

Moisture
content (%)

Adjusted beta
dose rate (Gy/ka)

Gamma do
rate (Gy/k

EH08-1 11 8 � 2 0.54 � 0.04 0.31 � 0.0
EH08-2 10 8 � 2 0.57 � 0.04 0.35 � 0.0
EH08-3 9 5 � 1 0.58 � 0.04 0.37 � 0.0
EH08-4 8 5 � 1 0.57 � 0.04 0.34 � 0.0
EH08-5 7 5 � 1 0.48 � 0.03 0.30 � 0.0
EH08-6 6 5 � 1 0.41 � 0.03 0.29 � 0.0
EH08-7 5 5 � 1 0.44 � 0.03 0.32 � 0.0
EH08-8 4b 5 � 1 0.58 � 0.03 0.38 � 0.0
EH08-9 4a 5 � 1 0.64 � 0.04 0.37 � 0.0
EH08-10 3 3 � 1 0.63 � 0.03 0.31 � 0.0
EH09-1 3 9 � 2 0.64 � 0.04 0.36 � 0.0
EH09-2 3 6 � 2 0.56 � 0.03 0.37 � 0.0
EH09-3 3 6 � 2 0.51 � 0.03 0.35 � 0.0
EH09-4 3 7 � 2 0.58 � 0.04 0.35 � 0.0
EH09-10 3 15 � 4 0.62 � 0.04 0.34 � 0.0
scattered’ De distributions for samples from El Harhoura 2 and El
Mnasra are shown in Fig. 6a and b, respectively.

At El Mnasra, the samples with ‘mixed’ and ‘mixed and scat-
tered’ distributions are from the latestMP and purported UP (Levels
3, 4, 5a and 5b). For samples EM08-10, EM08-12, EM10-2 and
EM10-3, the FMM identified a low-De component (centred on
w20 Gy) that consists of only a few grains (1e5% of the total
number). We consider these grains as intrusive. Their corre-
sponding ages are 16e20 ka, using the dose rates for the levels in
which these grains finally came to rest (Table 4). When these few
grains are removed from the data sets, the four De distributions
assume the appearance and overdispersion properties of the El
Mnasra samples with ‘scattered’ De distributions.

Sample EM08-11, however, contained a much higher proportion
of intrusive grains (w40%). The most likely explanation for this
scatter may be the presence of an ancient animal burrow that could
have been penetrated during sample collection, resulting in grains
with different burial ages being mixed together. The existence of
many large burrows throughout the deposit provides a compelling
case to use single-grain analyses and finite mixture modelling to
identify intrusive grains. These issues cannot be resolved using
conventional multi-grain aliquots (Arnold and Roberts, 2009). But
even single-grain analyses and the FMM failed to untangle the De

distribution of sample EM10-4, which is mixed to such an extent
that discrete components could not be reliably fitted (Fig. 7). It is
likely that the deposit at the point of sampling was heavily
disturbed, possibly by a burrowing animal. For such De distribu-
tions, it is feasible to calculate maximum and minimum burial ages
for the sediments, but the relationship of these ages to the cultural
or human remains is open to question.

At El Harhoura 2, the six samples with possible ‘mixed’ or ‘mixed
and scattered’ De distributions are restricted to the latest MP (Level
3). The four Level 3 samples collected along the southern, western
and northern excavation walls (EH09-1, -2, -3 and -4; Fig. 2c) have
the same type of De distribution (Fig. S1). In each case, three De

components were identified, with the middle De component rep-
resented by the largest proportion of grains (56e64%) and the
highest De component by 22e31% of the grains. The latter grains
have similar De values to those in the underlying MP layers
(Table 3), which suggest that they may be derived from the
underlying deposits, but the mixing mechanism is not clear.
Alternatively, or in addition, roof spall contaminationmight explain
the upper range of De values, but is unlikely to account for the full
range of De values encompassed by this component. But in either
case, the intrusive grains making up this component should be
removed prior to final De and age calculation.
ura 2 samples.

se
a)

Cosmic-ray dose
rate (Gy/ka)

Total dose
rate (Gy/ka)

Final De

value (Gy)
Age (ka)

1 0.04 � 0.01 0.92 � 0.05 114.0 � 2.3 123.7 � 7.4
1 0.04 � 0.01 0.99 � 0.05 117.0 � 2.7 118.3 � 7.1
1 0.05 � 0.01 1.04 � 0.05 111.9 � 2.0 108.1 � 5.9
1 0.05 � 0.01 0.99 � 0.05 105.8 � 3.5 106.7 � 6.6
1 0.05 � 0.01 0.87 � 0.04 93.7 � 2.6 108.1 � 6.3
1 0.05 � 0.01 0.79 � 0.04 91.8 � 2.2 116.4 � 6.6
1 0.06 � 0.01 0.85 � 0.04 87.1 � 2.0 102.6 � 5.7
1 0.06 � 0.01 1.05 � 0.05 104.7 � 3.3 99.9 � 5.8
1 0.07 � 0.01 1.11 � 0.05 81.8 � 1.7 73.7 � 4.1
1 0.09 � 0.01 1.06 � 0.05 65.3 � 2.0 61.9 � 3.5
1 0.12 � 0.01 1.15 � 0.04 71.2 � 2.8 61.9 � 4.1
1 0.12 � 0.01 1.08 � 0.05 55.8 � 2.8 51.6 � 3.6
1 0.12 � 0.01 1.01 � 0.05 58.0 � 3.1 57.7 � 4.2
1 0.12 � 0.01 1.06 � 0.05 56.8 � 2.0 52.6 � 3.3
1 0.09 � 0.01 1.08 � 0.07 62.0 � 2.2 57.3 � 4.2



Table 4
Equivalent dose (De) and dose rate values used to calculate the OSL ages of the El Mnasra samples.

Sample Excavation
level

Moisture
content (%)

Adjusted beta
dose rate (Gy/ka)

Gamma dose
rate (Gy/ka)

Cosmic-ray dose
rate (Gy/ka)

Total dose
rate (Gy/ka)

Final De

value (Gy)
Age (ka)

EM08-1 12 (base) 3 � 1 0.39 � 0.03 0.29 � 0.01 0.14 � 0.01 0.86 � 0.04 113.9 � 2.3 133.2 � 7.0
EM08-2 12 (upper) 9 � 2 0.60 � 0.04 0.34 � 0.01 0.15 � 0.01 1.11 � 0.06 134.5 � 2.2 121.0 � 6.9
EM08-3 11 (upper) 12 � 3 0.71 � 0.05 0.34 � 0.01 0.15 � 0.01 1.23 � 0.07 133.0 � 1.8 108.3 � 6.6
EM08-4 10 9 � 2 0.59 � 0.04 0.29 � 0.01 0.15 � 0.01 1.06 � 0.06 114.7 � 1.9 108.5 � 6.3
EM08-5 9a 7 � 2 0.68 � 0.04 0.29 � 0.01 0.15 � 0.02 1.12 � 0.06 125.4 � 2.0 108.9 � 6.2
EM08-6 8 7 � 2 0.57 � 0.04 0.29 � 0.01 0.15 � 0.02 1.05 � 0.05 122.1 � 2.0 116.7 � 6.4
EM08-7 7b 14 � 4 0.46 � 0.03 0.45 � 0.01 0.15 � 0.02 1.09 � 0.06 118.7 � 1.7 108.8 � 6.6
EM08-8 6 15 � 4 0.57 � 0.04 0.34 � 0.01 0.16 � 0.02 1.09 � 0.07 121.8 � 2.1 111.6 � 7.3
EM08-9 6a 6 � 2 0.72 � 0.04 0.36 � 0.01 0.16 � 0.02 1.27 � 0.06 136.1 � 2.0 107.4 � 5.8
EM08-10 5b 13 � 3 0.54 � 0.04 0.33 � 0.01 0.16 � 0.02 1.06 � 0.06 113.9 � 1.8 107.5 � 6.6
EM08-11 5a 11 � 3 0.50 � 0.03 0.32 � 0.01 0.16 � 0.02 1.00 � 0.05 106.9 � 2.1 106.5 � 6.5
EM08-12 4 (base) 20 � 5 0.57 � 0.04 0.34 � 0.01 0.16 � 0.02 1.11 � 0.07 114.4 � 2.1 103.5 � 7.5
EM10-1 3 (upper) 14 � 4 0.71 � 0.04 0.44 � 0.04 0.17 � 0.02 1.35 � 0.09 101.6 � 2.3 75.3 � 5.6
EM10-2 3 (base) 13 � 3 0.67 � 0.04 0.49 � 0.03 0.17 � 0.02 1.36 � 0.09 97.4 � 2.9 71.6 � 5.3
EM10-3 4 35 � 9 0.54 � 0.04 0.37 � 0.03 0.16 � 0.02 1.10 � 0.11 104.0 � 3.4 94.6 � 9.7
EM10-4 3 (upper) 11 � 3 0.64 � 0.04 0.44 � 0.03 0.17 � 0.02 1.28 � 0.09 Indeterminate
EM10-5 4 (upper) 20 � 5 0.48 � 0.04 0.34 � 0.02 0.16 � 0.02 1.02 � 0.08 97.5 � 5.7 95.4 � 9.3
EM10-6 4 (base) 25 � 6 0.52 � 0.04 0.37 � 0.03 0.16 � 0.02 1.08 � 0.09 115.3 � 3.0 106.7 � 9.6
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The third, and lowest, De component is represented by 5e20% of
the grains (Table 1). These De values are not dissimilar to those
obtained for samples collected from Level 2 (the UP Iber-
omaurusian; data not reported here). A layer of large roof fall
(Fig. 2c) forms a distinct boundary that clearly delimits Level 3 from
Level 2 along the southern, northern and western faces of the
excavation. When we collected these four samples, three of them
(EH09-1, EH09-2 and EH09-4) were deliberately taken from
beneath some of the large blocks of fallen roof rock (Fig. 2c), which
we assumed would have provided protection against the down-
ward movement of younger, overlying sediments. The fourth
sample (EH09-3) was also collected from the northern face, but at
a position where there is a clear stratigraphic separation between
Levels 3 and 2.

So, what was the mechanism responsible for producing the
component with the smallest De values? Wasp activity has been
observed, in the form of small burrowing holes along the excava-
tion walls. These appear to be more prevalent in section walls
excavated previously than in freshly excavated sections, which
suggests that such activity is a recent, post-excavation occurrence.
If this is the case, then wasp activity should not be a significant
problem. It may introduce some zero-age (modern) grains from the
surface of the wall, but such grains would be recognized and
Figure 5. Representative radial plots of ‘scattered’ single-grain De distributions from a) El H
major and minor components, which were fitted using the ‘finite mixture model’. Each point
on the standardised estimate axis through the point of interest, to intersect the radial axis.
The precision is the reciprocal of the relative error, so that the most precise De estimates fa
removed using our single-grain procedures, and any mixing would
occur horizontally within Level 3, resulting in the admixture of
grains with similar burial ages. We did, however, clean the section
walls prior to sampling and could not identify any zero-age grains
in any of our samples, which suggests that the smallest De values
are due to some other factor(s).

A more likely explanation for the low-De grains is the effect of
variations in the beta dose rate to individual grains. The sediments
at the front of the cave are partially indurated with carbonate, and
carbonate conglomerates have formed around most of the bones
and stones. Carbonates are low in radioactivity compared to most
otherminerals, so the low-De componentmay represent carbonate-
coated grains that received a smaller beta dose during burial than
did grains in the middle and high-De components. To calculate
appropriate ages for these samples, the grains in the high-De

component were removed from the data sets and the remaining De

values were then treated in the same way as for the ‘scattered’
distributions. Two discrete De components were fitted to these data
and the main De component was used for age estimation. Our
treatment of the De data sets for Level 3 is consistent, therefore,
with that of samples collected from the deeper levels, where post-
depositional disturbance is not an issue. In practical terms, this
approach does not produce significantly different ages to those
arhoura 2 and b) El Mnasra. The grey bands are centred on the central De values for the
represents the De value for a single grain and can be read by extending a line from zero
The relative error on this De is read by projecting a line to intersect the horizontal axis.
ll on the right-hand side of such plots.



Figure 6. Representative radial plots of ‘mixed and scattered’ single-grain De distributions from a) El Harhoura 2 and b) El Mnasra. The grey bands are centred on the central De

values for the major component and for the component interpreted to be the result of small-scale differences in the beta dose rate to individual grains. The solid grey lines are
centred on the central De of a third component, identified using the finite mixture model, and interpreted as representing mixed-in and intrusive grains.
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obtained under the assumption that the smallerDe values represent
intrusive grains (see, for example, the sensitivity test in supporting
online information in Jacobs et al., 2011), but it does have impli-
cations for the stratigraphic integrity of the cultural and skeletal
remains recovered from Level 3.

Two other samples from Level 3 were collected from less secure
stratigraphic positions. Sample EH08-10 was collected from along
the eastern section wall (Fig. 2d), where there is clear evidence for
massive Neolithic pits that could have caused significant distur-
bance of the underlying layers. The De distribution for this sample
also consists of three De components. Two of these occur in
approximately equal proportions and have similar weighted mean
De values (65.3 � 2.0 and 39.8 � 1.3 Gy) to the two lowest De

components obtained for the other Level 3 samples. The third
component has amuch smaller De value (w20 Gy) and is thought to
represent intrusive grains from the overlying Level 2; using the
measured Dr for this sample (Table 3) gives an age ofw19 ka for this
component, which is similar to the ages obtained for the low-De

intrusive grains at El Mnasra. Interestingly, there is no discernable
input from the Neolithic in sample EH08-10, despite the extensive
Figure 7. The ‘mixed’ De distribution obtained for sample EM10-4 (Level 3) from El
Mnasra. This radial plot shows a De distribution for which an accurate age could not be
obtained. For such samples, the stratigraphic integrity of the associated cultural and
human remains is open to question.
pit-digging observed in this area. For consistency with the other
samples from Level 3, the main De component was used to estimate
its age, and the Dr was corrected for beta-dose heterogeneity.

The sixth sample from Level 3 (EH09-10) was collected from the
base of the sedimentary sequence in the cavity at the rear of the
cave (Fig. 2a). The Level 3 deposits here are w10 cm thick and
perched on a rock, but it is not knownwhether the rock represents
bedrock or is just a large fallen slab. Only two De components
(62 � 2 and 103 � 5 Gy) were identified (Table 1). The component
with the smallest De values contains a slightly higher proportion of
grains, and its weighted mean De value is consistent with those
obtained from the dominant (middle) De component of samples
from Level 3 at the front of the cave; we used this component for
age determination of sample EH09-10. By contrast, the higher De

component consists of values similar to those obtained for samples
from the earlier part of the MP. These grains, therefore, may be
derived from older, and as yet unexcavated, sediments beneath the
rock, or may represent unbleached or partially bleached grains
produced by disintegration of the slab of rock and released into the
overlying Level 3 sediments.

It is interesting that sample EH09-10 lacks a third component
with much smaller De values, because thick UP and Neolithic
deposits overlie the thin Level 3 sediments at this location. The
absence of such a component implies no significant mixing, despite
evidence for considerable disturbance of the overlying Level 2
deposits. The absence of smallDe values also suggests that the effect
of variations in the beta dose received by individual grains is not
problematic in this instance, which is compatible with field
observations of few carbonates and no induration of the sediments.
The close agreement between the ages of sample EH09-10 and the
other Level 3 samples from the front of the cave can be viewed as
providing independent validation of the beta-dose correction
procedure employed for the latter samples.
Environmental dose rate measurements

The dose rate for each sample represents the sum of the beta
and gamma dose rates due to 238U, 235U, 232Th (and their decay
products) and 40K. The bulk beta and gamma dose rates were
measured by GM-25-5 low-level beta counting (Bøtter-Jensen and
Mejdahl, 1988) and in situ gamma-ray spectrometry, respectively.
Allowance was made for beta dose attenuation (Mejdahl, 1979), HF
acid etching (Bell and Zimmerman,1978) and samplewater content
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(Aitken, 1985). The moisture contents used for age determination
were based on the field values at the time of sample collection,
which range from 3 to 15% at El Harhoura 2 (Table 3) and from 3 to
35% at El Mnasra (Table 4). The El Mnasra values are more variable
because of differences in the sedimentological properties of the
samples: Those with the lowest water contents are sandy and free-
draining, whereas those with the higher water contents contain
significant amounts of silts, clays and ash. We consider the
measured water contents as representative of the long-term water
contents for these samples, as the cave is quite humid and the
deposit damp throughout.

In contrast, the El Harhoura 2 deposit was fairly dry throughout
(water contents of 3e9%), except in the small cavity at the back of
the cave (w15%). The sediments at the front of the cave were also
much more compacted than those in the rear cavity and at El
Mnasra. The deposit at the front of the cave is only slightly pro-
tected fromweather and is fully exposed to direct sunlight, so it has
probably always retained only a small amount of moisture. The
deposit in the rear cavity is comparatively humid, completely
protected from sunlight, and some speleothems have formed as
a result of water percolating through the cave roof. Its higher
measured water content is, therefore, also thought to be repre-
sentative of the long-term average. For all of the El Harhoura 2 and
El Mnasra samples, we allowed for a relative uncertainty of �25%
(at 1s) on the water contents to accommodate the likely range of
values experienced by the sediments since deposition; the OSL ages
increase by w1% for each 1% increase in water content.

The cosmic-ray dose rates were calculated following Prescott
and Hutton (1994), and included adjustments for site altitude
(19 m for El Harhoura 2 and 14 m for El Mnasra), geomagnetic
latitude (38.7�), density and thickness of cave rock (2.5 g/cm3) and
sediment (1.8 g/cm3) overburden, and the cos2F zenith angle
dependence of cosmic rays (Smith et al., 1997). We also assumed an
effective internal alpha dose rate of 0.03 � 0.01 Gy/ka, which falls
within the range of measured values for acid-etched quartz grains
from different locations (Feathers and Migliorini, 2001; Bowler
et al., 2003; Jacobs et al., 2003b).

By estimating the beta and gamma dose rates from beta
counting and field gamma spectrometry, we have assumed that the
present state of (dis)equilibrium in the U and Th decay chains has
prevailed throughout the burial period of each sample. These
emission-counting methods are, however, superior to those that
determine only the parental U concentration (e.g., neutron activa-
tion analysis or ICP-MS), as the latter are critically dependent on the
assumption of secular equilibrium in the 238U chain. By contrast,
even the most common time-dependent disequilibria in the 238U
chain are unlikely to lead to relative errors in Dr of more than a few
percent when emission-counting techniques are employed (Olley
et al., 1996, 1997).

We note that the total dose rate exhibits only modest variation
at both sites, showing no trend with depth in the stratigraphy or
location within each cave. The gamma dose rates range between
0.29 and 0.38 Gy/ka at El Harhoura 2, and from 0.29 to 0.45 Gy/ka at
El Mnasra. These estimates take into account any inhomogeneities
in the gamma-ray sphere at each sample location. Greater vari-
ability is observed in the beta dose rates: 0.41e0.62 Gy/ka at El
Harhoura 2 and 0.39e0.72 Gy/ka at El Mnasra. There is no practi-
cable way to obtain an estimate of the beta dose rate for each of the
measured individual grains. In the laboratory, an average beta dose
rate for the bulk sample is obtained and this is assumed to be
representative for every grain measured. We have argued that this
assumption is not valid for the sediments from El Harhoura 2 and El
Mnasra, based on the distribution of De values for each of the
samples. In such cases, the grains used to calculate the sample De

require their beta dose rates to be adjusted appropriately, which we
achieved using the procedure described by Jacobs et al. (2008c).
This approach is based on the appearance of the De distribution and
the identification of two De components by the FMM (Tables 1
and 2). The component comprised of the lower De values may
represent grains that received little or no beta dose in their burial
environment, as a consequence of them being juxtaposed or
encased by low radioactivity materials (e.g., carbonate). The FMM
allows an estimate to be made of the proportion of grains influ-
enced by such materials, and the beta dose rate for the other De

component (from which the age is determined) can be adjusted
accordingly. Additional details, and worked examples, are given in
Jacobs et al. (2008c, 2011) and Haslam et al. (2011). This beta-dose
correctionwas made to all samples, except for EH09-10 (which was
collected from the cavity at the rear of El Harhoura 2) and EM10-4
(for which an age could not be calculated).

The dose rate information for each sample is presented in
Tables 3 and 4. The uncertainty associated with the total dose rate
of each sample represents the quadratic sum of all known and
estimated sources of random and systematic error.

Age estimates

To obtain an age for each sample, its De value was divided by the
corresponding Dr value listed in Table 3 (El Harhoura 2) and 4
(El Mnasra). These tables also list the single-grain OSL ages and
their 1s uncertainties, derived by combining in quadrature the
uncertainties on the De and Dr estimates.
El Harhoura 2 We were able to obtain reliable ages for all of the
samples collected from the MP levels at El Harhoura 2. The two
basal samples collected from the archaeologically sterile Levels 11
and 10 (EH08-1 and -2) gave ages of 124 � 7 ka and 118 � 7 ka.
These are consistent with each other and indicate sediment
deposition during MIS 5e. The ages of the six samples collected
from Levels 9 to 4b (EH08-3 to -8) range between 116 � 7 and
100 � 6 ka. These are statistically indistinguishable at 2s. The
samples from Levels 8, 6 and 4b are associated with the Aterian,
whereas those from Levels 7 and 5 are archaeologically sterile.

There appears to be a discernible break in time between Levels
4b and 4a. The sample collected from the latter level (EH08-9) gives
an age of 74 � 4 ka, which is significantly different from the age of
the underlying Level 4b. The archaeological and faunal contents of
these two sub-levels are usually combined and attributed to the
Aterian, but the OSL ages suggest that these sub-levels are not
contemporaneous and, therefore, their contents should not be
combined for analysis. There is then another hiatus between Levels
4a and 3 (the latest MP). Six samples were collected from Level 3,
five from the front and one from the rear of the cave, which gave
ages of between 62 � 4 ka (EH08-10, EH09-1) and 52 � 4 ka
(EH09-2). Part of this spread probably reflects the uncertainty in
untangling the mixing observed for some of these samples (Figs. 6a
and S1) and in correcting the beta dose rate for the proportion of
grains affected by carbonate cementation after burial.

To further resolve the chronology for the site, we used the
statistical (homogeneity) test of Galbraith (2003) to determine if
the independent ages obtained for Level 3, and those for Levels 9 to
4b, are self-consistent (i.e., the spread in ages are statistically
compatible with the size of the age uncertainties). The test assumes
that the OSL ages are independent observations sampled from
a log-normal distribution, and the null hypothesis is that the ages
are consistent with a common value. We recognize that this test
should be used to compare multiple estimates of age for a specific
event (i.e., the same level such as for Level 3), whereas we are also
comparing age estimates for sediments possibly deposited over
several centuries, millennia or longer (i.e., ages from Levels 9 to 4b).
Such time intervals will be hard to discern if they are shorter than
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the size of the individual age uncertainties. In the present context,
therefore, we are using the homogeneity test to establish if the
spread in ages is sufficiently narrow that the null hypothesis cannot
be rejected when the age uncertainties are taken into account. The
latter outcome would indicate that the ages of the relevant layer or
layers are consistent with either a single event or with sediment
accumulation over a time span commensurate with the size of the
age uncertainties (i.e., several millennia at 1s).

The calculated P-values (which indicate the probability that
a random value from a chi-squared distribution with n�1 degrees
of freedom is greater than the homogeneity test statistic, G) are
P¼ 0.094 and P¼ 0.44 for Level 3 and Levels 9 to 4b, respectively. A
small P-value (by convention <0.05) indicates that the ages are not
all compatible with a common value. The P-values for the two
groups, however, are greater than 0.05, which supports the null
hypothesis and suggests that the OSL ages are self-consistent
within each group. Accordingly, we calculated a weighted mean
age of 56.9 � 2.2 ka for the samples from Level 3 and a weighted
mean age of 106.5 � 3.1 ka for the ages from Levels 9 to 4b, under
the assumption that the individual age estimates represent either
a single event or a series of events spread over a time interval that is
short compared to the size of the age uncertainties.
El Mnasra We also obtained reliable age estimates for all, but one,
of the samples from El Mnasra. Two ages were obtained for Level
12, a yellow brown sand at the base of the excavation, which
represents a marine sand thought to be associated with the last
interglacial (MIS 5e) sea level at 126 � 2 ka (e.g., Waelbroeck et al.,
2008). An age of 133 � 7 ka (EM08-1) was obtained for the base of
Level 12, and an age of 121 �7 ka (EM08-2) fromw72 cm higher in
the section, near the top of Level 12 (Fig. 3b). These ages are
consistent with sediment deposition during a sea-level
transgression at the end of MIS 6 and during MIS 5e, and with
the ages obtained for the lowermost deposits at El Harhoura 2.

EM08-3 was collected from Level 11 (the lowest expression of
the Aterian), and gave an age of 108� 7 ka. From this level up to the
base of Level 4 in the deep trench (EM08-12), all ages are statisti-
cally indistinguishable at 2s, including the ages for samples
collected from archaeological sterile levels interspersed with levels
containing the Aterian. The OSL ages range between 117 � 6 ka
(EM08-6) and 104 � 8 ka (EM08-12). A weighted mean age of
108.9 � 2.9 ka (P ¼ 0.95) was calculated for these ten samples. This
provides a reliable and precise estimate of the time of first occur-
rence, and the strongest expression, of the Aterian at El Mnasra.
These individual age estimates for the Aterian, and the weighted
mean, are consistent with those for Aterian occupation of El Har-
houra 2, but they are not sufficiently precise to resolve periods of
site occupation and abandonment that lasted for only a few
millennia, or less.

The three other samples collected from Level 4 have similar or
slightly younger ages. In the deep trench, Level 4 consists of one
thick ash band, but along the eastern wall and above the current
excavation to the west of the deep trench in areas B and C in Fig. 3a,
this level appears to split into at least two layers, seen as additional
white ash bands. The sample collected from the lowermost exposed
ash band along the easternwall was dated to 107� 10 ka (EM10-6),
consistent with the age for the base of Level 4 in the deep trench
(104� 8 ka). The sample collected from the uppermost exposed ash
band gave an age of 95 � 9 ka (EM10-5), which is consistent with
the age of 95�10 ka obtained for the intermediate sample, EM10-3.
It is probable, therefore, that there is some time transgression
between the base and top of Level 4 and, hence, for the Aterian at
this site, but the ages are all statistically consistent. A similar rela-
tionship between sample age and stratigraphic position was also
observed for the Aterian deposits at Contrebandiers (Jacobs et al.,
2011). When all the ages for the Aterian represented in Levels 11
and 7e4 are combined, a weighted mean age of 106.2 � 3.0 ka
(P ¼ 0.92) is obtained, which is almost identical to the weighted
mean ages for the Aterian at El Harhoura 2 (this study) and Con-
trebandiers (Jacobs et al., 2011).

We also obtained ages for Level 3, which has been tentatively
attributed to the UP. Towards the front of the cave, the contact
between these sediments and the underlying Level 4 deposits is
relatively diffuse and the Level 3 deposits are heavily disturbed by
pits, with the base represented by a bioturbated layer w20 cm
thick. Accordingly, we did not collect an OSL sample from this layer.
The upper part of Level 3 is better preserved in the back of the cave,
where a sharp contact is visible between these and the overlying
Level 2 (Neolithic) deposits. At this location, Level 3 consists of two
dark, organic-rich layers separated and overlain by reddish sedi-
ments. The ages for the lower and upper black lenses (72 � 5 and
75 � 6 ka, respectively) are indistinguishable, but no age could be
determined for the sample collected from the overlying red sedi-
ment (EM10-4). The De distribution for this sample (Fig. 7) shows
that these sediments have been heavily bioturbated and include
grains that were last exposed to sunlight between 95 and 7 ka ago.
Based on the weighted mean age of 73.3 � 4.2 ka for the two other
samples from Level 3 (EM10-1 and -2), it would appear that the
sediments (and, hence, the associated artefacts) were not deposited
during the UP, but are time-equivalent to the Aterian assemblage
from Level 4a at El Harhoura 2. As Level 3 at El Mnasra has not been
excavated by the current excavation team, and there is no docu-
mentation that the previous excavators found UP artefacts, we
consider it likely that the UP is not present at El Mnasra. Instead, we
suggest that the MP is overlain directly by the Neolithic, but the
nature of the final MP remains to be demonstrated. This issue may
be resolved by ongoing excavations, geoarchaeological investiga-
tions and additional OSL dating of these deposits.

Schwenninger et al. (2010) also calculated OSL ages for four
sediment samples from El Mnasra (X2413eX2316). These ages can
be compared directly with those obtained in this study, because the
samples were collected from the same profile in the deep trench;
their locations are shown as stars in Fig. 3b. Samples X2413 and
X2414 were collected from Level 12 and produced ages of 119 � 20
and 112 � 7 ka, respectively, which are similar to our single-grain
ages of 133 � 7 ka (EM08-1) and 121 � 7 ka (EM08-2). Sample
X2415 was collected from Level 7b and was dated to 108 � 8 ka
(consistent with 109 � 7 ka for EM08-7), while sample X2416 was
collected from Level 5a and gave an age of 106 � 12 ka (consistent
with the single-grain age of 107 � 7 ka for EM08-11). Both sets of
ages indicate the relatively short time span represented by the
sediments accumulated in Levels 12 to 4 in the deep trench at El
Mnasra.

In summary, the single-grain ages obtained in this study for
samples collected from El Mnasra and El Harhoura 2 reveal periods
of occupation of both sites between about 110 and 95 ka, and at
w75 ka. A late MP occupation of El Harhoura 2 is also recorded at
w55 ka. These OSL chronologies confirm other recent reports of
Aterian assemblages inMorocco dating tomore than 100 ka (Barton
et al., 2009; Richter et al., 2010; Schwenninger et al., 2010; Jacobs
et al., 2011).
Discussion

Archaeological chronologies

OSL ages are now available from five sites in the Témara region,
on the Atlantic coast of Morocco. The age estimates obtained from
four dating studies (Barton et al., 2009; Schwenninger et al., 2010;
Jacobs et al., 2011; and this study) are summarized in Fig. 8, with



––––––––––––––––––

20

0

40

60

80

100

120

140

160

180

200

1

2

3

4

5

6

7

1.0

0

1.5

Vegetation fraction
(Sahara)

5060708090100
%C4 plants (C31)

A
ge

(k
a)

EH2 EM Contrebandiers DeS1 DeS2

MIS5e

Figure 8. OSL ages for sediments deposited at archaeological sites in the Rabat-Témara area, Atlantic coast of Morocco, together with palaeoenvironmental reconstructions based on
sediment cores collected from off the northwest coast of Africa. The left-hand dashed line indicates the relative cover of grassland vegetation in the western Sahara over the last
120 ka deduced from grain-size analysis of marine sediments (Tjallingii et al., 2008). The adjacent continuous trace denotes the relative abundance of C4 plants (warm-season
grasses and sedges) inferred from the isotopic composition of long-chain (C31) n-alkanes in leaf waxes derived from the central Sahara/Sahel region (Castañeda et al., 2009). The OSL
ages for each site (abbreviations: EH2, El Harhoura 2; EM, El Mnasra; DeS1, Dar es-Soltan 1; DeS2, Dar es-Soltan 2) are plotted in stratigraphic order. Ages indicated with solid
symbols were obtained using single-grain OSL dating (this study and Jacobs et al., 2011), whereas ages displayed with open symbols were obtained frommulti-grain aliquots (Barton
et al., 2009; Schwenninger et al., 2010). Marine Isotope Stages (and sub-stages MIS 5e, 5c and 5a) are indicated next to the age axis.
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the ages arranged in stratigraphic order for each site. This site
synthesis reveals a number of important chronological features:

1) The basal levels from all five sites are approximately the same
age (130e120 ka) and are consistent with deposition during the
MIS 5e high sea level at w126 ka (Waelbroeck et al., 2008).
Some older ages have been determined for sediments from Dar
es-Soltan 1, but these are either inconsistent with their strati-
graphic positions (i.e., younger sediments are found beneath
these samples, as is the case with X2379, X2396 and X2376), or
the associated uncertainties are sufficiently large that these
ages are statistically consistent with those of the basal samples
from the other sites. Such ages may result from contamination
of samples by grains derived from decomposed roof spall, and
the inability to identify and discard such grains from multi-
grain aliquots before sample De and age determination.

2) The oldest evidence of human occupation is found in Level L at
Dar es-Soltan 1. A multi-grain OSL age of 112 � 8 ka was
measured, but this was increased to 130 � 6 ka by fitting
a Bayesian model to the stratigraphic sequence of OSL ages
(Barton et al., 2009; Schwenninger et al., 2010). At Con-
trebandiers, the lowermost archaeological deposits (Layer 6c)
have a weighted mean age of 122 � 5 ka (Jacobs et al., 2011).

3) All five sites were then occupied from w110 to 95 ka, but it is
not clear from the current chronologies whether occupation
was relatively continuous over this interval, or was punctuated
by two or more discrete pulses of occupation, separated by
periods of site abandonment. The former seems more likely,
based on the single-grain OSL chronologies obtained for El
Harhoura 2 and El Mnasra in this study and for Contrebandiers
by Jacobs et al. (2011). At present, the temporal resolution
achievable by OSL dating is insufficient to allow estimates of
duration of a few millennia or less, but more finely-resolved
sampling may shed further light on this.

4) Some of the sites (but not Contrebandiers or Dar es-Soltan 2)
contain sediments dated to between 80 and 70 ka with
archaeological traces. The artefact attributions, however, are
inconsistent between the sites. Those at El Mnasra have been
assigned to the UP, whereas the contemporaneous assemblages
at El Harhoura 2 and Dar es-Soltan 1 have been classified as MP.
Resolution of this issue requires further investigations into the
stratigraphic integrity of the deposits and the association
between the dated sediments and the archaeological materials
found within them. Interestingly, assemblages of this antiquity
are contemporaneous with Aterian deposits excavated at cave
sites in northeastern Morocco (e.g., Taforalt: Bouzouggar et al.,
2007; Ifri n’Ammar: Richter et al., 2010; Rhafas: Mercier et al.,
2007).

5) Thus far, sediments with archaeological traces identified as MP,
and dated to between w60 and 50 ka in the Témara region,
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have been found only at El Harhoura 2 and Dar es-Soltan 1. At
the latter site, this age interval encompasses both the upper-
most Aterian found in Ruhlmann’s Unit C2 and what he termed
the ‘Devolved Mousterian’ in Unit C1 (Ruhlmann, 1951; Barton
et al., 2009). Closer scrutiny of these artefact assemblages
(together with single-grain dating of the deposits to validate
themulti-grain ages) may help informwhether the Aterianwas
the final MP industry in Morocco, or if other, as yet poorly
understood, industries existed prior to the start of the UP. MP
deposits dated to 55e45 ka, and to 30e20 ka, have also been
identified and dated at Taforalt (Bouzouggar et al., 2007).

Humaneenvironment interactions

The three age clusters identified for human occupation of the
Témara caves may hold clues to the influence of past environments
on human habitation, migration and site abandonment in the
region. Why was human occupation of these sites sporadic? There
are no continuous terrestrial records in the Témara area fromwhich
climatic information for the Late Pleistocene can be gleaned, but
sediment cores collected from off the northwest coast of Africa
provide relevant data for this time period (Tjallingii et al., 2008;
Castañeda et al., 2009). Tjallingii et al. (2008) developed
a humidity index and vegetation cover model for the Sahara and
Sahel regions of northwestern Africa (Fig. 8), based on grain-size
analyses of siliciclastic minerals deposited off the coast of Maur-
itania by aeolian and fluvial processes, combined with a fully
coupled atmosphereeoceanevegetation model. Greater fluvial
input implies greater humidity, whereas a greater relative input of
wind-blown dust indicates a drier environment. The modelled
regions do not geographically overlap with the Rabat-Témara area,
but the changes observed in these records would likely have had an
impact due to the position of Rabat-Témara along the eastern
boundary of the North Atlantic current, a major forcing mechanism
of Northern Hemisphere (and global) climate change. For example,
Tjallingii et al. (2008) found a strong correlation between
millennial-scale dry events and the occurrence of Greenland stadial
and Heinrich events that have been related to North Atlantic
freshwater pulses and a greatly reduced North Atlantic meridional
overturning circulation. Castañeda et al. (2009) used a different
marine core, collected w1100 km further south, to measure the
carbon-isotope composition of individual plant leaf waxes derived
from the central Sahara/Sahel region. From this isotopic informa-
tion, they reconstructed changes in the relative abundance of C3
and C4 plants (primarily shrubs/trees and grasses, respectively)
over the last 192 ka (Fig. 8).

In the Tjallingii et al. (2008) reconstruction, the three wettest
periods of the last 120 ka peaked at w105 ka (MIS 5c), w83 ka
(MIS 5a) and w10 ka, which are coincident with the largest orbital
precession peaks in African monsoonal forcing. The onset of these
wet periods is too rapid, however, to be explained solely by gradual
insolation forcing, but can be simulated by incorporating changes
in vegetation cover. Tjallingii et al. (2008) proposed that the three
periods of enhanced humidity were associated with significant
expansions in grassland habitat across the Sahara, and with grass
and tree cover in the Sahel. Based on these model simulations, the
MIS 5c and MIS 5a wet periods may have been characterized by
a rainfall regime and vegetation cover similar to those that pre-
vailed during the well-known African Humid Period (the interval
from 15 to 6 ka), when the Sahara was covered in lush grass and
littered with lakes (deMenocal et al., 2000; Gasse, 2000).

Castañeda et al. (2009) also observed periods of enhanced
humidity, at 120e110 ka (MIS 5d), 55e45 ka and w10 ka, in an
isotopic record that shows central North Africa was dominated by
arid conditions (and C4 plants) for most of the last 190 ka. The
wetter conditions encouraged the expansion of C3 vegetation,
which was even more abundant (relative to C4 grasses) during the
MIS 5d and MIS 3 humid episodes than during the African Humid
Period. Castañeda et al. (2009) did not observe humid pulses during
MIS 5c or MIS 5a, but Tjallingii et al. (2008) identified a modest
increase in vegetation cover between 60 and 55 ka, with the
remainder of MIS 3 characterized by abrupt millennial-scale alter-
nations between arid and humid events. The latter fluctuations are
also recorded in two sediment cores collected from the western
Mediterranean Sea, north of Morocco (Nebout et al., 2002; Moreno
et al., 2005). These millennial-scale climatic events have been
linked to oscillations in winter rainfall associated with changes in
the strength of the North Atlantic meridional overturning circula-
tion, which is thought to control the distribution of vegetation in
northwest and central North Africa (Tjallingii et al., 2008;
Castañeda et al., 2009).

There are some clear correlations between the wet episodes
identified by Tjallingii et al. (2008) and Castañeda et al. (2009) and
the MP occupations of the three Témara caves dated with the
single-grain OSL technique. El Harhoura 2, El Mnasra and Con-
trebandiers were occupied by Aterian toolmakers between about
110 and 95 ka, which falls near the end of the MIS 5d humid period
in the Castañeda et al. (2009) record and coincides with the MIS 5c
humid pulse in the Tjallingii et al. (2008) reconstruction. Of these
three sites, only Contrebandiers preserves evidence of earlier
human occupation, during MIS 5e. The Tjallingii et al. (2008)
reconstruction does not encompass the last interglacial, but it
may be significant that the longer record of Castañeda et al. (2009)
indicates that MIS 5e was not especially wet.

El Harhoura 2 and El Mnasra were subsequently occupied at
w73 ka, near the end of the MIS 5a wet period identified by
Tjallingii et al. (2008). The single-grain OSL ages for El Harhoura 2,
El Mnasra and Contrebandiers suggest site abandonment (or the
lack of deposition or preservation of sediments) during MIS 4,
a period that Castañeda et al. (2009) considered the most severe of
the entire Late Pleistocene. The weighted mean age of 57 � 2 ka for
the latest MP occupation of El Harhoura 2 falls near the start of MIS
3 and is compatible with site reoccupation during the wet period
that peaked 60e55 ka ago (Tjallingii et al., 2008: Fig. 9) or 55e45 ka
ago (Castañeda et al., 2009). The 55e45 ka humid episode is the
most prominent of the entire Late Pleistocene in the Castañeda
et al. (2009) isotopic record, but is much less pronounced in the
reconstruction by Tjallingii et al. (2008), perhaps because the latter
site does not capture the climate signal from the North African
interior (Castañeda et al., 2009). Further studies are required to
confirm its strength and geographic extent.

This suggestion of occupation of sites along the Atlantic coast of
Morocco in response to wet phases, when climates were most
favourable and grassland habitats expanded dramatically, supports
an earlier proposal by Marean and Assefa (2005) that populations
of Aterian people moved with grasslands, following the expanded
habitat as it spread into coastal and inland areas. The microfaunal
assemblage from El Harhoura 2 also supports this model. Stoetzel
et al. (2011b) reported that palaeoecological data deduced from
themicromammal assemblages in the archaeological levels (3, 4a, 6
and 8) implied a relatively humid climate and a landscape vege-
tated mainly by open grassland, with some wooded or bushy areas
and available freshwater. The archaeologically sterile Levels 5 and 7,
however, told a different story. The Level 5 micromammal assem-
blage indicated a cooler and more arid climate, while the Level 7
assemblage showed evidence of further climatic deterioration,
resulting in a steppe landscape lacking available freshwater. These
interpretations are supported by analyses of the macrofaunal
remains from El Harhoura 2 and other sites in the region. The faunal
assemblages in Levels 5 and 7 accumulated in the 110e100 ka time
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interval and may reflect millennial-scale dry events during MIS 5c,
similar to those identified for MIS 3, but too short-lived to be
resolved by OSL dating. This same caveat applies to human occu-
pation of these sites, where archaeological visibility is low and
people likely used them only as short-term, seasonal camps.

Conclusions

The archaeological sequences at El Harhoura 2 and El Mnasra
provide further insights into the timing and duration of the MP,
particularly the Aterian, in western Morocco. By measuring and
analysing the OSL signals from individual grains of quartz, it has
proven possible to obtain reproducible and accurate OSL ages. The
single-grain OSL chronologies of both sites suggest that they were
occupied episodically, punctuated by periods of site abandonment.
Based on a comparison with two continuous records of Late Pleis-
tocene climate and vegetation (as reconstructed from the grain-size
and carbon-isotope compositions of sediment cores off the north-
west coast of Africa), it appears that the 3 episodes of human
occupation can be correlated with contemporaneous phases of
wetter climate and expanded grassland habitat; the gaps in occu-
pation may represent drier periods and a contraction of grassland
in the Sahara. The main stimulus for occupation, therefore, may be
related to changes in rainfall and vegetation associated with events
in the North Atlantic Ocean, which has been proposed as a major
control on millennial-scale aridity and humidity in northwest and
central North Africa. We still lack high-resolution archaeological
records and terrestrial archives of past environments for this
region, but the temporal patterns emerging from these new chro-
nologies may help to answer some of the unresolved questions and
facilitate comparisons between broadly contemporaneous faunal
and artefact assemblages from different sites. Future research could
usefully focus on testing our interpretations using a wider range of
environmental proxies from these and other sites in the region.
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