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The age of the hominin fossils from Jebel Irhoud,
Morocco, and the origins of the Middle Stone Age
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The timing and location of the emergence of our species and of
associated behavioural changes are crucial for our understanding
of human evolution. The earliest fossil attributed to a modern form
of Homo sapiens comes from eastern Africa and is approximately 195
thousand years old"?, therefore the emergence of modern human
biology is commonly placed at around 200 thousand years ago>*.
The earliest Middle Stone Age assemblages come from eastern and
southern Africa but date much earlier®~”. Here we report the ages,
determined by thermoluminescence dating, of fire-heated flint
artefacts obtained from new excavations at the Middle Stone Age site
of Jebel Irhoud, Morocco, which are directly associated with newly
discovered remains of H. sapiens®. A weighted average age places
these Middle Stone Age artefacts and fossils at 315 4- 34 thousand
years ago. Support is obtained through the recalculated uranium
series with electron spin resonance date of 286 + 32 thousand years
ago for a tooth from the Irhoud 3 hominin mandible. These ages are

wJebel Irhoud
°Marrakesh

also consistent with the faunal and microfaunal® assemblages and
almost double the previous age estimates for the lower part of the
deposits'®!!, The north African site of Jebel Irhoud contains one of
the earliest directly dated Middle Stone Age assemblages, and its
associated human remains are the oldest reported for H. sapiens.
The emergence of our species and of the Middle Stone Age appear
to be close in time, and these data suggest a larger scale, potentially
pan-African, origin for both.

Jebel Irhoud (Irhoud), Morocco (Fig. 1 and Extended Data Fig. 1),
contains stratified archaeological deposits (Fig. 2) best known for
yielding abundant late Pleistocene hominin remains associated with a
Levallois-based Middle Stone Age stone-tool assemblage®!? (Fig. 3 and
Extended Data Figs 4-6). Taxonomically these fossils have generally
been considered to be primitive forms of H. sapiens'®, but they have
been dated to a relatively recent age''. However, the uncertain find
location of the key fossils has limited the accuracy of their age estimates.

Figure 1 | Excavation site and hominin fossils.

a, South view of the site with the inset showing the
location of Irhoud in northwest Africa. The remaining
deposits are located in what was a tunnel-like karstic
feature dipping to the east that was later fully exposed
(at least in part to the left) by quarrying-related
activities. The remaining in situ sediments are to the
right of the blue tarp. The red circle indicates where
the hominin remains shown in b and ¢ were found
(photo taken after the hominins were removed; photo
is a composite image with some distortion noticeable
left and right). b, View showing the partial skull
(Irhoud 1678/Irhoud 10) in the centre foreground
(white arrow) and the femur (Irhoud 2252/Irhoud 13)
in the centre background (yellow arrow). The back
centre and left is the cliff face. The archaeological
material is resting on a large boulder (the 10-cm

scale bar is at the contact). ¢, Plan view of b, but

after additional excavation. The partial skull (white
arrow) and femur (yellow arrow) are still present.

The mandible (Irhoud 4765/Irhoud 11) is wrapped
around the upper corner of the pyramid-shaped

rock. A portion of the right tooth row is clearly visible
(red arrow). A smaller portion of the left tooth row is
also visible. The photograph was taken after the area
(including the skull and femur) had been covered
with glue before moulding (see Supplementary
Information). Some glue has also been applied to the
mandible to stabilize it before removal.
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Figure 2 | South view of the profile (in m) showing the main
stratigraphic units of our excavations correlated with the previous
stratigraphic profile. The layer designations on the right (1-22) are based
on the previous publication (see ref. 12). The designations in the centre
and on the left are our designations (numbers and letters in the coloured
layers). A strict correspondence between the two is not possible; however,
it is clear that the hominins recovered previously'? (the coxal and humerus
noted in red) correspond to our layer 7. The correlation of the two
stratigraphic profiles is based on field observations including finding nails

Electron spin resonance (ESR) dating of three mammal teeth from the
deposit immediately overlying a partial humerus, the only hominin
fossil at the time with a precisely documented find location, has resulted
in an age range of 190 to 90 thousand years (ka)'!, while a coupled
U-series(US)/ESR™ age for a human tooth fragment of 160 =+ 16 kyr
has been suggested'?. All these results were, however, based on single
estimates of the external ~-doses obtained from sediment samples of
uncertain stratigraphic context.

New excavations were initiated in 2004 on the complete, intact
section remaining from the late 1960s excavations'? (Fig. 1b). This sec-
tion rests against the cave wall and atop large blocks that are likely to
represent a roof fall. On the basis of the limited documentation that is
available of the geomorphology before the cave was opened by recent
blasting, the remaining deposits appear to have been located within
the cave. The deposits are poorly stratified and poorly sorted, contain
occasional gravel lenses, and were formed mainly through processes
of debris flow and run-off, including material from the exterior. There
were no major post-depositional disturbances which could have caused
mixing or important disturbances for the dosimetry (Extended Data
Figs 2, 3 and Supplementary Information). Within this deposit, 7 layers
are distinguished and well-correlated with the 22 layers that have
been previously reported (Fig. 2). Layers 1-3, representing the upper
approximately 75 cm of the remaining deposits, contain very little
archaeological material. Layers 4-6 form a thick deposit (175 cm) of
relatively undifferentiated, unsorted, compacted sediments with vary-
ingly sized clasts and include some archaeological material. Layer 7 is
similar, but contains pockets of cemented sediments and the highest
density of archaeological finds. We noted in layer 7, as well as at the
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from the previous excavations'?. Layer B is stratigraphically unconnected
to the rest of the sequence. The viewing angle of this section roughly
corresponds to the view in Extended Data Fig. 1. The clearly visible (in the
preserved profile) continuation of the layers is indicated as dotted lines for
the as yet unexcavated sediment. Our fossil finds are indicated with red
dots. The location of the coxal is estimated based on descriptions in ref.
15. The location of the humerus comes from ref. 12. Heated flints used for
thermoluminescence dating are indicated with yellow dots. Stone tools are
indicated with smaller grey dots.

contact between layers 5 and 6 in the unexcavated profile, several spa-
tially constrained centimetre-thick accumulations consisting at least
partially of charcoal (see Supplementary Information) that are tenta-
tively interpreted as features related to combustion. These features are
consistent with limited post-depositional disturbance and, along with
the occurrence of heated lithics throughout the sequence, they attest
to the presence of fire at Jebel Irhoud.

The stone tools and most of the faunal remains are concentrated in
the lower portion of the deposit, especially layer 7. Additionally, except
for one tooth (Irhoud-1653), all the newly discovered hominins® come
from layer 7 (Fig. 2). Most were excavated from a wedge of layer 7
sediment extending east from the main sediment block along the
bedrock face (Fig. 1) within an area of approximately 40 x 40 cm.
Among the previously discovered fossils, the Irhoud 4 humerus'? and
Irhoud 5 coxal'® can also be securely correlated to layer 7 (Fig. 2).

The fauna are dominated by remains of gazelle (Gazella sp.), but
Equidae (zebras) and Alcelaphini (wildebeest and hartebeest) remains
are also present (Supplementary Information). The faunal assemblage
preserves a diversity of carnivores; leopards (Panthera pardus) are most
common, but there are also remains of lions (Panthera leo) and smaller
cats. While carnivore remains and hyena coprolites are consistently
found in low abundance throughout the sequence, there is only a sin-
gle carnivore-chewed bone (a gazelle rib from layer 6). A primarily
anthropogenic origin for the fauna is confirmed by the majority of
long bones exhibiting green or fresh breaks (at least 61% in layer 4,
69% in layer 5, 54% in layer 6 and 60% in layer 7), by probable stone-
tool cut-marks on gazelle bones from layers 4 (one rib), 6 (one rib)
and 7 (one distal humerus and one fragment of a long bone), by a few



Figure 3 | Flint artefacts from layers 6 and 7. a—e, Convergent scrapers
(layer 6). f, g, Levallois flakes (layer 6). h, Transverse scraper (layer 6).

i, Limace (layer 6). j, Déjeté scraper (layer 7). k, Levallois flake (layer 7).

1, Convergent scraper (layer 7). m, Convergent scraper (layer 7). n, Unifacial
point (layer 7). o, Levallois flake (layer 7). Outlines represent profile views.

percussion notches consistent with marrow extraction, and by the rel-
atively high abundance of burnt bones (5% in layer 4, 25% in layer 5,
19% in layer 6 and 24% in layer 7). An analysis of the rodent remains
from the sequence suggests a maximum age of marine isotope stage
(MIS) 10 (374-337 kyr)'6, with strong indications that the sequence is
not much younger than this’.

The lithics of these new Middle Stone Age assemblages are con-
sistent with previous descriptions of the Jebel Irhoud material'?
and are dominated by Levallois technology with a high proportion
of retouched tools, especially pointed forms (Fig. 3, Extended Data
Figs 4-6, Extended Data Table 1 and Supplementary Information). No
characteristic Acheulean or Aterian elements are present. There is little
evidence of post-depositional alteration and taphonomic bias in the
artefact assemblage: 56% of the lithics show no edge damage and 76%
of the blanks are complete. There is an underrepresentation of lithic
material from the screens (5-25mm), which could indicate selective
water transport of fine materials. Given the low frequency of cores and
of shatter (see Extended Data Table 1), it is more likely indicative of a
lithic production system emphasizing blank and/or tool importation
with limited on-site production using local raw materials.

Although the excavated artefact assemblage is relatively small
(n =320 artefacts larger than 2.5 cm), the high percentage of visibly
(37%) heated flint artefacts allows thermoluminescence dating of the
archaeological assemblage and associated human remains. External
~-dose-rates for each layer were measured!” in situ before excavation
with 47 a-ALO;:C dosimeters. The ~-dose-rates within each layer have
large dispersions of 8 to 14% (1 standard deviation (o)) (Extended
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Table 1 | Individual thermoluminescence and thermoluminescence
context ages (1o) of heated flint artefacts with percentage
contribution of the stable internal and external v-dose-rates to the
total dose-rate (stable cosmic dose contribution3! is not given)

EVA-LUM .
(Lab. . D-~- Statistical Total
number) Layer D-external external Age uncertainty uncertainty
(% total D) (% total D) (ka) (ka) (ka)

07/15 4 21 72 274 20 36
07/16 4 25 69 374 35 52
07/17 5 55 41 292 18 27
07/18 5 22 72 309 12 35
07/19 6 26 68 240 24 35
07/21 6 37 58 290 19 32
07/25 6 30 64 322 13 34
08/03 6 22 72 307 26 42

Layer 6 weighted average context age 302 16 32
07/28" 7A 42 53 378 20 30
08/05 7A 25 69 295 9 32
08/06 7A 20 74 310 15 38
08/07 7A 32 63 328 10 33
08/08 7A 22 72 332 16 41
08/12 7B 36 59 329 31 44

Layer 7 weighted average context age 315 11 34

“Weighted average of 2 subsamples.

Data Table 2), demonstrating the inhomogeneity of the sediments.
Therefore, layer ~-dose -rate averages plus the dating of several objects
per layer are required for dosimetric dating in order to obtain reliable
results'®!®, This approach is possible with the new excavations, where
the stratigraphic provenience of the samples is known, unlike previ-
ous dosimetric dating attempts'®!! with ESR. High-purity germanium
(HpGe) ~-ray spectrometry (Extended Data Table 2) shows that the U
and Th radioactive decay chain activities are consistent with present day
secular equilibrium, which leads us to assume that the external y-dose-
rates have been constant over the entire burial time. The palaeodoses
were determined with a multiple aliquot additive regeneration slide
approach?*~?* (Extended Data Fig. 7).

A total of 14 ages, as determined by thermoluminescence dating,
were obtained (Table 1 and Extended Data Table 2). The apparent ages
range from 240 £ 35 ka to 378 4- 30 ka (Table 1) for the entire strati-
graphy with dispersions of age results for the individual layers similar to
those observed for the y-dose-rates. Such a wide age range is typical'#*
when individual artefact ages are based on layer averaged ~-dose-rates
in such heterogeneous or lumpy'® sediments. We are assuming that
the ages and associated individual dose-rates exhibit a quasi-random
dispersion around the mean ~-dose-rate!®1%23, Sample sizes are
sufficient® for calculating weighted average ages for layers 6 and 7 and
yield ages of 302 + 32 ka and 315 =+ 34 ka, respectively.

The published ESR age of the Irhoud 3 fossil'® was based on an
external dose-rate measured on a small sediment sample of imprecise
stratigraphic context. Assuming an origin from a layer-7-like deposit,
it can be recalculated using the in situ ~-dosimetry that is now avail-
able (Extended Data Table 2) and with additional recent insights into
the ESR dose estimation of solid enamel fragments®*. The combined
US/ESR dating system'* assumes a continuous U-uptake based on
a single-parameter (p value) diffusion equation. Using this system,
US/ESR analysis results in an age of 281 + 37/—29 ka with a p value
of —0.27. The closed system US/ESR (CSUS/ESR)?*, which assumes
a fast U-uptake at the time before present corresponding to a closed
U system, yields an age estimate of 286 -+ 32 ka. The age range of both
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models, around 350-220 ka at 20, provides an error envelope that
encompasses most possible scenarios of how the uranium diffused
into the dental tissue.

The thermoluminescence data suggest that the Middle Stone Age
industry from layer 7 has a 95% probability (20) of dating to 383-247ka,
an age that is also in agreement with the fauna and microfauna® of the
site. The stratigraphy shows that the dated artefacts and the hominin
remains originate from the same geological layer, and thus the age range
obtained for the heated flints can be used to estimate the age of the
hominin fossils. Additionally, the direct US/ESR date for the Irhoud
3 specimen is consistent with the thermoluminescence average ages
for layers 6 and 7.

Our ages for Jebel Irhoud overlap with those reported for the
Florisbad partial cranium?®, suggesting that the hominins from Irhoud®
and Florisbad represent the earliest known representatives of the
H. sapiens clade. The ages for the heated artefacts from layer 7 are
probably older than the sediments containing a Levallois-based Middle
Stone Age assemblage in the Maghreb, which were dated using optically
stimulated luminescence (OSL) to 254 &+ 17 ka (ref. 27). In east Africa,
the Middle Stone Age at ETH-72-8B (Gademotta, Ethiopia) occurs
before 275+ 6ka (ref. 6) and in the Kapthurin Formation (Baringo,
Kenya) before 284 4- 12ka (ref. 5) (recalculated to 282 = 20ka)® based
on *°Ar/**Ar-dating of overlying tuffs. In southern Africa, a rede-
posited Middle Stone Age assemblage at Kathu Pan layer 3 dates to
before 291 +-45ka (ref. 7) based on OSL ages. Therefore by approxi-
mately 300ka or soon after MIS 9 (337-300ka)'®, Levallois technology
was distributed across a large part of Africa and Eurasia®® and was
in Africa associated with the earliest dated occurrences of H. sapiens.
The Saharan desert was greatly reduced during a series of Middle
Pleistocene ‘green Sahara’ episodes, with an especially marked but short
period around 330Kka (ref. 29). This would have allowed ecological
continuity between north Africa and sub-Saharan Africa. Biological
continuity between east and northwest Africa is also supported by
strong faunal similarities, especially for the Middle Pleistocene,
suggesting at least frequent communication between these regions®
(and see Supplementary Information). Therefore, whether the Jebel
Irhoud data suggest an even earlier origin for the Middle Stone Age that
was directly associated with the emergence of H. sapiens and followed
by a relatively rapid dispersal or whether there were multiple, regionally
specific, but related origins? is as yet unclear. Minimally, these behav-
ioural data, along with the associated fossil evidence, suggest a complex
pan-African process before or around 300Xka, a period for which we
still have relatively few data points, and we caution against favouring
one region over another in constructing models to account for these
changes in human behaviour and biology.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Thermoluminescence. Thermoluminescence dating of heated flint artefacts is
based on the accumulation of metastable charges (palaeodose) in the crystal lattice
by ionizing radiation since the last heating of the rock®?. The method provides an
age estimate of a prehistoric activity and therefore of human behaviour directly®.
An age is obtained by the ratio of the palacodose, determined with thermolumi-
nescence, to the total effective dose-rate, with the assumption that the dose-rate
was constant over the entire burial time.

Palaeodose determination. Because the natural luminescence signal of the Jebel
Irhoud samples is in the nonlinear part of the dose-response curve, the palaeodose
on the 90-160 um fraction of the crushed and chemically treated flint material'®}
(after the removal of the outer 2 mm surface with a cooled low-speed saw) was
obtained by a multi-aliquot additive regeneration slide protocol'#2°-2? (Extended
Data Fig. 7). Heated flint thermoluminescence dating results were obtained with
this protocol for many other ancient sites’>~*°, where there was good agreement
with other chronometric dates®**¢-3, The thermoluminescence data are described
by exponential functions and shifted along the dose axis?*-*? to obtain the
palacodoses, similar to slide approaches for other materials**-*!. Between 4 and
12 aliquots were used for each of the 3-5 dose points for each dose-response
curve, where the grains used to construct the regeneration dose-response curve
were heated to 360 °C for 90 min in air. This procedure is assumed to induce the
least changes in sensitivity. However, only samples exhibiting unity of the thermo-
luminescence-signal ratios of the two dose-response curves after sliding (Extended
Data Fig. 7) were accepted®’. Comparable results, with many more samples passing
the quality criteria, are obtained when the regeneration dose-response curves are
scaled’®*!, an approach that has provided congruent results in comparison to other
luminescence dating® analyses and/or when thermoluminescence glow peaks
are aligned*?. This larger sample set includes artefacts from the eastern part of the
section, close to the hominins.

Thermoluminescence was measured with an EMI 9236QA photomultiplier

with detection restricted to the UV-blue-wavelength band by Schott BG25 and
WGS filters at a heating rate of 5K min ' to 450 °C on a Rise DA-20 system.
Irradiations were performed with external calibrated sources (3 with **Y/?°Sr at
0.2640.01 Gy s~ ! and o with 2*Am at 0.178 +-0.011 pm 2 min ') and samples
were stored before measurements (1 week at 70 °C or 4 weeks at room temperature).
The o sensitivity’> was determined by comparing the regenerated luminescence
response of 4-11-pum fine-grained material (heated in air to 500 °C for 30 min) to
single doses of avand {3 irradiation. The doses were chosen to produce thermolumi-
nescence signals at similar levels, while staying well within a linear dose-response.
Whether the thermoluminescence signal was sufficiently zeroed was analysed for
the 45 flint artefacts that showed macroscopic traces of heating with the heating
plateau test>” (inset in Extended Data Fig. 7). Of these, 14 artefacts eventually
passed the described tests (Table 1 and Extended Data Table 2). The integration
range of the luminescence signal for palaeodose determination was defined by the
heating plateau (Extended Data Table 2).
Dosimetry. The calculations of internal dose-rates** are based on neutron acti-
vation analysis results (Extended Data Table 2) for U, Th and K of 200 mg sample
material of less than 160 pum from the material after sawing that was obtained before
the chemical treatment and further sieving.

Dosimetric dating methods are based on the assumption of stability of the
dose-rates over the burial time and that radioactive elements are homogenously
distributed throughout the sample. However, either can be modelled as well*>4.
Heterogeneous internal dose-rates from inhomogeneities in radioactive element
distributions have been shown to be limited to macroscopically visible veins, inclu-
sions and different mineral phases?”. These are not observed here and any altered
parts were removed?’. At Jebel Irhoud, the internal dose-rate provides variable
accounts of the total dose-rate ranging between 20% and 55% (Table 1).

The stability over time of the external ~-dose-rate from the surrounding sedi-
ment was verified by HpGe ~-ray spectrometry (based on an estimated matrix of
95% SiO; and 5% BaSO, to accommodate for the ubiquitous presence of barite)
on sediment samples (grain fraction less than around 40 mm in particle diameter).
There is no indication of disequilibria for either the U or the Th decay chain
(Extended Data Table 2b) in the entire sediment column. While these analyses do
not reject the possibility of very ancient occurrences of disequilibria, we interpret
the lack of such and the absence of any trends in ratios of analysed isotopes through
the sediment column as indications that the decay chains have always been in
equilibrium. The absence of significant changes in the external ~-dose-rate is also
indicated by the age results of samples with the highest internal dose-rates (Table 1
and Extended Data Table 2), which can be considered to be more reliable?. They
provide results in the upper as well as in the lower range of the age dispersion,
which would not be expected for samples of the same age suffering from fluctuating
~-dose-rates. We assume, therefore, that the external ~-dose-rate was stable over
the entire burial period.

LETTER

HpGe ~-ray spectrometry allows analysis of only the small sediment particles,
but Jebel Irhoud contains larger rocks and especially large boulders in the lower
sequence. HpGe ~-ray spectrometry on sediment samples in the laboratory is,
therefore, not representative of the spatial heterogeneity and the site’s dosimetry
has to be considered as ‘Tumpy’"”.

The external ~-doses were measured with a-Al,05:C dosimeters. These were
left buried 30 cm into all of the exposed profiles for one year with 60 cm spacing
between dosimeters to measure all available layers (Extended Data Table 2a). The
dosimeters record the cosmic and ~-dose-rates at their individual positions, the
latter of which are assumed to be similar to those of the excavated flint samples
coming from different positions within a given layer. The ~-dose-rates are obtained
by comparing each crystal’s OSL response (an average of five for each dosimeter)
of the natural one-year exposure to an irradiation by a calibrated '*’Cs-source.
The high accuracy and precision of this approach has recently been shown by
comparison with HpGe ~-ray spectrometry'”. The present day cosmic dose differs
from that of the past due to the recent removal of overlying rock and sediment,
and therefore the measured values have to be adjusted. The nearly vertical, 4m
high, rock wall at a maximum distance of only around 1.5 m from the dosimeters
provides approximately 50% shielding on one side in addition to the sediment
that covers them. Thus cosmic doses were calculated separately for the full 4w
geometries of 4m rock overburden, as well as for the present day sediment coverage,
and then adjusted by 50% each and summed.

Analytical uncertainties for dosimeter measurements are typically between 2%
and 5%, but for age calculation a conservative uncertainty of 15% was used for the
averaged external -dose-rates, which is larger than the dispersion of the dosimeter
readings. The sublayers of layer 7 (Figs 1, 2) are defined in part by the slight syn- or
post-depositional process of localized weak brecciation, which probably has led to
differences in the external y-dose-rate related to this geochemical process of fixa-
tion of the sediment of layer 7C. The ~-dosimetry from each sublayer (as defined
by consolidated appearance and not necessarily in superposition) was used for age
calculation. On the basis of archaeological and sedimentological interpretation,
which indicate a common age for all material from layer 7, but not necessarily the
same dosimetry, the average ages are reported as a single context age for layer 7.

Excavation and mining activities removed the roof and most of the sediments,
exposing the present day sediments for several decades. Prior to the 1960s, the
site was an almost completely filled and sealed cave, and it is likely that sediments
were moister in this context. Therefore, present day ~-dose-rates are likely to be
overestimated and thus the resulting ages slightly too young. Because there is little
data to estimate the moisture for the entire burial history, we conservatively use the
present day moisture (Extended Data Table 2), which is included in the dosimeter
readings, and thus we consider our thermoluminescence ages to be minimum
estimates. The influence of moisture content on the calculated ages is, however,
not large. For example, an increase in moisture by 20% would result, on average, in
an increase in the ages by only about 10%. As expected, the ~-dose-rates deduced
from in situ dosimeters are between 8% and 30% lower compared to HpGe ~-ray
spectrometry data that was corrected for the moisture as measured from sealed
sediment samples (Extended Data Table 2c).

To estimate the past cosmic dose -ate we used a section drawing*®, which pro-
vides a scale and section drawings**°, where the positions of the human skulls
from the previous excavations are marked, as well as historical photos showing
that the recent excavation is located to the south of the previous excavations. Our
link to the Tixier excavation'? was supported in part by a nail still present in one
of the profiles. In order to calculate the cosmic dose-rates (Extended Data Table 2)
the overburden of sediment and rock (assumed densities of 1.9 and 2.4 ¢ cm~3,
respectively) were estimated by connecting the surface of the rock coverage to the
north and to the south (rock that has since been removed by human activities). This
results in a minimum rock thickness of 6 m for the roof and 3-4 m of sediment in
the cave, where approximately 3 m of sediment covered the recent hominin finds.
Estimation of the age of layers 6 and 7. Analysis of the thermoluminescence ages
oflayers 4 and 5 is hampered by the low number of samples. For layers 6 and 7 the
relative standard deviations of the ages (9% and 6%, respectively) are similar to the
relative standard deviations of dosimeter readings (8% and 12%, respectively), and
the same applies to the relative average deviations from the means (for layers 6 and
7 these are 9% and 5% for ages; 6% and 11% for dosimeter results, respectively) as
a measure of the variability of the data.

For dosimetric dating of objects (thermoluminescence of heated flint artefacts
or ESR on teeth) from heterogeneous sediments the external ~-dose-rate for each
individual sample cannot be known per se, because the sample is removed from
its context during excavation and the measurement of the 4w external -dose-rate
is not possible at each sample’s original location. ~-dose-rates, therefore, have to be
either reconstructed®'>* or averaged results must be used!®1%2*343554 For hetero-
geneous sediments the average value of dosimeter measurements is unlikely to
be correct for any of the samples'®. However, for the above reasons, the nearest
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neighbouring dosimeter will not necessarily provide a better estimate of the exter-
nal y-dose-rate either, because it might not have been exposed in the exact same
geometry. Nevertheless, provided that the samples were heated at roughly the same
time, an age estimate close to the true mean can be obtained based on averaged
external y-dosimetry. It is assumed that dosimeter positions are similar to the
ones occupied by the samples in the sediment and, therefore, either geometry can
be considered as random, because no selection is possible for either. This means
that individual dose-rates and ages should be randomly dispersed about the mean
~-dose-rate!®1%23, As a consequence, this lack of knowledge of the true external
~-dose-rate leads to a large spread in individual apparent thermoluminescence age
data (Table 1), but the mean age from several samples then provides a meaningful
age estimate of the last heating!®1*%,

Basic statistical analysis is only possible for layers 6 and 7. Shapiro-Wilk tests
(software package Origin 8.5) showed that the two datasets (W values of 0.92 and
0.91 for layers 6 and 7, respectively) are samples from normal distributions at
the 0.05 probability level (W threshold values of 0.52 and 0.41, respectively). We
treat each of the major geologically defined stratigraphic layers as analytical units,
therefore providing the minimum resolution, and we calculate weighted average
ages for each. The last heating of the sampled flint artefacts is estimated to have
occurred 302 4= 32 ka for layer 6 and 315 & 34 ka for layer 7 at the 1o probability
level. These weighted average ages were calculated with the individual statistical
uncertainties, deriving mainly from the luminescence measurements, as weights.
The uncertainties considered as mainly systematic, for example, source calibration,
were subsequently added and the uncertainty estimate of the weighted average
is derived from both uncertainties summed in quadrature. The two population
means for layers 6 and 7 are not different at a level of 0.05 with a two sample ¢-test
(P values of 0.09 and 0.12 for equal and unequal assumed variance, respectively,
from software package Origin 8.5). The thermoluminescence determinations
provide nominal age ranges at 95% probability of 366-238 kyr for layer 6 and
383-247 kyr for layer 7, which contains the hominin remains. Analysing the same
data with an extrapolation approach?? for both dose-response curves provides
very similar palaecodoses, resulting in weighted mean ages which are different by
only a few per cent.

It can be concluded that the sequence of sediments containing the archaeological
and palaeoanthropological material is about 300 kyr old.

ESR. A fragment of a single tooth from the Irhoud 3 mandible was dated by cou-
pled US/ESR to 160 & 16ka (ref. 10). This method has been shown to provide
comparable results when critically appraised against other dating results and veri-
fied independent chronologies®”*>~>’. The dosimetry was based on radionuclide
analysis of a sediment sample argued to be from the same brecciated layers from
which the fossils were thought to derive. Here the age is recalculated due to recent
insights into the dose estimation of enamel fragments** and the availability of more
detailed dosimetric data.

Dose determination. The ESR dating signal consists of several types of CO, ™ radi-
cals, two anisotropic, orientated (axial and orthorhombic) and one non-oriented
radical. When the enamel fragment is rotated between ESR measurements, the
intensities of the orientated CO, ™ radicals change, whereas the intensity of the
non-oriented radical remains constant?*. The natural ESR signal of Irhoud con-
tains about 90% and 10% of anisotropic and non-oriented CO, ™~ radicals, respec-
tively (Extended Data Fig. 8). By contrast, the laboratory-generated ESR intensity
contains 40 + 2% non-oriented CO, ™ radicals. Unfortunately, some of these are
thermally unstable. Different enamel domains with significantly different dose-
responses (figure 6 in ref. 24), show that some of the laboratory induced, non-
oriented CO, ™~ radicals are stable (around 10%) and around 35% are likely to con-
vert into stable anisotropic CO,~ radicals over time.

The ESR signals of the enamel piece from Irhoud 3 were decomposed following
ref. 24. Extended Data Fig. 8 shows the assessment of the percentage of non-
oriented CO, ™ radicals in the overall signal intensity of the natural and irradiated
samples. The decomposition results have relatively large individual errors (around
5% for each value) but the data can be fitted with a single saturating function,
which then provides the amount of non-oriented CO, ™ radicals for each radiation
step. Fitting only the anisotropic CO, ™ radicals yields a dose value of 383 +8 Gy.
However, because of the probable transfer of non-oriented to stable anisotropic
CO; radicals, the dose is somewhat smaller. The samples from Holon?* and Irhoud
have similar ages and also similar amounts of non-oriented CO, ™ radicals in the
laboratory-generated ESR signal. Assuming that 454 5% of the laboratory-generated
non-oriented CO, ™ radicals are either stable or are converted into anisotropic CO,~
radicals, a dose of 326 + 16 Gy is obtained (Extended Data Table 3), which is about
26% higher than previously reported!’. The fragment was scanned with quadru-
pole laser ablation ICP-MS in order to obtain the spatial uranium distribution in
enamel and dentine®. Uranium concentrations average at 0.07 = 0.04 p.p.m. and
3.76 +0.42 p.p.m. in enamel and dentine, respectively. The U-concentrations in
the enamel are too low for in situ U-series analysis. Using the multi-collector laser

ablation ICP-MS system>®, the dentine was analysed for U-series isotopes and
yielded ratios of 1.5287 £ 0.0088 for >**U/?*¥U and 0.7186 & 0.0114 for 2*°Th/>*U.
Dosimetry. We assume here that the mandible originates from sediments equi-
valent to layer 7 based on published accounts®®! indicating that the hominin
remains, including the mandible, originated from the lower part of the section.
Although the original position and thus precise sedimentological association is
unknown, assuming an origin from any of the other sediment layers would not
provide significantly different age results because of the similar dosimetry of all lay-
ers (Extended Data Table 2). Dosimetry based on dosimeters is preferred because
the heterogeneity (lumpiness) of the sediment is accounted for, which was previ-
ously not the case'’. The average ~-dose-rate measured i situ by the dosimeters
(Extended Data Table 2a) for layer 7 provides 807 -= 107 Gy a~ 1. To account for the
interaction of shielding and dosing of the mandible®, the external ~-dose-rate was
adjusted by 7%, resulting in an effective external y-dose-rate of 7514100 pGy a™.
An additional cosmic dose-rate component of 70 =7 Gy a~! has to be
considered. Total radionuclide concentrations from Hp-Ge ~-spectrometry of the
sediment yielded 2.37 £ 0.67 p.p.m. U; 6.77 +0.47 p.p.m. Th and 2.324+0.22% K
(calculated from the average of layer 7 from Extended Data Table 2b). These data
are different from those previously used'’, where the relative distribution of Th
and U was 1.6 0.1 p.p.m. and 6.98 £ 0.1 p.p.m., respectively. This seems to point
to a mix up of the Th and U values in the previous study'’. The measured values for
layer 7 were used for the water content of the sediments (Extended Data Table 2¢),
and 5% water in the dentine is assumed. The enamel thickness varied along the
fragment and was on average 1,000 £ 200 pm.

Since no external layer was removed from the enamel fragment, the external
a-dose-rate has to be considered. The average nuclide concentrations from HpGe
~-ray spectrometry (Extended Data Table 2b) of layer 7 combined with an assumed
0.13+0.02 « efficiency®® and attenuation factors® provide an average external
a-dose-rate of 6+ 1 uGy a~ ! from U and Th (Extended Data Table 3). The dentine
generates a dose in the enamel of less than 0.5 Gy, which was not considered
further.

Sample size. No statistical methods were used to predetermine sample size.
Data availability. The authors declare that the data supporting the findings of this
study are available within the article and its Supplementary Information.
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Extended Data Figure 1 | View south of the remaining sediments at rocks around the base of the sediments and ramping up to the sediments
the start of excavations in 2004. The approximate area of the main fossil on the left were placed there for protection of the remaining deposits. The
concentration (not actually visible in this initial photograph taken before white tags mark dosimeter locations. The scale is correct for the section

our excavations) is circled in red and detailed in Fig. 1b, c. The stacked with the tags.
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Extended Data Figure 2 | Non-polarized light photomicrographs 609T, bone micro-fragments in an isotropic fabric microfacies. e, Lower
from thin-sections. a, Layer 4, thin-section 608M, showing the good part of layer 7, thin-section 716, with a high density of micro-charcoal, soil
preservation of the sediment owing to overlying cave lithoclasts. b, Layer 4,  aggregates, bone fragments and heated lithoclasts. f, Trampled surface in
thin-section 608M, clasts are oriented with unit dip. ¢, Layer 7 upper part, layer 7, thin-section 712B (thin sections by M. El Graoui). Photos by M.R.
thin-section 712T, indicating a run-off deposit. d, Layer 7, thin-section
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PPL XPL

1cm

Extended Data Figure 3 | Cross-polarized and plane-polarized refer to the sub-units as indicated by dotted lines. ST refers to structure.
photomicrographs from thin-section of micromorphology sample b, Black coatings against a biogallery wall. ¢, Micro-bedded carbon

717 (layer 7). a, Scanned thin section. Squares with letters in a refer to the ~ products preserved under a schisteous clast. d, Carbon aggregates that coat
areas in b-e, each area provided as plane- (PPL) and cross-polarized (XPL)  the bottom of ST1. e, bed of carbon micro-particles in the filling of ST1.
images. Scale bar, 0.5 mm. Bio indicates bioturbation and the numbers Photos by M.R.
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Extended Data Figure 4 | Flint artefacts. a, b, e, Unifacial points (layer 6). ¢, d, Convergent scrapers (layer 6). f, Déjeté scraper (layer 6). g, h, Convergent
scrapers (layer 7). i, Unifacial point (layer 7). j, Levallois Flake (layer 7). k, m, Double scrapers (layer 7). 1, Déjeté scraper (layer 7). n, Single scraper (layer 7).
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Extended Data Figure 5 | Stone artefacts from layer 7. a, b, Quartz flakes. ¢, m, Flint Levallois flakes. d, i, Silicified limestone flakes. e, g, h, Flint flakes
with some edge damage. f, Flint flake. j, n, Silicified limestone flakes with some edge damage. k, 1, Flint Levallois flakes with some edge damage.
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Extended Data Figure 6 | Stone artefacts from layer 7. a, ¢, Single scrapers. b, Double scraper with some edge damage. d, Notch on silicified limestone.
e, Single scraper with some edge damage on a Levallois flake. f, Convergent denticulate (Tayac Point). g, Double scraper. h, Déjeté scraper. i, Unifacial
point. All artefacts are flint unless noted otherwise.
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Extended Data Figure 7 | Dose-response curves of the exponentially
fitted thermoluminescence temperature integrals, where the
regeneration dose-response curves were shifted along the dose axis to
obtain the palaeodoses. The similarity (homothety) of the dose-response

curves is given by the ratios of the thermoluminescence integrals of the
additive and shifted regeneration dose-response curves at the additive
dose points. The inset depicts the glow curves and the heating plateau for
300-600 Gy additive 3-irradiations.
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Extended Data Figure 8 | Estimation and fitting of non-oriented CO, radicals (ESR) .
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Extended Data Table 1 | Lithic data

a 4 5 6 7 Totals b 4 5 6 7 Totas
Convergent Scraper 0 3 6 5 14  Cortical 0O 2 3 4 9
Déjetés Scraper 0 O 1 4 5 Dihedral 4 7 13 13 37
Double Scraper 0 1 3 5 9 Faceted 0 2 17 13 32
Notched 0 5 4 7 16 Other O 0 0 1 1
Other Scrapers 0O O 3 2 5 Plain 6 22 51 48 127
Retouched Point 0o 2 3 1 6 Punctiform 0 1 2 1 4
Simple Scraper 2 7 8 10 27 Totals 10 34 8 80 210
Transverse Scraper 1 0 2 0 3

Truncatedfacted 1 0 1 2 4 € 4 5 6 7 Totds
Core 1 0 0 1 2 Retouch 0 O 1 1 2
Platform Flake 1 8 17 24 50 Blade 0 O 1 1 2
Flake Debris 7 2 69 68 166 Levallois 2 14 20 26 62
Shatter 1 1 5 6 13 Normal 8 30 8 7 197
Totals 14 49 122 135 320 Totals 10 4 102 107 263

a, Counts by layer (from the recent excavations) for stone artefact classes. Retouched point corresponds to a Mousterian Point in European Middle Palaeolithic terminology. Platform flakes include
complete and proximal flakes. b, Platform types. ¢, Blank technology. Normal means that no particular technology could be identified.



Extended Data Table 2 | Dosimetric and thermoluminescence data

Iayerdos‘ig'eter :‘ ')'(1 :‘ D .
4 7 1000.381006.7997.76 844 24
5 1 1000241007.6997.37 776 23 B
5 2 1000.361007.0797.37 918 13
5 3 1000.871006.6397.41 888120
5 116  1000.871006.6397.41 805 9 “*Y-series *2Th-series K
5 6  1000.291007.6097.64 962 48 Layer|sampl. __ _ _ _
5 9 999.881007.7497.45 951 16 “u “Ra “°Pb “Ra “*Th “K
5 507 1000.351006.8597.60 668 22
5 509  999.681006.679757 741 32 4 | d27 | 197£57 | 200£14 | 155109 | 35923 | 36.0£22 877 + 53
5 510 1000.361006.8797.36 852 28
5 513 999681006719736 833 21 5 [JI-23 | 241+34 | 227+16 | 21.0+57 [ 315+21 | 31319 875+ 53
5 104 10003510068597.60 749 22 6 |JI28 | 19335 | 179513 | 170247 | 28819 | 28619 | 762£46
5 109  999.681006679757 752 26
5 110 1000.361006.8797.36 796 86 7A [JI1-2052| 20845 | 19515 | 266+89 | 206+21 | 29418 790 + 48
5 112 999.681006.7197.36 873 64
Layer 5 simple average 826 7B [JI11933| 305+42 | 25119 | 25477 | 263+19 | 26517 682 + 42
6 4 1000.331007.3297.18 927 30
6 5  1000.931006.7097.20 906 28 7C [J1-2295| 365+47 | 386+27 | 342+92 | 264+19 | 26617 680 + 42
6 8 999.821007.5397.17 889 21
6 35  1000.8210054797.60 997 55
6 36 1000.241005.2897.53 917 49
6 43 1001.051005.5397.47 1021 83 c
6 44 1000.3210052397.14 885 24
6 45 999.791005.0597.22 837 25
6 118  1000.931006.7097.20 834 38 " - -
sediment D. D. - . -
6 514 1000.211006.8697.10 829 43 L Ry “""‘:’e’ ALO;  HpGe .(Dy HpGe ted difference D,-Al,0;
6 515  999.731006.7597.10 778 37 WO (% dry o ters NSty d i (“"éc:_.")e” '°m°'s(f,/':1'”PGe
6 61 10005110053497.34 876 59 weight) (uGya”) (uGya") i 5
6 113  1000.211006.8697.10 891 36 4 9 1 844 1294 1179 o8
6 114  999.731006.7597.10 802 37
Layer 6 simple average 885 9 b 826 1263 157 29
7A 31  1000401006.9396.94 732 23 6 4 14 885 1099 1054 -16
7A 32 999.901006.8096.86 973 20
7A 33 999.411006.7096.85 912 58 A 10 8 83 1187 1045 20
TA 517 999.471006.9596.76 777 31 7B 12 7 821 1125 994 -7
7A 519 999.501006.8396.78 789 49 7Cc 10 3 698 1180 1065 35
7A 523 999.831006.8396.80 751 22
7TA 524  999.751006.9496.81 886 33
7A 46 1001.1910055297.14 870 11
Layer 7A simple average 836
7B 34  1001.021006.6496.92 754 28
7B 504 1001.351006.0596.99 704 29
7B 516  999.741007.0396.72 691 37
7B 47  1000.9410054496.99 918 31
7B 48A  1000.471004.8696.59 825129
7B 49 999.921004.7296.47 907 87
7B 51 999.841004.6696.44 948 29
Layer 7B simple average 821
7C 518  999.651006.7996.40 688 25
7C 520  999.201006.7196.41 660 42
7C  48B  999.94 1004.9896.23 745 64
Layer 7C simple average 698
all Layer 7 simple average 807
D palaeo- s-alpha D D, Der. Dy Dectat
g X Y Z  integral : u Th K ot (o (e Detinternst  Dettexterma age
EAUM el gy om0 e WSRO gpmys  mi  (ppmit uy b by Oy Goyal: Geyad: B+ e
07/15 871 4 1000.01 1007.11 97.92 330-360 307 31 28 0.2 0.70 011 0.14 0.03 1200 38 810 76 356 202 17 237 18 886 122 1123 123 274 36
07/16 1144 4 1000.19 1006.44 98.04 350-420 437 52 25 02 125010 0.06 002 669 28 802 76 527 237 15 290 17 878 120 1167 121 374 52
07/17 1013 5 999.78 1007.81 97.41 330-430 574 50 20 01 553023 0.6 003 1110 34 805 76 18713 899 34 1085 36 881 121 1967 126 292 27
07/18 1343 5 999.50 1006.96 97.36 360-400 343 22 28 0.1 087009 0.14004 82933 793 76 435 197 13 240 14 869 119 1109 120 309 35
07/19 1047 6 99954 1007.73 97.07 350-410 295 38 2502 143016 0.19 002 58127 832 76 638 260 23 323 24 908 125 1231 127 240 35
07/21 1466 6 1000.55 1007.72 97.09 350-410 431 39 3.2 01 220021 0.17 0.02 1290 44 858 76 12212 428 31 550 33 934 129 1484 133 290 32
07/25 1391 6B 999.71 1006.75 97.30 370-430 422 21 1.7 01 1950.18 0.11 0.02 644 35 841 76 576 339 26 395 27 917 126 1312 129 322 34
08/03 1745 6 1000.303 1007.25 96.92 350-400 366 41 25 01 099010 0.12004 87039 854 76 435 217 14 260 15 930 128 1190 129 307 42
07/28a 1515 7A 1000.351 1007.83 96.98 360-410 529 53 32 01 279011 0.7 001 33423 765 70 1539 435 16 588 18 835 115 1423 116 372 43
07/28b dito 7A dito  dito dito 350-420 561 53 32 02 3.01010 005001 32022 765 70 1619 465 15 626 18 835 115 1461 116 384 42
08/05 1588 7A 99993 1007.76 96.78 350-365 344 19 26 02 122010 0.08 004 68123 806 70 556 234 15 289 16 876 121 1165 122 295 32
08/06 1816 7A 1000.15 1007.42 96.84 360-390 340 26 14 0.1 1.07 0.08 0.10 0.03 374 13 811 70 262 189 11 214 12 881 122 1095 122 310 38
08/07 1835 7A 999.52 1007.26 96.83 330-350 423 25 14 01 196012 0120.03 89929 811 70 485 361 18 409 19 881 122 1290 123 328 33
08/08 1837 7A 1000.02 1007.26 96.82 350-420 374 30 32 09 108 007 0.10003 33515 811 70 6018 187 10 247 20 881 122 1128 123 332 41
08/12 1924 7B 1000.45 1007.07 96.68 350-400 442 53 2.7 03 208 010 0.24 005 937 30 788 70 9912 384 15 484 19 858 118 1342 120 329 44

a, Layers, locations and ~-dose-rates for individual dosimeters and average context dose-rates. b, Total activities from HpGe ~-ray spectrometry (Bq kg~!

LETTER

at 20) on dry samples of all sediment particles
smaller than 4 cm, based on an estimated 95% SiO, and 5% BaS0O,4 composition. For the 238U-series the ~-lines from 234Th were used for 238U; for 226Ra from 214Pb and 214Bi; for 21°Pb from 219Pb. For
the 232Th-series the estimates for 228Ra are based on 228Ac and for 228Th on 212Pb, 212Bj and 2°8T. ¢, Comparison of v-dose-rates obtained with in situ a-Al,03:C dosimeters and HpGe ~-ray spectrome-
try on dry sediment, with the latter corrected for measured moisture content. d, Thermoluminescence sample identifiers, provenience and analytical results for heated flint samples from Jebel Irhoud
(a, b, indicate independent subsamples from a single artefact, for which a weighted average age was calculated). The effective external -dose-rates account for the shape and weight of samples®®. All
uncertainties at 1o, with calculations following ref. 32.
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Extended Data Table 3 | ESR age calculation

Enamel
Dose (Gy) 326 £ 16
U (ppm) 0.07 £ 0.04
Alpha Efficiency 0.13+£0.02
Thickness (um) 1000 + 200
Dentine
U (ppm) 3.76 £ 043
2Py 1.5287 + 0.0088
20Th/?U 0.7186 £ 0.0114
Water (%) 5+£56
Sediment
U (ppm) 237 +£0.67
Th (ppm) 6.77 £ 0.47
K (%) 2.32+0.22
Water (%) 115
External Sediment Dose rates
alpha (uGy a'1) 6+1
beta (uGy a™) 276 + 51
gamma (uGy a™) 751 £ 100
cosmic (uGy a'1) 707
total (uGy a™) 1102 £ 112
EARLY U-uptake model
internal dose rate (UGy a'1) 3320
beta dose rate, dentine (uGy a'1) 74+ 13
total dose rate (UGy a'1) 1209 £ 115
Age (ka) 269 + 28
Linear U-uptake model
internal dose rate (UGy a'1) 14+9
beta dose rate, dentine (uGy a'1) 3216
total dose rate (UGy a'1) 1148 £ 113
Age (ka) 283 + 31
Combined U-series ESR model
internal dose rate (uGy a™) 18 + 11
beta dose rate, dentine (uGy a'1) 399
p (beta -0.27 £0.14
total dose rate (uGy a™) 1159 + 113
Age (ka) 281+37/-29
Closed System U-series ESR model
Dose from U in enamel and dentine (Gy) 106 +£0.3
Age (ka) 286 £ 32

For comparison with previously published ESR results, age calculations were also carried out for the parametric early and linear U-uptake models.
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