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a b s t r a c t

This paper presents a series of new single-grain optically stimulated luminescence (OSL) ages for the Still
Bay at Blombos Cave, South Africa, and compares them to previously published OSL, thermolumines-
cence (TL) and electron-spin resonance (ESR) ages for this site. Details are provided about the
measurement and analytical procedures, including a discussion of the characteristics of the OSL signals of
individual quartz grains. This forms the basis for further investigations into the sensitivity of the
equivalent dose (De) estimates to a range of different analytical approaches, including changes in the size
of the test dose, the choice of signal integration interval, the subtraction of an appropriate background,
and isolation of the most light-sensitive (‘fast’) component of quartz OSL. We also report the results of an
inter-operator test of De determination using seven new samples from Blombos Cave, and demonstrate
the reproducibility of results obtained for two samples that had been dated previously at another
laboratory and were measured and analysed again in this study. Together, these tests validate the
robustness of the Blombos Cave single-grain OSL age estimates to a variety of alternative OSL dating
procedures. We have incorporated, for the first time, these ages for Blombos Cave into a data set of all
single-grain OSL ages for Still Bay and Howieson’s Poort sites across southern Africa, and have used
a statistical model to re-evaluate the timing and duration of the Still Bay industry. We calculate the most
plausible start and end dates of the Still Bay as 72.2 ka and 71.3 ka, respectively e amounting to
a duration of 0.9 ka e and estimate (with conventional 95% confidence) that this industry began no
earlier than 75.5 ka, ended no later than 67.8 ka and lasted no longer than 6.6 ka.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Chronology is a critical component of archaeological studies,
because it is necessary to place key events in the correct time
sequence to establish possible causes and consequences. Lumi-
nescence dating, including optically stimulated luminescence (OSL)
dating of sediments and thermoluminescence (TL) dating of burnt
stones, has proven to be particularly useful in the construction of
chronologies for the Middle Stone Age (MSA) in southern Africa.
Much effort has been dedicated to obtaining reliable chronologies
for the Still Bay (SB) industry ever since its re-introduction in the
All rights reserved.
stratigraphic sequence of the southern African MSA following its
discovery at Blombos Cave around the turn of the century
(Henshilwood et al., 2001a). We follow the definition of SB as
provided by Henshilwood et al. (2001a), Wadley (2007) and Villa
et al. (2009).

OSL and TL dating at Blombos Cave were pivotal in confirming
the pre-Howieson’s Poort position of the SB within the chro-
nostratigraphic framework of the southern African MSA (e.g.,
Henshilwood et al., 2002; Jacobs et al., 2006a, 2008a; Tribolo et al.,
2006). Associated archaeological discoveries at this site, such as
engraved ochres (Henshilwood et al., 2002, 2009), shell beads
(Henshilwood et al., 2004; d’Errico et al., 2005), bone tools
(Henshilwood et al., 2001b; d’Errico and Henshilwood 2007) and
ochre containers (Henshilwood et al., 2011), have further high-
lighted the importance of the SB and of Blombos Cave to
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understanding the origins and development of modern human
behaviour. Blombos Cave has yielded possibly the largest and best
preserved SB assemblage of any site in southern Africa.

Despite the importance of the SB, comparatively few ages have
been published. Only a small number of statistically consistent TL
(n ¼ 4), electron spin resonance (ESR) (n ¼ 7) and OSL (n ¼ 2) ages
exist for the SB levels at Blombos Cave (Jones, 2001; Jacobs et al.,
2006a; Tribolo et al., 2006). Similarly, few ages have been re-
ported for SB assemblages from other sites in southern Africa. Four
ages from three sites (Apollo 11, Sibudu and Diepkloof) were pre-
sented in Jacobs and Roberts (2008) and Jacobs et al. (2008a), who
suggested start and end dates for the SB of about 71.9 and 71.0 ka,
respectively, consistent with the published age estimates for the SB
at Blombos Cave. Multi-grain OSL ages of 72� 4 and 80� 5 kawere
reported for the SB levels at Hollow Rock Shelter (Högberg and
Larsson, 2011), but much older TL ages on burnt stones were re-
ported for the SB levels at Diepkloof, ranging between 99 � 8 and
129 � 10 ka (Tribolo et al., 2009).

In this paper, we report a series of new single-grain OSL ages for
the SB-bearing layers at Blombos Cave.We provide details about our
measurement and analytical procedures, including a discussion of
the characteristics of theOSL signals of individual quartz grains. This
forms the basis for further investigations into the sensitivity of the
equivalent dose (De) estimates to a range of different analytical
approaches. TheDe (in gray, Gy) corresponds to the radiation energy
absorbed by a grain since it was last exposed to sunlight or heat
beforeburial, and the burial ageof a grain is estimatedbydividing its
De value by the rate of supply of ionising radiation from environ-
mental sources (the dose rate).We also report the results of an inter-
operator test of De determination using 7 new samples from
Blombos, as well as the reproducibility of results obtained for two
samples that had been dated previously (Jacobs et al., 2006a) and
were measured and analysed again for this study. Finally, we re-
assess the estimates of the start and end dates of the SB and its
duration, made by Jacobs et al. (2008a), by incorporating the new
ages from Blombos. The overarching purpose of this paper, there-
fore, is to report a series of new single-grain OSL ages for the SB at
Blombos Cave, demonstrate their robustness to a variety of alter-
native OSL dating procedures, and then incorporate them into
a statisticalmodelwith single-grain ages for SB sites across southern
Africa to re-evaluate the timing and duration of the SB industry.

2. Site background and stratigraphy

Blombos Cave (BBC) is a small sandstone cave situated along the
southern Cape coast of South Africa, approximately 300 km east of
Cape Town (34�250S, 21�130E), 34.5 m above mean sea level and
Fig. 1. a) Map of southern Africa showing the location of Blombos Cave (red star) and its pos
sites. b) A view of Blombos Cave cut into the Wankoe Sandstone Formation, looking from
reader is referred to the web version of this article.)
100 m inland from the Indian Ocean (Henshilwood et al., 2001a)
(Fig. 1). The cave itself is an erosional feature formed as a result of
wave-cutting into the calcified sediments of the Mio-Pliocene
Wankoe Formation (part of the Bredasdorp Group) that lies above
the basal layer of the Table Mountain Sandstone (Fig. 1b). The
interior of the cave contains w55 m2 of visible deposit with
a further w18 m2 of deposit forward of the dripline (Fig. 2a). The
front entrance of the cave has an estimated depth of about 4e5m of
deposit andw3m at the rear of the cave. The cave interior has been
sub-divided into 1 � 1 m squares for excavation. Fig. 2a shows
a planform map of the cave and excavation layout.

The Blombos stratigraphic sequence currently consists of Later
Stone Age (LSA) and MSA occupations, which are clearly separated
from each other by a thick, archaeologically-sterile layer of aeolian
dune sand, referred to as BBC Hiatus. Its stratigraphic position
makes it a key unit, as it provides aminimum age for the underlying
MSA deposits. Much effort has been afforded to dating this unit
(e.g., Henshilwood et al., 2002; Jacobs et al., 2003a, 2003b, 2006a)
and using it as an undisturbed marker horizon to demonstrate the
stratigraphic integrity of the underlying MSA deposits in the vast
majority of the cave (e.g., Henshilwood, 2005; Jacobs, 2005). The
only disturbed part of the sedimentary deposits is in the northwest
corner at the back of the cave, and all finds from these disturbed
areas have been excluded from any analyses (Henshilwood, 2005).
The LSA occupation, found immediately above BBC Hiatus, and still
visible along the western cave wall (Fig. 2a), has been dated using
radiocarbon (14C) to w2000 years ago (Henshilwood et al., 2001a).
The underlying MSA layers are currently divided into four phases
(Henshilwood et al., 2001a, 2011): BBC M1, BBC M2 upper, BBC M2
lower and BBC M3 (Fig. 2b); the bottom of the deposit has not yet
been reached, so further phases may be identified in future. Only
the BBC M1 and BBC M2 upper phases are relevant to this paper, as
these two phases contain the SB industry. The BBC M1 phase
contains the four uppermost MSA layers (CA, CB, CC and CD, and
subdivisions such as CDB), directly below the BBC Hiatus, and the
BBC M2 upper phase consists of the underlying four layers (CFA,
CFB, CFC and CFD). A total of 371 bifacially-flaked lanceolate points
(Villa et al., 2009) e the fossile directeur of the SB e was recovered
from these 8 layers during the 1993e2004 excavations. The vast
majority of the bifacial tools, however, was found in the BBC M1
phase; only 21 tools were recovered from the BBC M2 upper phase
(Villa et al., 2009; Mourre et al., 2010). Additional SB points have
been recovered during subsequent excavations, but final counts
and data have not yet been published. Bone artefacts (Henshilwood
and Sealy, 1997; d’Errico et al., 2001; Henshilwood et al., 2001b),
shell beads (Henshilwood et al., 2004; d’Errico et al., 2005), 13
pieces of deliberately engraved ochre with a cross-hatch pattern
ition relative to major cities along the southern and eastern Cape coasts and other MSA
the southeast. (For interpretation of the references to colour in this figure legend, the



Fig. 2. a) Planform map of the cave, showing the excavation grid, with red indicating the squares from which OSL samples were collected. b) Close-up photograph of squares G6c
and G6d along the South Section wall, with the individual layers demarcated and their relationship to the MSA phases shown. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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(Henshilwood et al., 2002, 2009), a permanent pre-molar crown
and two heavily worn deciduous teeth from a modern human
(Grine and Henshilwood, 2002) were also recovered from these
two phases. The BBC M2 lower phase (layers CGAA, CGAB, CGAC
and CGB) represents the first layers from which no SB points have
been recovered so far. Fig. 2b shows a photograph of the South
Sectionwall of squares G6c and G6d (Fig. 2a), with the stratigraphic
layers delineated and the BBC Hiatus, BBC M1 and BBC M2 upper
and lower phases demarcated.
3. Previous chronologies for the SB at Blombos Cave

OSL dating of multiple and individual grains of quartz, TL dating
of burnt silcrete and quartzite stones, and ESR dating of bovid teeth
have previously been applied to samples collected from the BBC
Hiatus, BBC M1 and M2 upper and lower phases (Jones, 2001;
Henshilwood et al., 2002, 2004; Jacobs et al., 2003a, 2003b, 2006a;
Tribolo et al., 2006). Single-grain OSL ages have also been reported
for the lowermost BBC M3 phase (Henshilwood et al., 2011).
However, only a limited number of samples from the SB-bearing
layers have been dated during the course of these studies, and
almost all of these were collected from the uppermost levels of the
BBCM1 archaeological phase. Table 1 provides a summary of all the
ages obtained for the phases relevant to the SB industry at Blombos
Cave.

For the BBC Hiatus, multi- and single-grain OSL ages of 68 � 4
and 69 � 4 ka, respectively (Jacobs et al., 2003a, 2003b, 2006a),
provide a minimum age for the underlying SB layers. The indi-
vidual TL and OSL ages for the BBCM1 phase range between 67� 7
(BB23) and 82 � 8 ka (BB12) and are all consistent at 1s. Two
modelled ESR age estimates were provided for seven bovid teeth,
for which a weighted mean early uptake (EU) age of 62 � 6 ka and
a linear uptake (LU) age of 80 � 6 ka were calculated. It is
commonly assumed that the true ages for most teeth will lie
between the EU and LU estimates, although not many samples
necessarily satisfy this assumption (Grün, 2006). Nevertheless,
both the EU and LU weighted mean ESR age estimates are statis-
tically consistent with the TL and OSL ages for the BBC M1 phase.
Only one OSL sample from the BBC M2 upper phase has been
dated, with a single-grain age estimate of 77 � 3 ka. A TL sample
from this phase has also been dated (BB6 in Table 1), but Tribolo
et al. (2006) recognised its age of 105 � 9 ka as anomalous
when compared to the TL and OSL chronologies for the overlying
and underlying layers, for which consistent results between the
two methods were obtained.
4. OSL dating samples

To complement the existing chronology, and to identify any
unrecognised gaps in the stratigraphic sequence, we collected an
additional three samples from layers CA, CC and CD in the BBC M1
phase, three from layers CFA and CFB/CFC in the BBC M2 upper
phase, and two samples from the top layer (CGAA) of the under-
lying BBC M2 lower phase. This gives OSL sampling coverage of
eachmajor layer that comprises the SB (except layer CB) and the top
of the underlying pre-SB layers. This suite of samples should enable
the start and end dates of the SB at Blombos Cave to be statistically
constrained with improved confidence.

All new samples were collected from a single sedimentary
profile in the South Section wall and from square H6d. The exact
sample locations and layer assignations are shown in Fig. 3. This
square is adjacent to that shown in Fig. 2b, where the individual
layers have been delineated and from which sample ZB4 was
previously collected (from layer CC). All samples together span
a total depth interval of w60 cm.

Samples were collected by hammering opaque plastic tubes
(w2.5 cm in diameter, 15 cm in length) into the cleaned profile. The
filled tubes were wrapped in light-tight black plastic and trans-
ported to the laboratory. At each location, a sub-sample of sediment
was also collected for moisture content and laboratory-based
measurements of radioactivity; as discussed in detail below, in
situ gamma-ray spectrometry measurements were not available. In
the laboratory, the samples were opened under dim red illumina-
tion, and the light-safe portions retained for further preparation.
Quartz grains of 180e212 mm in diameter were selected for dating,
after purifying the samples and acid-etching the grains following
the same procedures as described in Jacobs et al. (2003a).
5. OSL measurements and instrumentation

All OSL measurements were made on individual quartz grains
extracted fromeach of the samples. The single-aliquot regenerative-
dose (SAR) measurement conditions and analytical procedures
most appropriate for quartz grains from the occupation layers at
Blombos Cave have been established previously and reported in
detail by Jacobs et al. (2006a, 2006b, 2006c). The same procedures
were followed in this study. This involved the application of
a preheat of 260 �C for 10 s prior to measuring the natural and
regenerative doses, and a preheat of 220 �C for 5 s prior to
measuring each test dose. Each grainwas optically stimulated for 2 s
at 125 �C using a focussed green laser beam and, at the end of each



Table 1
Summary of all age estimates published previously for bovid teeth, burnt stone and sediment samples obtained using ESR, TL and OSL, respectively, collected from the BBC
Hiatus, M1, M2 upper and M2 lower phases at Blombos Cave. Also shown are the layers from which the samples were collected and the sample codes. The bovid teeth were
dated using electron-spin resonance (ESR), the burnt stones (silcrete and quartzite) were dated by thermoluminescence (TL) and the quartz grains were extracted from the
sediment samples and dated by optically stimulated luminescence (OSL), either using multi-grain aliquots (MG) or single grains (SG). The ESR ages were modelled using early
uranium-uptake (EU) and linear uranium-uptake (LU) assumptions.

Phase Layer Sample Age (ka) Method Material

BBC HIATUS ZB15 69 � 4 MG-OSLa Quartz grains
68 � 4 SG-OSL Quartz grains

BBC M1 WAB 97253 64 � 10 (EU); 81 � 14 (LU) ESR Bovid tooth
BZB 97254 64 � 6 (EU); 87 � 11 (LU) ESR Bovid tooth

BB24 81 � 10 TL Silcrete
CA BB23 67 � 7 TL Quartzite

BB20 77 � 8 TL Silcrete
97252 63 � 8 (EU); 79 � 12 (LU) ESR Bovid tooth
97256 57 � 7 (EU); 74 � 11 (LU) ESR Bovid tooth

CB 97257 68 � 10 (EU); 82 � 13 (LU) ESR Bovid tooth
CC BB15 68 � 6 TL Silcrete

BB12 82 � 8 TL Silcrete
97258 70 � 7 (EU); 86 � 11 (LU) ESR Bovid tooth
ZB4 76 � 4 MG-OSLa Quartz grains

73 � 3 MG-OSLb Quartz grains
73 � 3 SG-OSL Quartz grains

CD 97259 50 � 5 (EU); 70 � 9 (LU) ESR Bovid tooth
BBC M2 upper CFA

CFB BB6 105 � 9 TL Silcrete
CFC
CFD ZB10 81 � 4 MG-OSLa Quartz grains

79 � 3 MG-OSLb Quartz grains
77 � 3 SG-OSL Quartz grains

BBC M2 lower CGAA ZB7 75 � 2 MG-OSLa Quartz grains
79 � 4 MG-OSLb Quartz grains
82 � 4 SG-OSL Quartz grains

CGAB
CGAC BB1 76 � 7 TL Quartzite

ZB8 77 � 4 MG-OSLa Quartz grains
79 � 4 MG-OSLb Quartz grains
81 � 4 SG-OSL Quartz grains

ZB6 81 � 4 MG-OSLa Quartz grains
88 � 5 MG-OSLb Quartz grains
85 � 6 SG-OSL Quartz grains

a Each multi-grain aliquot contained w1000 grains.
b Each multi-grain aliquot contained w100 grains.
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measurement cycle, grains were optically stimulated for 40 s using
blue light-emitting diodes, while being held at 280 �C (Jacobs et al.,
2006b; Wintle and Murray, 2006).

The OSL equipment used at Wollongong in the present study
(Risø TL/OSL DA-15) is of the same type ase but a different physical
Fig. 3. List of all samples collected in 2010 and dated in this study from the BBC M1 and
previously and reported in Jacobs et al. (2006a). Also shown are the layer and square from
indicated on the photograph.
unit from e the device used at Aberystwyth by Jacobs et al. (2003a,
2003b, 2006a, 2006b, 2006c). It is, however, the identical unit used
to measure single grains of quartz from other southern AfricanMSA
sites (Jacobs and Roberts, 2008; Jacobs et al., 2008a). Details
regarding this equipment are provided in Jacobs et al. (2008a). The
M2 upper and lower phases, together with the two samples collected and measured
which each sample was collected, and the actual locations of the 8 new samples are
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90Sr/90Y beta source used to irradiate grains was calibrated using
a range of known gamma-irradiated quartz standards, and spatial
variations in beta dose rate to individual grain positions were taken
into account (e.g., Ballarini et al., 2006). For this specific instrument,
variations in the beta dose delivered to individual grains followed
a concentric pattern, with the highest dose received by the grains in
the middle of the disc and the lowest dose received by those on the
periphery. Any rotation of the disc over the course of the
measurement cycles would, therefore, have no impact on the
accurate calibration of dose. Each disc was visually inspected under
a microscope to ensure that only one sand-sized grain was con-
tained in each of the 100 holes on a single-grain disc.

Also for this specific instrument, we measured the reproduc-
ibility with which the laser beam can be repositioned (using the
procedure described by Jacobs et al., 2006c), and an uncertainty of
2% was added in quadrature to the standard error of the
background-corrected OSL count for each of the natural (LN),
regenerative (Lx) and test dose signals (TN and Tx for those
measured in the natural and regenerative dose cycles, respectively).
For each grain, the sensitivity-corrected regenerated OSL signals
(Lx/Tx) were fitted with a single saturating-exponential function,
and the De was estimated by projecting the sensitivity-corrected
natural signal (LN/TN) onto the fitted curve. The standard error on
the De was obtained byMonte Carlo simulation, implemented using
Analyst version 3.24 (Duller, 2007).

6. OSL single-grain characteristics

Previous studies involving themeasurement of individual grains
of quartz from a range of geomorphic and archaeological settings
and geographic locations, including Blombos Cave, have shown
large grain-to-grain variability in OSL response to the same
measurement conditions (e.g., Murray and Roberts, 1997; Roberts
et al., 1999; Adamiec, 2000, 2005; Duller et al., 2000; Feathers,
2003; Jacobs et al., 2003b, 2006c, 2011, 2012; Feathers et al.,
2006, 2010; Arnold et al., 2008; Demuro et al., 2008; Duller,
2008; Armitage et al., 2011; Arnold and Roberts, 2011; Gliganic
et al., 2012). This grain-to-grain variability is most apparent in
the variable, inherent brightness of the OSL signals, and in the
shapes of the OSL decay and doseeresponse curves. It has been
repeatedly demonstrated that not every quartz grain will respond
in a similar and suitable manner to the same measurement
conditions and, therefore, not every grain will produce an accurate
estimate of De. The greatest challenge in single-grain OSL dating is,
thus, to determine which measurement conditions (e.g., preheat
temperatures) and analytical parameters (e.g., signal and back-
ground integration intervals) are most appropriate for the majority
of the grains, and how to distinguish between those grains that will
provide accurate estimates of De and those that will not (Jacobs and
Roberts, 2007).

A series of internal tests and criteria for rejection of individual
grains have been developed that result in the routine elimination of
grains with aberrant OSL characteristics (‘junk’ OSL); such grains
can give rise to inaccurate estimates of De (e.g., Jacobs et al., 2006c).
It is also known, however, that some unexplained scatter among De
values remains after this initial filtering of the data set, even under
controlled laboratory conditions. The spread in De above and
beyond that explained by all known sources of measurement
uncertainty is known as ‘overdispersion’, which can be calculated
using the central age model of Galbraith et al. (1999). For example,
after establishing suitable measurement conditions for the Blom-
bos Cave samples and applying the standard data-rejection criteria
to individual quartz grains, 8.8% of unexplained overdispersion
remained for sample ZB4 from layer CC (Jacobs, 2004) and 6.0% for
ZB15 from BBC Hiatus (Jacobs et al., 2006a). Accurate determination
of the sample De requires, therefore, that the OSL characteristics of
those grains that pass this first filtering process are scrutinised and
that their sensitivity to changes in analytical variables are rigor-
ously tested. In the following sections, we describe the OSL signal
characteristics of the grains from the SB occupation layers at
Blombos Cave, paying special attention to the variability among
grains that passed all of the initial tests and quality-assurance
criteria. From these observations, we make some suggestions
about what might cause the overdispersion of these single-grain De
estimates, and then examine their sensitivity to the key analytical
parameters by changing them systematically. Although Jacobs et al.
(2003b, 2006a, 2006c) investigated the OSL behaviour of individual
grains of quartz from Blombos Cave, the range of experiments
performed in the present study is more diverse and includes
several variants that have not been tested previously. In doing so,
we demonstrate, with a high degree of confidence, the reliability of
the single-grainDe values for OSL age determination of the Blombos
samples.

6.1. Detecting and discarding ‘junk’ OSL

Table 2 lists the number of grains measured for each of the
samples, as well as the number of grains rejected and the reasons
for their rejection; the latter are based on the standard criteria
introduced by Jacobs et al. (2006c). A total of 12,900 grains were
measured, but only 1745 grains (13.5% of the total) satisfied these
criteria, which we applied using a two-step approach. First, we
rejected grains with a TN signal less than three times the instru-
mental background. This resulted in the rejection of 62.1% of the
grains. Second, we systematically looked at the OSL data for each of
the remaining grains and rejected those for which no meaningful
doseeresponse curve could be constructed (because of exceedingly
high scatter in the data at low photon counts), as well as those that
had an error of >30% associated with the TN value; rejection of the
latter is important to ensure that the test dose sensitivity correction
can be applied accurately. This led to the elimination of a further
6.5% of the total number of grains measured. After rejecting 68.6%
of the grains in these initial two steps (reason A in Table 2), only
31.4% of the grains remained for further scrutiny. This proportion is
higher than the values reported previously for samples from BBC
Hiatus and the SB layers (Jacobs et al., 2003b, 2006a), whichmay be
due to the higher sensitivity and/or lower instrumental background
of the photomultiplier tube used in this study.

A further 17.9% of measured grains were rejected on the basis of
four additional criteria: the ‘recycling ratio’ for the sensitivity-
corrected signals induced by duplicate regenerative doses differed
by more than 2s from unity (8.4%, reason B); the ‘OSL IR depletion
ratio’ (Jacobs et al., 2003b) was smaller than unity by more than 2s,
suggestive of feldspar contamination (3.8%, reason C); a significant
‘recuperation’ signal (Lx/Tx >5% of LN/TN) was measured when
a zero regenerative dosewas applied (3.9%, reason D); and the LN/TN
signal fell on or above the saturation level of the sensitivity-
corrected regenerated doseeresponse curve, so a reliable esti-
mate of De could not be determined (1.8%, reason E). In total, 86.5%
of the grains were not suitable for De determination. The remaining
13.5% of grains that satisfied all of the above criteria were assessed
further, as described below, in terms of their signal brightness, the
rate of OSL decay in response to laser stimulation, and the shape of
their OSL decay and doseeresponse curves.

6.2. OSL signal brightness

To examine the distribution of OSL signal brightness for indi-
vidual grains, we constructed a cumulative light sum plot (Duller
and Murray, 2000; Duller et al., 2000) for each of the samples



Table 2
Information on the number of individual grains measured, the number of grains rejected and for what reasons, and the total number of grains for which De values were
determined. Reasons for rejection are: A, TN signal <3 � BG and the error associated with the TN signal is >30%; B, recycling ratio deviates more than 2s from unity; C, OSL IR
depletion ratio is more than 2s less than unity; D, zero dose Lx/Tx is >5% of LN/TN; E, LN/TN does not intersect the sensitivity-corrected doseeresponse curve.

Sample Grains
measured

Reasons for rejection of grains Total
rejected

Total
accepted

% used

A B C D E

BBC10-1 1000 729 75 33 30 22 889 111 11.1
BBC10-2 2900 2001 221 124 108 55 2509 391 13.5
ZB4 1000 673 86 48 56 10 873 127 12.7
BBC10-3 1000 748 43 38 44 17 890 110 11.0
BBC10-4 1000 710 55 39 37 23 864 136 13.6
BBC10-5 1000 609 151 26 28 18 832 168 16.8
BBC10-6 1000 734 76 24 32 15 881 119 11.9
ZB10 1000 701 90 33 46 17 887 113 11.3
BBC10-7 1000 643 97 50 59 15 864 136 13.6
BBC10-8 2000 1299 187 77 65 38 1666 334 16.7

12,900 8847 1081 492 505 230 11,155 1745 13.5
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(Fig. 4). The net TN signal for each grain was determined from the
OSL counts in the first 0.2 s of optical stimulation, minus the
average background count over the final 0.3 s of stimulation. The
test dose was fixed at 12 Gy for all grains, thus enabling direct
comparison of the inherent brightness of grains from the same and
different samples. The cumulative light sum distributions of the 10
samples plotted in Fig. 4 have very similar shapes. Between 22.4%
(BBC10-1) and 37.3% (BBC10-7) of the grains account for 95% of the
light sum, which is similar to the value of w20% determined by
Jacobs et al. (2003b) for sample ZB15 from BBC Hiatus. This general
pattern of signal brightness is consistent with the rejection of the
majority of Blombos grains because their TN signals were too dim to
distinguish from instrumental background.

A key constraint on the precision with which a De value can be
estimated is the absolute brightness of individual grains, as this
controls the number of counts from the natural, regenerative and
test dose OSL signals, but Fig. 4 does not provide any information on
absolute brightness. For each of the samples, therefore, Table 3 lists
the number of ‘accepted’ grains (i.e., grains remaining after appli-
cation of the aforementioned rejection criteria) that are classified
here as ‘bright’ (TN >1000 counts in the first 0.2 s of optical stim-
ulation), ‘moderate’ (100e1000 counts) or ‘dim’ (<100 counts). It is
evident that only a few grains in each sample are inherently
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Fig. 4. Cumulative light sum plot showing the distribution of the OSL signal intensity
following a test dose of 12 Gy from all measured single grains for each sample. The
percentage of the total light sum is plotted as a function of the percentage of all the
grains measured. The diagonal line represents the theoretical result for a sample
having all grains exhibiting exactly the same grain brightness.
‘bright’: between 0.8% (BBC10-6) and 8.1% (BBC10-7). A further
49e69% of the accepted grains are moderately bright, and 28e49%
are classified as ‘dim’. Given these findings, one of the greatest
impediments to the precise estimation of De for sedimentary quartz
from Blombos is the paucity of inherently bright grains in the
deposit. For most grains, the statistical errors associated with the
OSL counts will limit the precision with which each signal can be
measured and, hence, the De values estimated.

6.3. OSL decay curves

It is well-established that the OSL signal measured from multi-
grain aliquots made up of several thousand grains is composed of
several components, each with a different photoionization cross-
section (Bailey et al., 1997). The OSL signal can be split into ‘fast’,
‘medium’ and one or more ‘slow’ components, where the termi-
nology reflects the rate at which the corresponding OSL source
traps are emptied upon exposure to light. For reliable determina-
tion of De, the standard SAR measurement procedure requires that
grains are dominated by the fast component, or that other
components, if present, behave in a similar manner to the fast
component and had their source traps emptied prior to burial
(Wintle and Murray, 2006). One way of investigating if the OSL
signal is dominated by the fast component is to optically stimulate
the grains in a different way. Rather than holding the laser power
constant for the entire duration of stimulation (resulting in
‘continuous wave’ OSL decay curves), the laser power can be
increased steadily from 0 to 100% to obtain curves of ‘linearly
Table 3
Distribution of grains with inherently bright, moderate and dim OSL signals. The
signal intensity is that measured after a TD of 12 Gy and a preheat of 220 �C for 5 s.

Sample Grains accepted Signal intensity (cts/0.2 s)

‘Bright’ ‘Moderate’ ‘Dim’

(>1000) (100e1000) (<100)

BBC10-1 111 2 55 54
BBC10-2a,b 98 2 48 48
ZB4 127 5 74 48
BBC10-3 110 3 76 31
BBC10-4 136 8 76 52
BBC10-5 168 9 94 65
BBC10-6 119 1 61 57
ZB10 113 7 59 47
BBC10-7 136 11 84 44
BBC10-8c 334 19 193 122

a Only includes grains that were given a TD of 12 Gy.
b 900, rather than 1000, grains were measured.
c 2000, rather than 1000, grains were measured.
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modulated’ OSL (LM-OSL) intensity as a function of stimulation
time (e.g., Bulur et al., 2000). This technique results in the visual
separation of the different components as a series of peaks.
However, we could not induce a detectable LM-OSL signal from any
of the 1000 grains measured for sample ZB10, even after giving
them a regenerative dose of 1000 Gy, a result that we attribute to
the low abundance of inherently bright grains.

Instead, we looked at the shape of the conventional (i.e.,
continuous wave) OSL decay curves. Fig. 5 shows the decay curves
for 79 of the 110 grains from sample BBC10-3 that were accepted for
De determination. These represent all of the ‘bright’ and ‘moderate’
grains with TN signals of more than 100 counts over the first 0.2 s of
optical stimulation (Table 3). The decay curves in Fig. 5 were
measured over 2 s with the green laser set at 90% power, after
giving the grains a regenerative dose of 70 Gy (similar to the ex-
pected De) and preheating them at 260 �C for 10 s. Many of these
grains, including the three brightest, had signals that decayed
rapidly; the OSL intensities measured after 0.2 s of stimulationwere
less than 5% of the initial intensities (estimated as the sum of counts
over the first 0.04 s of stimulation). Not all grains showed such
rapid and complete OSL decay, however, as can be seen from the
inset plot in Fig. 5, where the signal remaining after 0.2 s of stim-
ulation is shown as a percentage of the initial signal intensity and
plotted as a function of the latter. Approximately half of the grains
still had OSL signal intensities of between 5 and 12% of their initial
intensities, and three of the moderately dim grains had relative
signal intensities of 15e19%. This harder-to-bleach signal may
imply that some of the grains contain components other than the
fast component, but themajority of the grains exhibit a rapid rate of
OSL decay, consistent with a dominant fast component.

6.4. OSL doseeresponse curves

We next compared the doseeresponse curves for individual
grains. Each grainwas given successive regenerative doses of 70, 35,
140, 210, 280, 0 and 70 Gy, together with test doses of 12 Gy to
monitor and correct for any sensitivity changes, and the induced Lx
Fig. 5. a) OSL decay curves for 79 grains from sample BBC10-3, stimulated using
a focussed laser (532 nm,w45 W/cm2) for 2 s at 125 �C. Prior to stimulation, the grains
were given a laboratory dose of 70 Gy and preheated at 260 �C for 10 s. b) The
percentage of signal remaining after 0.2 s of optical stimulation plotted as a function of
the initial signal intensity (photon counts integrated over the first 0.04 s of stimula-
tion). The grains with open squares are those grains plotted in Fig. 6, together with the
data for the brightest grain. For clarity, the brightest grain (14,867 counts in the initial
0.04 s of stimulation) has been omitted from this graph; the corresponding ‘remaining
signal’ for this grain is 3.4%.
and Tx signals were measured in an identical way. Sensitivity-
corrected doseeresponse curves were constructed from these OSL
signals using a single saturating-exponential function of the form
I ¼ I0ð1� exp�D=D0 Þ, which was suitable for all accepted grains in
this study. In this function, I is the Lx/Tx value at regenerative dose
D, I0 is the saturation value of the exponential curve and D0 is the
characteristic saturation dose; I0 and D0 are estimated from the
data. The fitted doseeresponse curves for seven of the brightest
grains from BBC10-3 are presented in Fig. 6; the same grains are
identified in Fig. 5b as the data points with the open squares around
them. These grains have doseeresponse curves that display a wide
variety of shapes, and this variability is typical also of grains from
the other Blombos samples. Some of the grains in Fig. 6 have Lx/Tx
values that increase with added dose (up to the maximum applied
of 280 Gy), others show much less rapid growth with increasing
dose, and two saturate at doses as low as 70 Gy.

Alongside this graph is a table containing other data of interest
for each of these grains: the initial OSL intensity, the estimated D0
value, the percentage of ‘residual’ signal (measured after 0.2 s of
stimulation) relative to the initial signal, and the De value. The D0
value represents the dose at which the Lx/Tx value reaches 63% of I0.
There is no clear pattern between the initial and residual signal
intensities of any particular grain and its D0 and De values, although
two of the three dimmest grains have the smallest D0 values
(w30 Gy). Likewise, two of the three dimmest grains have the
largest residual OSL intensities as well as D0 values smaller than
w50 Gy, so there is some support for the suggestion that grains
with the slowest rates of OSL decay have doseeresponse curves
that saturate at lower doses than do those of grains with faster rates
of OSL decay. The De estimates appear unaffected by the shapes of
the decay and doseeresponse curves, although the De uncertainties
are much larger for the three dimmest grains, which are also
approaching saturation.
7. Alternative approaches to De determination

We have discussed above the similarities and differences in the
physical behaviour of individual grains of quartz extracted from the
same sample and from different samples collected at this one site
(Blombos Cave) in order to highlight some of the complexities and
limitations involved in determining reliable De values. Such vari-
ability among individual grains has been also reported for quartz
samples from other sites in southern Africa and around the world,
resulting in a range of alternative approaches to measuring and
analysing the OSL signals. In this section, we test the sensitivity of
the De estimates for the Blombos samples to variations in the
procedures described above, to ensure that our results are not
systematically biased as a consequence of the experimental and
analytical conditions we have chosen.
7.1. Varying the size of the test dose

As most of the measured grains were rejected due to their
inherently dim OSL signals, we were interested in determining
whether a larger number of grains would be accepted for De

determination if the size of the test dose (TD) were increased. The
resulting OSL signal is used to monitor and correct for sensitivity
change in the SAR procedure, so more reliable estimates of TN and
Tx should improve the accuracy of the sensitivity correction.
Roberts et al. (1999) and Murray and Wintle (2000) recommended
the use of a small TD (e.g., 10e20% of the expected De); this would
amount to between 8 and 18 Gy for the Blombos samples analysed
in this study, which have De values in excess of 70 Gy. These same
studies also demonstrated, however, that the size of the TD could be
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safely increased to the size of the De, but recommended that the
test dose was preheated at relatively low temperatures.

To test the effect on the Blombos samples of changing the TD,
and to check if larger test doses would result in more grains
passing the rejection criteria (i.e., a higher percentage of accepted
grains), three sets of single grains from BBC10-2 were measured
separately. Each set was measured and analysed in the same way,
except for the size of the test dose: a set of 900 grains received
a TD of 12 Gy and two sets, each of 1000 grains, were given test
doses of 35 Gy and 58 Gy. The percentage of grains with TN signals
more than three times background increased with the size of the
TD, from 24.6% (12 Gy) to 34.4% (35 Gy), but no additional benefit
was gained by increasing the TD to 58 Gy (34.1%). Most of the
additional grains included at the higher test doses subsequently
failed one or more of the other rejection criteria, resulting in De
values being calculated from 10.9% (12 Gy), 14.2% (35 Gy) and
15.1% (58 Gy) of the grains. Hence, the three- to five-fold increase
in size of the TD resulted in the acceptance of only 3e4% more
grains for De determination.

The three sets of grains also produced statistically consistent
weightedmean De values and overdispersion values: 80� 3 Gy and
23 � 4% (TD ¼ 12 Gy), 83 � 2 Gy and 20 � 3% (TD ¼ 35 Gy) and
81 � 2 Gy and 21 � 3% (TD ¼ 58 Gy). These values are shown in
Fig. 7a as A, B and C, respectively, together with the number of
grains used to calculate them. As the larger test doses resulted in
only a few percent increase in the number of grains accepted for De
determination, and no significant improvement was made to the
precision of the De estimates, the other Blombos samples were
measured using a TD of 12 Gy. In the following sections, we have
combined the three TD data sets for BBC10-2 to increase the number
of accepted grains for statistical analysis.

7.2. Varying the signal integration interval

Another analytical variable that may impact on determination of
De, and the associated overdispersion value, is the duration of the
interval over which the OSL signal is integrated. In our laboratory,
a doseeresponse curve is typically constructed by integrating the
counts in the first 0.2 s of OSL decay when grains are stimulated for
2 s at 90% laser power. A ‘late-light background’ (LBG) signal,
calculated from the average count over the last 0.3 s of stimulation,
is then subtracted from each of the respective regenerative and test
dose OSL signals, and the same procedure is applied to the natural
signal. This initial signal integration interval is assumed to
preferentially include the fast component of quartz OSL, but as the
decay curve shapes vary from grain to grain (Fig. 5), the first 0.2 s of
OSL decay may includemore than just the fast component for some
grains. To test the effect of the duration of the signal integration
interval on the measured De, each of the BBC10-2 grains was also
analysed using two alternative time intervals for the initial signal:
1) the first 0.04 s of stimulation; and 2) the first 0.1 s of stimulation.
The resulting weighted mean De values and estimates of over-
dispersion, and the number of grains included in these analyses, are
displayed as D and E in Fig. 7a. The corresponding data for the
standard (0.2 s) approach are labelled as F in Fig. 7a (De¼ 82� 1 Gy,
overdispersion ¼ 21 � 2%), with the distribution of the 391 single-
grain De values plotted in Fig. 7b.

The three data sets show no significant differences using
integration intervals of 0.04e0.2 s for the OSL signal. To
remain systematic in our approach, therefore, we constructed
doseeresponse curves for all of the samples in this study using the
OSL counts integrated over the first 0.2 s of laser stimulation.

7.3. Varying the background integration interval

In this study, we subtracted the LBG signal from the initial signal
to obtain the net natural, regenerative and test dose OSL signals for
each grain. Ballarini et al. (2007) suggested that it may be more
appropriate to instead subtract, as background, the signal measured
immediately following the initial portion of OSL decay, to minimise
the contributions from the medium and slow components and
obtain a net signal dominated by the fast component. This ‘early-
light background’ (EBG) approach is also thought to reduce the
extent of thermal transfer and recuperation, and result in less
overdispersion among De values (Ballarini et al., 2007; Cunningham
and Wallinga, 2010). Cunningham and Wallinga (2010) found that
the contribution from the fast component could be maximised by
using an EBG interval immediately following the initial signal
interval and w2.5 times its duration.

To test the effect of using EBG subtraction instead of LBG
subtraction for the Blombos samples, we re-analysed the data for
the same set of BBC10-2 grains as discussed above, but determined
the initial signal from the first 0.04 s of stimulation and subtracted,
as EBG, the average count summed over the 0.04e0.14 s interval of
OSL decay. This resulted in a weighted mean De value of 81 � 2 Gy
and an overdispersion value of 21 � 3% (G in Fig. 7a), which are
statistically indistinguishable from the values obtained using the
LBG approach. Far fewer grains, however, produced De values using



Fig. 7. a) Scatter plot of weighted mean De values (left axis) and overdispersion values (right axis) for sample BBC10-2 when individual grains are measured and analysed in 9
different ways (AeI). The De and overdispersion values were calculated using the central age model of Galbraith et al. (1999). The number of grains included in each calculation of De

and overdispersion is also shown at the top of the graph. The stippled line shows the weighted mean De obtained for these grains using method F, which was used to estimate the De

for age determination of all samples in this study. Measurement and analysis conditions: A, test dose ¼ 12 Gy; B, test dose ¼ 35 Gy; C, test dose ¼ 58 Gy; D, signal integration ¼ first
0.04 s; E, signal integration ¼ first 0.1 s; F, signal integration ¼ first 0.2 s; G, early background subtraction; H, fast ratio >10; I, fast ratio >20. b) De distribution for the 391 grains
analysed using method F, and c) the De distribution for 65 grains analysed using method I, displayed as radial plots. The shaded bands are centred on the respective weighted mean
De values.
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EBG subtraction (n ¼ 214) than using LBG subtraction (n ¼ 391),
because the net intensity of the test dose signals for many more
grains fell below the rejection threshold. Consequently, although
the physical reasons for using the EBG may be valid, there were no
practical benefits in adopting this approach for the Blombos
samples. As the optimum method of background correction is apt
to be sample dependent, we suggest that alternative procedures
should be independently tested on each set of samples.

7.4. Testing the effect of the ‘fast ratio’ on De estimation

Duller (in press) has suggested that the ‘fast ratio’ of Durcan
and Duller (2011) should be applied to all single-grain data sets
to further distinguish between grains that are well-suited to SAR
measurement procedures and those that are not (Jacobs and
Roberts, 2007). For a quartz sample from Kalambo Falls in
Zambia, Duller found that application of the fast ratio greatly
improved the accuracy and precision with which doses given in
the laboratory could be recovered using SAR; this was especially
true at higher doses, when the OSL signal approached saturation.
These improvements were attributed to the preferential removal
of grains with significant OSL contributions from the medium
and slow components. Gliganic et al. (2012) reported similar
effects of these components on the reliability of De estimates for
quartz grains from Mumba Rockshelter in Tanzania. They dealt
with the issue in a different way, however, by introducing two
additional rejection criteria, specific to the Mumba samples,
based on the D0 value and the degree of sensitivity change of
individual grains.

The De values for the SB samples from Blombos Cave are low
in comparison to the doses of >100 Gy at which Gliganic et al.
(2012) and Duller (in press) observed significant shortfalls in
De and increases in overdispersion. Also, we were able to
recover a known (given) dose for samples ZB4 and ZB15 under
controlled laboratory conditions, unlike Gliganic et al. (2012)
and Duller (in press), who both recovered doses that under-
estimated the given doses. Nevertheless, we were interested to
evaluate if application of the fast ratio to the Blombos samples
resulted in less overdispersion among De values, or had some
other advantageous effect. We calculated the fast ratio from the
counts in the first 0.02 s of stimulation (the first data channel)
as a proxy for the fast component, and from the counts between
0.18 and 0.22 s (three data channels) as a proxy for the medium
and slow components. For both signals, we subtracted a late-
light background obtained from the final 0.06 s of stimulation
and calculated the fast ratio from the two background-
subtracted signals e that is, as fast/(medium and slow). The
signal intervals used in our study differ from those used in
Duller (in press), because of the differences in stimulation time
and laser power.

We calculated the fast ratios for the 391 grains of sample
BBC10-2 for which De values had been obtained previously using
our standard signal integration intervals (see Fig. 7b); the latter
are overdispersed by 21 � 2% and give a weighted mean De of
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82 � 1 Gy. For grains with fast ratios of >10 and >20, the
respective weighted mean De values are 81 � 2 Gy (H in Fig. 7a)
and 79 � 3 Gy (I in Fig. 7a) and the corresponding over-
dispersion values are 17 � 3 and 17 � 4%. The individual De
values for the 65 grains with fast ratios of >20 are plotted in
Fig. 7c. This experiment shows that, for quartz grains from this
Blombos sample, use of the fast ratio as a rejection criterion has
a negligible influence on both the weighted mean De and the
distribution and overdispersion of the single-grain De values
(compare Fig. 7b and c).

Duller (in press) recommended that only grains with fast
ratios of >20 should be used for De determination. However,
a conspicuous outcome of applying this rejection criterion to
BBC10-2, and also noted by Duller (in press), is the six-fold
reduction in the number of accepted grains, from 391 to 65,
the latter equating to just 2.2% of the 2900 grains measured from
this sample. At least in this instance, therefore, we conclude that
application of the fast ratio does not increase the accuracy or
precision of the De estimates, or significantly decrease the extent
of overdispersion. This finding supports the accurate dose
recovery results obtained for samples ZB4 and ZB15 using our
standard set of rejection criteria.

To further test the efficacy of the fast ratio, we applied it to all 10
samples measured in this study and the results are listed in Table 4.
The weighted mean De values determined before and after appli-
cation of the fast ratio approach are consistent (at 1s) with a ratio of
unity for nine out of 10 samples, ranging between 0.97 � 0.04 and
1.06 � 0.10 (see final column of Table 4). However, the weighted
mean De based on the fast ratio is consistently less precise, as
a result of the order-of-magnitude reduction in the number of
individual De values included. One sample, BBC10-3, has a De ratio
consistent with unity at 2s (1.13 � 0.11), but the weighted mean De
value obtained after applying the fast ratio gives an anomalously
old age compared to the ages of the other samples. The over-
dispersion values for these samples do not decrease systematically
after applying the fast ratio, in contrast to the findings of Duller (in
press).

Given the dissimilarity between our results and those of Duller
(in press), there is evidently substantial variation among samples,
which depends on the size of the De, among other factors. We
suggest, therefore, that similar sensitivity tests could usefully be
made on other samples to assess the general utility of the fast ratio
criterion and the possible improvements in accuracy that might be
achieved at the expense of rejecting a large proportion of poten-
tially suitable grains. At least for the samples from the SB layers at
Blombos Cave, the quartz grains appear to be dominated by the fast
component; interference from the medium and slow components
is either insignificant or these components behave in a similar
fashion to the fast component.
Table 4
Summary of the weighted mean De and overdispersion values for all samples obtained usi
values obtained when only grains with a fast ratio of >20 are included. Also shown are

Sample
name

Grains measured Conventional approach

N N De (Gy) O

BBC10-1 1000 111 79 � 2 15
BBC10-2 2900 391 82 � 1 21
BBC10-3 1000 110 83 � 3 20
BBC10-4 1000 136 75 � 2 17
BBC10-5 1000 168 76 � 2 25
BBC10-6 1000 119 74 � 3 28
BBC10-7 1000 136 88 � 2 20
BBC10-8 2000 334 83 � 2 29
ZB4 1000 127 78 � 2 18
ZB10 1000 113 79 � 2 23
7.5. Testing the effect of different operators

The data analyses described above were all performed by ZJ. We
were interested, therefore, to determine if analyses of the same data
sets by different operators resulted in similar or significantly
different De values. Accordingly, two of the authors (ZJ and EH)
carried out analyses of seven of the 10 Blombos samples from start
to finish without any prior discussion. Each analysed the same data
set (to eliminate any variation due tomeasurement differences) and
used the same rejection criteria and other analytical variables, such
as the signal and background integration intervals, the beta dose
calibrations for individual grains, and the allowance included for
instrumental reproducibility. This left some partly subjective deci-
sions for each operator to make during the analytical process, such
as whether to fit each doseeresponse curve using a saturating-
exponential function or an exponential with an added linear term,
and at what dose to declare a grain in saturation rather than esti-
mate a finite De value. These choices were made independently by
ZJ and EH to assess if they significantly influenced the De estimates
or if the results were statistically consistent. The results of both sets
of analyses for all seven samples are displayed in Fig. 8a, together
with radial plots of the De distributions obtained for sample BBC10-
1 by ZJ (Fig. 8b) and EH (Fig. 8c). The radial plots for all of the
samples are shown in Fig. S1, together with the number of grains
accepted and the calculated overdispersion values.

In general, the shapes of themeasuredDe distributions are similar,
as are the weighted mean De values for each sample, but there are
some features of interest. First, the overdispersionvalues vary slightly
between ZJ and EH, with the latter operator producing systematically
higher values, albeit not significantly different at 2s. Two possible
reasons for this may be that ZJ estimated the random error on the
curve fit using twice the number of Monte Carlo iterations as EH
(n ¼ 100 and 50, respectively), and EH sometimes forced LN/TN to
intercept the sensitivity-correcteddoseeresponsecurveathighdoses
(and thus yield a large and finite estimate of De), whereas ZJ inter-
preted such grains as being in saturation. The latter difference would
also explain why EH obtained slightly higher weighted mean De
values for six of the seven samples, although it is important to note
that the weightedmean De values for the two operators do not differ
significantly: those obtained by EH (operator 2) divided by the cor-
responding De estimates by ZJ (operator 1) give ratios consistent
with unity, ranging between 0.99 � 0.04 (BBC10-5) and 1.06 � 0.05
(BBC10 1). Provided that the optimum measurement and analytical
procedures have been established for a particular set of samples,
therefore, we conclude that any differences arising from inter-
operator variability should be minor. It might be instructive,
however, to conduct similar cross-checks within and between other
laboratories, using samples of knownage that span awide range ofDe
values.
ng our conventional approach to analysing individual quartz grains, compared to the
the number of grains included in both calculations and the ratio of the De values.

‘Fast ratio’ approach De ratio

D (%) N De (Gy) OD (%)

� 3 17 80 � 4 0 1.02 � 0.06
� 2 65 79 � 3 17 � 4 0.97 � 0.04
� 3 19 94 � 9 29 � 8 1.13 � 0.11
� 3 27 78 � 5 27 � 6 1.05 � 0.08
� 2 14 80 � 7 29 � 8 1.06 � 0.10
� 3 20 72 � 6 27 � 8 0.97 � 0.09
� 3 28 89 � 3 0 1.01 � 0.04
� 2 48 86 � 5 28 � 5 1.03 � 0.06
� 3 12 77 � 4 14 � 7 0.99 � 0.06
� 3 17 81 � 4 0 1.02 � 0.06



Fig. 8. a) Scatter plot showing the weighted mean De values (left axis) and overdispersion values (right axis) obtained for seven samples with the same data analysed by two
different operators. The filled circles show the results obtained by ZJ and the open circles the results obtained by EH. Also shown are the De and overdispersion values for samples
ZB4 and ZB10, which were measured in two different laboratories and the data analysed by ZJ. The filled triangles show the results obtained in the Wollongong laboratory and the
open triangles the results obtained in the Aberystwyth laboratory. b) De distribution for the grains of sample BBC10-1 analysed by ZJ and c) De distribution for the same data set
analysed by EH.
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7.6. Repeat measurement and analysis of ZB4 and ZB10

An additional aspect of variance that we considered was
whether reproducible results could be obtained for the same
sample when measured several years apart using different instru-
ments (that have had their beta sources calibrated independently)
and the resulting data analysed by the same person. The single-
grain OSL ages published for Blombos Cave by Henshilwood et al.
(2002, 2004) and Jacobs et al. (2003b, 2006a) were measured in
the luminescence laboratory at Aberystwyth University, whereas
the measurements in this study (and in Henshilwood et al., 2011)
were made in the luminescence laboratory at the University of
Wollongong. Furthermore, in the 8 years since the original set of
Blombos samples were measured and analysed by ZJ, there have
been developments in single-grain data analysis and ZJ has gained
more experience in OSL dating of individual quartz grains.

Are the De values for the Blombos samples sensitive to any of
these factors? To answer this question, ZJ used the Wollongong
instrument to measure 1000 individual quartz grains from each of
two SB samples collected from layers CC (ZB4) and CFD (ZB10), and
then analysed the resulting OSL data using the procedures
described in this paper. Jacobs et al. (2006a) reported the corre-
sponding single-grain data sets for these two samples as measured
and analysed at Aberystwyth. The results for both samples are
presented in Table 4 and Fig. 8a. The weighted mean De values are
almost identical for the Aberystwyth and Wollongong single-grain
data sets, with slightly larger (but statistically compatible) over-
dispersion values in the present study. Based on this concordance,
and the general insensitivity of the results to the host of other
variables tested above, we consider the present and previous esti-
mates of De for the Blombos samples to be robust to awide range of
measurement conditions and methods of data analysis. The De
values and OSL ages discussed in the following sections were ob-
tained using our standard set of measurement and analytical
procedures, as described and validated above.

8. De distributions and interpretations

The De values for all accepted grains from all samples are dis-
played, in stratigraphic order, as radial plots in Fig. S1. Table 5
contains information about the number of grains used for De

determination, the De overdispersion value and the modelled De
estimate used to calculate the age of each sample. The standard
error on the central age model (CAM) estimates of De take into
account the measured overdispersion (Galbraith et al., 1999), while
the uncertainties on the finite mixture model (FMM) estimates of
De (Roberts et al., 2000) incorporate an assumed overdispersion of
15%, based on the optimum model fit to the data (see below).
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It is immediately apparent from the radial plots (Fig. S1) that, for
each of the samples, the individual De estimates are spread too
widely to fall within any single band of�2 units projecting from the
‘standardised estimate’ axis; such a band should capture approxi-
mately 95% of the points if the independent estimates of De are
statistically consistent with a common value (Galbraith, 1988). This
spread in De values is reflected in the corresponding estimates of
overdispersion (Table 5), which range from 15 � 3% (BBC10-1) to
29 � 2% (BBC10-8) e almost exactly the same range of over-
dispersion values (13.5e28.6%) reported previously for samples
from the BBC M1 and M2 phases (Jacobs et al., 2006a). All of these
values are greater than the 8.8% overdispersion obtained for sample
ZB4 under controlled laboratory conditions in a dose recovery test
(Jacobs, 2004).

Seven of the 10 samples (the exceptions being BBC10-5, BBC10-7
and BBC10-8) have radial plots in which the vast majority of De
values are spread randomly around a central value (Fig. S1). Such
distribution patterns e and the associated overdispersion values e
are typical of samples that are thought to have been well-bleached
prior to deposition and remained undisturbed since burial (Jacobs
and Roberts, 2007; Arnold and Roberts, 2009). They are reminis-
cent also of the De distributions published previously for samples
from the BBC M1 and BBC M2 upper phases (Jacobs et al., 2006a).
For each of these seven samples, we calculated the weighted mean
of the single-grain De values using the CAM (Galbraith et al., 1999)
to obtain the most accurate estimate of De for age calculation. The
CAM assumes that the De values for all grains are centred on some
average value of De (equivalent to the geometric mean) and has the
virtue of taking any overdispersion into account when determining
the weighted mean and its standard error.

Samples BBC10-5, BBC10-7 and BBC10-8, however, show
evidence for the presence of more than one De component, with
distributions that are not dissimilar in appearance to those pub-
lished previously for samples ZB7, ZB8 and ZB42 from the BBC M2
lower phase (Jacobs et al., 2006a). For these three samples, we used
the FMM (Roberts et al., 2000) to identify the number of discrete De
components in each single-grain data set, estimate the proportion
of grains in each component, and determine the weighted mean De
value and standard error of each component. The results are
summarised in Table S1; worked examples of this procedure have
previously been provided in this journal by Jacobs et al. (2008b,
2011).

Two fitted components are sufficient to explain the scatter in
single-grain De values for BBC10-5 and BBC10-7 when an over-
dispersion value of 15% is applied to each component. The latter
represents the minimum extent of overdispersion likely to be
present in awell-bleached sample of equivalent age (e.g., BBC10-1).
Table 5
Dose rate data, De values and OSL ages for 10 sediment samples from Blombos Cave. The t

Sample name Moisture
content (%)

Dose rates (Gy/ka)

Beta Gamma Cosmic

BBC M1 e Still Bay
BBC10-1 6 0.55 � 0.03 0.46 � 0.02 0.038 � 0.004
BBC10-2 5 0.58 � 0.03 0.45 � 0.02 0.038 � 0.004
ZB4 11 0.57 � 0.03 0.44 � 0.02 0.038 � 0.004
BBC10-3 7 0.59 � 0.03 0.46 � 0.02 0.038 � 0.004
BBC M2 upper e Still Bay
BBC10-4 5 0.56 � 0.03 0.45 � 0.01 0.036 � 0.004
BBC10-5 8 0.55 � 0.04 0.44 � 0.02 0.036 � 0.004
BBC10-6 13 0.54 � 0.03 0.50 � 0.01 0.036 � 0.004
ZB10 6 0.57 � 0.03 0.40 � 0.02 0.036 � 0.004
BBC M2 lower
BBC10-7 20 0.68 � 0.04 0.45 � 0.01 0.035 � 0.004
BBC10-8 10 0.60 � 0.04 0.41 � 0.02 0.035 � 0.004
As the exact value is not known for either sample, we determined
the optimum overdispersion value from a range of reasonable
alternatives using maximum log-likelihood and the Bayes Infor-
mation Criterion (Galbraith, 2005). For both samples, the main De
component contains more than 88% of the grains, while the
minor component has a De value about half that of the main
component. For BBC10-8, three discrete components (each with
an overdispersion of 15%) provide the best fit to its De distribu-
tion, with more than 80% of the grains contained in the main
component. One of the minor components (w10% of the grains)
has a De value about half that of the main component, while the
third population of grains (w6% of the total) has a De value almost
twice that of the main component; we interpret the latter grains
as intrusive.

Jacobs et al. (2006a) interpreted De distributions of this shape
as resulting from post-depositional mixing, and they calculated
the OSL age from the weighted mean De of the component with
the greatest proportion of grains, divided by the total dose rate for
the bulk sample. We now think, however, that the minor, low De
component in each of these three distributions may instead be
due to differences in the beta dose rate to individual grains of
quartz. This view is based on these samples being collected from
within, or close to, burnt lenses, which are clearly visible in the
stratigraphy of this part of the cave. By contrast, there is no
evidence for mixing or bioturbation at these sample locations.
Consequently, we have calculated the burial ages for these
samples using the De value for the main component (as identified
by the FMM), divided by the total dose rate corrected for the
assumed heterogeneity in the beta dose rate (Table 5). Similar beta
dose adjustments have been made in other studies for similar
reasons, and worked examples of the correction procedure have
previously been provided in this journal by Jacobs et al. (2008c,
2011). Importantly, however, because the proportion of grains
with below-average De values is small, the OSL ages for these three
samples are not sensitive to this beta dose correction or to the use
of the FMM to determine the De of the main component. To
demonstrate the robustness of the age estimates, Table S2 lists the
results of a sensitivity test in which three alternative scenarios
were modelled. The results clearly indicate that the calculated
ages do not differ by more than the associated standard error,
regardless of the choice of De and dose rate. But when our
knowledge of the site and the sample contexts of BBC10-5, BBC10-
7 and BBC10-8 are taken into account, we consider that the most
accurate estimates of their burial age are obtained from the De
value of the main component (i.e., the component represented by
the highest proportion of grains), divided by the beta-adjusted
total dose rate (scenario 3 in Table S2).
otal dose rate includes an allowance of 0.029 � 0.010 Gy/ka for the internal dose rate.

Total dose
rate (Gy/ka)

De (Gy) Number
of grains

Age
model

OD
(%)

OSL
age (ka)

1.08 � 0.05 78.8 � 2.2 111 CAM 15 � 3 73.3 � 4.4
1.10 � 0.05 81.6 � 1.3 391 CAM 21 � 2 74.6 � 3.9
1.07 � 0.06 77.6 � 2.3 122 CAM 18 � 3 72.5 � 4.6
1.11 � 0.05 83.1 � 2.6 110 CAM 20 � 3 74.9 � 4.3

1.07 � 0.05 74.6 � 1.8 136 CAM 17 � 3 69.7 � 3.9
1.06 � 0.06 80.0 � 2.7 168 FMM 26 � 2 75.5 � 5.0
1.10 � 0.06 76.0 � 2.5 119 CAM 28 � 3 68.8 � 4.6
1.03 � 0.06 79.3 � 2.0 113 CAM 23 � 3 76.7 � 4.8

1.19 � 0.08 94.0 � 2.5 136 FMM 20 � 3 78.8 � 5.6
1.08 � 0.06 85.0 � 3.8 334 FMM 29 � 2 78.9 � 5.9
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9. Environmental dose rate determinations

The total dose rate consists of contributions from beta, gamma
and cosmic radiation external to the grains, plus a small alpha dose
rate due to the radioactive decay of U and Th inclusions inside sand-
sized grains of quartz (Table 5). To calculate the OSL ages, we have
assumed that the measured radionuclide activities and dose rates
have prevailed throughout the period of sample burial. Jacobs et al.
(2006a) and Tribolo et al. (2006) have previously provided infor-
mation about the state of equilibrium in the 238U and 232Th decay
chains for the Blombos sediments, andwhat influence the observed
disequilibria in the 238U series may have on the calculated ages.
Both studies reported deficits of 226Ra relative to the measured
parent for some samples, and the 210Pb/226Ra ratios of less than
unity (Tribolo et al., 2006) imply the loss of some 222Rn gas, which
is commonplace in natural deposits. Such disequilibria in the 238U
series are unlikely to yield errors of more than a few percent in
estimates of the time-integrated total dose rate over the entire
period of burial of the quartz grains, provided that the beta and
gamma dose rates are measured with emission-counting tech-
niquese such as those used in this studye or are deduced from the
measured concentrations of individual radionuclides (Olley et al.,
1996, 1997).

Beta dose rates were measured directly by low-level beta
counting of dried and powdered sediment samples in the labora-
tory, using a GM-25-5 multi-counter system (Bøtter-Jensen and
Mejdahl, 1988). Allowance was made for the effect of grain size
and hydrofluoric acid etching on the beta dose rate, and a system-
atic error of 3% was added (in quadrature) to the measurement
errors to allow for uncertainty in the beta-dose attenuation factors.
As discussed above, the beta dose rates for samples BBC10-5,
BBC10-7 and BBC10-8 were adjusted using the method of Jacobs
et al. (2008c). The beta dose rates for the Blombos samples dated
in this study range between 0.54 � 0.03 and 0.68 � 0.04 Gy/ka
(Table 5), which are almost identical to the values reported by
Jacobs et al. (2006a) for samples collected from the same levels and
area of the cave.

The gamma dose rates were estimated from thick-source alpha
counting (U and Th) and X-ray fluorescence (K) measurements of
sediments collected fromwithin 30 cm of the OSL sample locations,
and the measured concentrations were converted to dose rates
using the factors of Adamiec and Aitken (1998). In situ measure-
ments of the gamma dose rate would have been preferable, but our
portable gamma-ray spectrometer malfunctioned in the field.
Fortunately, a range of in situ measurements had been made
previously by Jones (2001), Jacobs et al. (2006a) and Tribolo et al.
(2006). These measured gamma dose rates (Table S3) show little
variation within and between the layers that comprise the BBC M1
phase, BBCM2 upper phase and top of the BBCM2 lower phase, and
they also exhibit negligible lateral variation throughout the cave.
The 20 field measurements range from 0.39 to 0.56 Gy/ka, centred
on an average of 0.46 Gy/kawith a standard deviation of 0.05 Gy/ka.
The corresponding measurements for the layers dated in the
present study cover a narrower range (0.40e0.47 Gy/ka; Table S3),
which is similar to our laboratory-based estimates of the gamma
dose rate (0.40� 0.02 to 0.50� 0.01 Gy/ka; Table 5). The latter have
been corrected for the measured (field) water contents, to enable
direct comparison with the in situ measurements. Given these
favourable comparisons, we are confident in the accuracy of the
gamma dose rates estimated from the laboratory measurements.

An assumed effective internal dose rate of 0.029 � 0.010 Gy/ka
was included for alpha emitters inside the quartz grains, based on
measurements made previously on sample ZB15 (Jacobs et al.,
2006a). The cosmic-ray dose rates were estimated following
Prescott and Hutton (1994), taking into account the geomagnetic
latitude and altitude of Blombos Cave, as well as the thickness and
density of sediment and sandstone shielding each sample (aver-
aged over the full period of burial). We allowed for the configura-
tion of the cave, by making a correction for the cos2 zenith angular
distribution of cosmic rays (Smith et al., 1997), and also took into
consideration the blocking of the cave entrance by dunes over most
of the lastw70 ka (Jacobs et al., 2006a).We assigned the cosmic-ray
dose rates a relative uncertainty of �10% to accommodate any
systematic error in the primary cosmic-ray intensity (Prescott and
Hutton, 1994).

The beta, gamma and cosmic-ray dose rates were calculated for
long-termwater contents represented by the measured field values
(of 5e20%) and were assigned a relative uncertainty of �25% (at
1s), sufficient to accommodate any likely variations over the burial
period (Table 5). The total dose rates for the 10 samples dated in this
study show only a modest amount of variation, ranging from
1.03 � 0.06 to 1.19 � 0.08 Gy/ka.

10. Still Bay ages at Blombos Cave and across southern Africa

The final ages for all 10 samples are listed in Table 5, together
with the supporting De and dose rate estimates. Uncertainties on
the ages are given at 1s (standard error of the mean) and were
derived by combining, in quadrature, all known and estimated
sources of random and systematic error. For the sample De, the
random error was obtained from the particular model used to
determine the weighted mean (i.e., CAM or FMM), and a systematic
error (of 2%) was included for any possible bias associated with
calibration of the laboratory beta source. The total uncertainty on
each dose rate was obtained as the quadratic sum of all random
(measurement) errors and the systematic errors associated with
estimation of the beta and cosmic-ray dose rates (see above). We
also view the uncertainty assigned to the sample water contents as
a systematic, rather than random, source of error, as the field water
contents would likely have increased or decreased in concert (i.e.,
systematically) if conditions inside the cave had differed from those
prevailing today.

Four self-consistent OSL ages were obtained for sediments from
the BBCM1 phase: 73� 4 (BBC10-1), 75� 4 (BBC10-2), 73� 5 (ZB4)
and 75 � 4 ka (BBC10-3). These ages are also consistent with the
single-grain OSL age of 73 � 3 ka reported previously for sample
ZB4 (Jacobs et al., 2006a) and with the TL and ESR ages listed in
Table 1. Sediments from the underlying BBC M2 upper phase gave
statistically indistinguishable ages of 70 � 4 (BBC10-4), 76 � 5
(BBC10-5), 69 � 5 (BBC10-6) and 77 � 5 ka (ZB10). Although more
scattered than the ages for the BBC M1 phase, they are consistent
with the latter and with the previously published age of 77 � 3 ka
for sample ZB10 (Jacobs et al., 2006a). The uppermost layer (CGAA)
of the BBC M2 lower phase has not yielded any SB points and is
dated here to 79� 6 ka (BBC10-7 and BBC10-8), which is consistent
with the multi- and single-grain OSL ages presented in Jacobs et al.
(2006a) for a sediment sample (ZB7) collected from this same layer
in the adjacent square (Table 1).

The eight new OSL ages provided here for the SB levels at
Blombos Cave offer the opportunity to re-evaluate the time of
emergence and disappearance of this distinctive industry across
southern Africa, as well as its likely duration. Jacobs et al. (2008a)
developed a statistical model (described in detail in their Sup-
porting Online Material) to estimate the start and end dates of the
SB and Howieson’s Poort (HP) industries, their durations and the
time interval separating the two industries, but they did not include
in their data set any of the published ages for Blombos Cave. The
latter were omitted deliberately, because they were based on
measurements made on a different instrument. An important
feature of the study design of Jacobs et al. (2008a) was the



Fig. 9. Profile log-likelihood functions for the (a) start, (b) end, and (c) duration of the
Still Bay industry. The broken lines in each plot show the maximum likelihood esti-
mate (corresponding to zero on the vertical scale) and the 68% and 95% confidence
limits (drawn at 0.50 and 1.92 below the maximum value, respectively).
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measurement of samples using the exact same OSL stimulation and
detection instrument and calibrated laboratory beta source. They
also measured and analysed all grains in an identical manner, using
the same procedures and operator, to hold constant as many
experimental parameters as possible. This systematic approach
enabled them to compare OSL ages and age intervals with
enhanced precision, because the systematic error associated with
the beta-source calibration applies equally to all samples and could,
therefore, be removed for purposes of comparing and combining
the OSL ages.

In this study, we have demonstrated that variations in De values
due to different operators are not significant, provided samples are
measured and analysed in the same way. Furthermore, we have
shown that consistent ages can be obtained using different instru-
ments to measure the same samples (Fig. 8a), so we are confident
that our results are accurate and not systematically biased. But
a consistent approach to OSL data collection and analysis allows
chronologies to be estimated with enhanced precision, so it would
be instructive to apply the statistical model of Jacobs et al. (2008a)
to the expanded SB data set for southern Africa, including the new
Blombos ages obtained at Wollongong in this study.

The statistical model of Jacobs et al. (2008a) is based on
maximum log-likelihood fitting and testing (Cox, 2006) of a data
set consisting of measured OSL ages of the form yi ¼ xiþ ei, where xi
is the unknown true age of the sample and ei is an unobserved
random error drawn from a Gaussian distribution with mean 0 and
known standard deviation si. The latter values correspond to the De

uncertainties excluding the possible systematic error of �2% asso-
ciated with calibration of the laboratory beta source. The data set
used by Jacobs et al. (2008a) consisted of four ages for the SB layers
at three sites (Apollo 11, Diepkloof and Sibudu) and 22 ages for the
HP layers at eight sites, as well as ages for samples collected from
layers deposited before, after and between the SB and HP. The
parameters a1 and a2 were used to denote the end and start times of
the HP industry, and b1 and b2 the corresponding ages for the SB
industry; the model also contained two other parameters, as
explained in Jacobs et al. (2008a). The values of the xis were
assumed to be uniformly distributed within each of the SB and HP
intervals, and the six model parameters were then estimated
numerically by maximum likelihood. The resulting age estimates
for the start and end of the SB were 71.9 ka (95% confidence
interval: 71.0e75.9 ka) and 71.0 ka (95% confidence interval:
67.1e72.0 ka), respectively. These results are consistent with the SB
industry being of short duration, (0.9 ka; 95% confidence interval:
0e7.4 ka), but the number of dated SB samples (n¼ 4) were too few
to finely resolve the start and end dates of this industry, or its
duration. As remarked by Jacobs et al. (2008a), additional ages for
the SB are needed to refine these estimates.

We can now add the 10 ages listed in Table 5 to the data set of
Jacobs et al. (2008a), resulting in a total of 12 ages for the SB layers
at four sites; samples BBC10-7 and BBC10-8 are from pre-SB layer
CGAA. As all of these OSL ages were determined using the same
measurement conditions on the same instrument and the data
analysed by the same operator (ZJ), they can be placed on
a common time scale and compared after removing the �2%
systematic error. We first applied the homogeneity test of Galbraith
(2003) to determine if these 12 independent age estimates are
consistent with a common value and can be combined to obtain
a pooled mean age estimate for the SB across southern Africa. The
individual estimates are, indeed, consistent (G ¼ 5.69, d.f. ¼ 11,
P ¼ 0.89) with a common age of 71.91 � 0.82 ka (95% confidence
interval: 70.30e73.52 ka), which supports the suggestion of Jacobs
et al. (2008a) that the SB industry was short-lived.

We next applied the statistical model of Jacobs et al. (2008a) to
the expanded data set (i.e., including the 10 new ages obtained in
this study) and obtained revised age estimates of 72.2 ka and
71.3 ka for the start and end of the SB, respectively; the duration of
the SB was again estimated at 0.9 ka. We calculated log-likelihood
profiles for the start date by fixing a value for b2 and then esti-
mating the remaining five model parameters by maximum likeli-
hood. The process was repeated (in 0.1 ka increments) using a range
of start dates and the calculated log-likelihood values plotted
against the start dates (Fig. 9a). The same procedure was followed
to obtain the log-likelihood profiles for the end date (Fig. 9b) and
duration (Fig. 9c) of the SB. In these plots, the maximum log-
likelihood value (by convention set at zero) corresponds to the
most plausible estimate of the start date, end date or duration of
the SB industry, while the log-likelihood values at �0.5 and �1.92
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correspond to the 68% and 95% confidence limits. On the basis of
these calculations, we estimate, with conventional 95% confidence,
that the SB began no earlier than 75.5 ka (Fig. 9a), ended no later
than 67.8 ka (Fig. 9b), and lasted no longer than 6.6 ka (Fig. 9c).

There are three noteworthy features of this re-evaluation of the
timing of the SB industry. First, the start and end dates are almost
exactly the same as those calculated by Jacobs et al. (2008a); the
Blombos Cave ages are in statistical agreement with the earlier
data, partly because their standard errors are about twice the size of
those associated with samples of similar age from the other dated
SB sites in southern Africa. This difference is due mainly to the
paucity of bright grains in the Blombos samples, as discussed above.
Second, the revised estimate of the duration of the SB industry is
indistinguishable from that proposed previously, again partly
because of the large relative errors associated with the Blombos
OSL ages. The third feature of note is the slight reduction in the size
of the 95% confidence intervals due to the additional data used, but
they nonetheless remain too large to constrain the timing and
duration of the SB to better than several millennia near the start of
Marine Isotope Stage 4 (Fig. 9). Additional age estimates for the SB,
measured with higher precision, would help constrain the timing
and duration of this important MSA industry.

11. Conclusions

The new set of single-grain OSL ages reported here for Blombos
Cave were obtained for samples collected at increased spatial
resolution, and they support the previous TL, ESR and OSL chro-
nologies obtained for the SB at this important MSA site. The
majority of quartz grains measured were not inherently bright,
which limited the precision on the OSL age estimates and pre-
vented us from calculating ages with uncertainties as small as those
obtained for other SB sites in southern Africawith brighter grains of
quartz. Blombos grains with measurable OSL signals displayed the
range of OSL behaviours that are typical for quartz grains globally.
Despite the variability in OSL characteristics, we have shown that
the De estimates are remarkably insensitive to a range of alternative
analytical parameters, including changes in the size of the test dose,
choices of signal integration and background subtraction intervals,
isolation of the fast component of quartz OSL, and the statistical
model used to combine individual De values. Furthermore,
comparable De values were obtained for the same data set analysed
by two different operators (ZJ and EH), and for two different data
sets of the same sample analysed by the same operator (ZJ) several
years apart; in the latter instance, the data sets were collected in
two different laboratories using instruments that had been cali-
brated independently.

We view the reproducibility of our De results, and the similarity
of the new environmental dose rate determinations to those re-
ported previously, as proof of the robustness of the derived OSL
ages. We have integrated the new single-grain ages for Blombos
into the statistical model developed by Jacobs et al. (2008a) for sites
in southern Africa to estimate (by maximum likelihood) the start
and end dates of the SB and the HP, and their durations. The
inclusion of the Blombos ages does not significantly change the age
estimates of Jacobs et al. (2008a) for the start and end of the SB, or
its duration: these remainw72,w71 and<1 ka, respectively. Based
on the current data set, we show that the SB started no earlier than
75.5 ka, ended no later than 67.8 ka, and lasted no longer than
6.6 ka (each determined with conventional 95% confidence). These
calculations support our previous interpretations (Jacobs et al.,
2008a) that the SB was relatively short-lived, but we acknowl-
edge that further age estimates, especially if determined with high
precision, would help reduce the size of the confidence intervals for
the SB chronology.
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