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Six optically stimulated luminescence (OSL) dates are compared
with stratigraphically associated 14C dates from Rose Cottage
Cave. The OSL dates overlap the accepted 14C chronology except
for one sample that overestimates the expected age by approximately 30%. A single-grain analysis demonstrates that the testing
procedure for feldspar fails to reject single aliquots containing
feldspar and the overestimate of age is attributed to this. Seven
additional luminescence dates for the Middle Stone Age layers
combined with the 14C chronology establish the terminal Middle
Stone Age deposits at 27 000 years ago, while stone tool assemblages that are transitional between the Middle Stone Age and the
Late Stone Age are dated to between 27 000 years and 20 000 years
ago. Although there are inconsistencies in the Middle Stone Age
dates, the results suggest that the Howiesons Poort at Rose
Cottage Cave dates to between 70 000 years and 60 000 years ago.

Introduction
Much of the rich archaeological heritage in southern Africa is
older than 50 000 years, which is the limit of the ubiquitous 14C
dating technique. In order to make appropriate inter-site
comparisons of artefactual evidence, and further to compare the
trajectory of human adaptation with external factors such as
changing climates, it is necessary to establish a reliable chronological framework. Optically stimulated luminescence (OSL)
dating has become one of the foremost techniques in establishing this framework. OSL is based on the build-up and release of
radiation energy in crystalline minerals, typically quartz. The
charge build-up manifests as electrons, mobilized in the quartz
matrix by environmental radiation, which populate pre-existing
energy minima that are called ‘traps’. OSL dates represent the
time since electron traps within the quartz grains were previously emptied or bleached by heating or exposure to sunlight.
The rate at which traps are repopulated is determined by the environmental dose rate expressed in Gy/kyr. The equivalent dose
(De) of the sample is divided by the dose rate to calculate the age.
Luminescence techniques applied to quartz can be used to obtain depositional ages up to 200 000 years in certain environments.1
Several criteria need to be met in order to achieve accurate OSL
results. The measured aliquots should comprise quartz grains
only, and should not contain grains of different ages that might
have come about through mixing of the sediments or in situ spall
decomposition. Mixing of sediments also may occur during
sampling when several depositional layers are included in the
sample either as a result of the fine nature of the layering, or
because of complex, non-horizontal stratification when sampling
sections. The zeroing event should also adequately reset the
OSL signal in order to avoid the inclusion of quartz grains with
residual signals.2,3 In addition, the measured dose rate must
a

Ecosystems Processes and Dynamics, CSIR, P.O. Box 395, Pretoria 0001, South Africa.
School of Geography, Archaeology and Environmental Studies, University of the
Witwatersrand, Private Bag 3, WITS 2050, South Africa.
*Author for correspondence. E-mail: mpienaar@csir.co.za
b

65

represent the average dose rate through time. The widely used
laboratory procedure for measuring De in quartz grains is called
the single-aliquot regenerative-dose (SAR) protocol.4 Strict rejection criteria are applied to exclude mixed samples, and in order
to ensure that adequate bleaching occurred. If these criteria are
satisfied, then the accuracy of the method is determined by the
accuracy of the dose rate determination. Several factors influence
the dose rate determination. These range from the accuracy with
which the moisture content can be established for the
depositional history of the sample to assumptions made in the
dose rate measurement.
At Rose Cottage Cave (RCC), in the eastern Free State, South
Africa, sediments are assumed to have been deposited by fluvial
action, wind and erosion of the cave roof and wall material.5,6
This scenario suggests the possibility of partial bleaching of the
OSL signal at the time of deposition as well as the inclusion of
populations of quartz of different ages in any layer. The implicit
fluctuation in water content in the cave has implications both for
the mobilization of radioactive elements that will lead to
changes in the dose rate, and also variability in the attenuation of
the radiation flux in the sediment. This scenario is typical of
many cave sequences from which Middle Stone Age (MSA) sediments have been excavated, and caution is required in applying
the OSL dating technique. Since RCC sediments younger than
50 000 years have one of the best 14C chronologies of all the
archaeological sites in southern Africa,5–16 and a comparison can
be made between the two techniques, this allows for the testing
of the accuracy of the OSL dating technique in a problematic
environment.
OSL dating at Rose Cottage Cave
Several luminescence studies using a range of different
techniques have been carried out at Rose Cottage Cave. The
techniques include infrared stimulated luminescence (IRSL),17
thermoluminescence (TL),17,18 and, more recently, OSL using the
SAR protocol.16 The main advancement of the SAR protocol over
previous luminescence methods is the ability to correct for
sensitivity changes during measurement cycles. It is assumed
that the signal from a fixed test dose (Tx ) uses the same electron
traps responsible for the OSL signal (Lx). The OSL response to a
test dose is measured between each regenerative OSL measurement to provide a quantifiable indication of sensitivity change.
Murray and Wintle4 suggested that the relationship between the
OSL test dose and the OSL regenerative dose must be linear for
sensitivity to be adequately corrected.19 Fourteen sediment
samples from RCC were subjected to the standard SAR 4
luminescence dating protocol. A total of eight of these samples
(RCC 6–10, 18, 19, 21) were dated in Pretoria and six (RCC 11–16)
were analysed at Risø, Denmark, by A.S. Murray.16 Of the
samples, six have finite 14C dates from the associated layers.
Samples without associated 14C dates span the pre-Howiesons
Poort, Howiesons Poort, and post-Howiesons Poort Middle
Stone Age layers at the site (Fig. 1).
The layers from which luminescence samples were collected
include six that have associated radiocarbon dates (Fig. 1). Each
layer was discretely excavated and predominantly charcoal, but
occasionally bone, were radiocarbon dated. The ‘orange sand’
comprises approximately a metre of deposit that has low artefact
density, but it is nevertheless not entirely homogeneous as it
retains some sedimentary features.16 It is difficult to reconstruct
the provenance of the original samples submitted for analysis by
Butzer and Mason, and so we rely on the analyses obtained by
Wadley (see Fig. 1 and associated references)
All luminescence samples were taken in dark conditions and
subject to quartz isolation pre-treatment in a dark laboratory.
Samples were treated with concentrated hydrochloric acid to
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Fig. 1. Sampling strategy and age sequence for Rose Cottage Cave. The LSA stratigraphy is from the Wadley excavation, north section, squares O5 and N5, modified from
15
18
14
Clark. The MSA stratigraphy is from the Harper excavation, squares If, Ig and Ih. The LSA chronology was determined on the basis of the C dates, and the
MSA chronology was determined using various luminescence techniques.

remove the carbonates and iron, and organics were removed
with NaOH. The samples were then dried and bulk sieved into
106–150 µm and 180–212 µm size fractions, depending on their
grain size distribution. Magnetic particles were removed using a
Franz magnetic separator. A sodium polytungstate solution of
specific gravity 2.62 was used for the separation of quartz1,20 and
feldspars21 on the basis of their density. The samples analysed at
Risø received no further pre-treatment, whereas those analysed
in Pretoria were etched in 40% hydrofluoric acid (HF) to remove
any contribution from alpha radiation and any remaining
plagioclase feldspars. For each sample the quartz grains were
mounted on 24 aluminium disks (aliquots) using silicone oil and
the De values determined according to the SAR protocol.4
Preheats ranged between 160°C and 300°C for 10 s and a cut-heat
of 160°C for 0 s was applied. The Lx and Tx OSL signals were
stimulated at 125°C for 40 s with blue light-emitting diodes
(LEDs) at 90% power. Measurements were carried out on a Risø

automated OSL/TL DA-15 reader. This instrument has both
infrared and blue LED stimulation systems and infrared and
green laser systems for single-grain measurement. A green
long-pass GG-420 filter was installed in front of the blue stimulation diode clusters.22 Both IR and blue diode arrays were
equipped with optical feedback systems that stabilized their
emission power.22 The 90Sr/90Y source was calibrated by using
gamma-irradiated (5 Gy) calibration quartz (180–212 µm) giving
~10.9 Gy/min. A systematic error for the reader was determined
from the error of 10 sequential measurements of an aliquot
subjected to a fixed irradiation and measurement protocol. This
gave a value of 1.8%.
Assessing the equivalent dose (De) determinations
See Appendix 1.
Assessing the dose rate determinations
See Appendix 2.
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Table 3. De values used in age determination.
Sample name

Sample layer

De values (Gy)*

Archaeological affiliation

Age 1 (kyr)*

RCC 21
RCC 10
RCC 19
RCC 9
RCC 18
RCC 16
RCC 6
RCC 15
RCC 14
RCC 7
RCC 13

H
DB
G
Ru
Dc
LYN
CLI
ANN
ETH
BER
EMC

Oakhurst
Robberg
MSA/LSA transition
MSA IV
MSA IV
‘Sterile sands’
Post-Howiesons Poort MSA III
Post-Howiesons Poort MSA III
Howiesons Poort
Howiesons Poort
Howiesons Poort

17.0 ± 1.0
25.1 ± 2.0
64.4 ± 1.6
61.0 ± 2.8
67.8 ± 2.6
65.0 ± 3.0
102.7 ± 3.1
130.0 ± 3.0
122.0 ± 3.0
127.6 ± 3.8
133.0 ± 2.0

34.8 ± 2.2
59.4 ± 4.5
61.8 ± 2.8
62.5 ± 2.9
54 ± 4.4
68.7 ± 2.7

RCC 12
RCC 8

KUA

Pre-Howiesons Poort MSA IIb

122.0 ± 4.0
143.9 ± 5.7

71.4 ± 4.2
68.6 ± 5.6

RCC 11

LEN

Pre-Howiesons Poort MSA IIb

158.0 ± 7.0

95.9 ± 6.6

13.6 ± 1.4
31.7 ± 1.8
27.6 ± 2.3

Age 2 (kyr)*
8.6 ± 0.6
13.0 ± 1.2

29.8 ± 1.6
35.8 ± 2.4
64.1 ± 2.7
64.1 ± 3.0
66.9 ± 2.6
74.2 ± 4.2

*The dosimetry is based on U and Th measurements from TSAC (Age 1) and U and Th measurements from the FGS (Age 2). All %K measurements are from XRF analysis.

OSL dates
The OSL results in Tables 3 and 4 and are presented graphically
in relation to the stratigraphy in Fig. 1. This includes previous
luminescence dates obtained by IRSL, TL17,18 and OSL16 techniques.
Discussion
The younger OSL samples can be compared with the corresponding 14C dates, but the comparison is not direct. OSL ages
are calculated in true calendar years, and the age is reported
relative to the calendar date of the analysis. 14C dates, by contrast,
are relative to the year AD 1950, and the age is calculated using
the Libby half-life for 14C, which is known to be in error by
approximately 3%.37 This means that ‘14C years’ are not the same
as ‘luminescence years’. An additional level of complexity arises
from natural fluctuations in the production of 14C in the atmosphere. Both the secular variation in 14C and the error resulting
from the incorrect half-life used in 14C dating are accommodated
in the ‘calibration’ of 14C dates. In this process, the measured 14C
date is compared with 14C dates from tree rings of known age in
order to determine the calendar age of the sample. It became
clear recently that differences in carbon cycling in the northern
and southern hemispheres gives an approximate 40 year
apparent age to the southern hemisphere. This has to be taken
into account in the calibration step for 14C dates because the
tree-ring calibration data set derives entirely from the northern
hemisphere. It has been shown38 that using a fixed offset between
the northern and southern hemispheres is erroneous and calibration of the southern hemisphere is therefore best achieved on
dendro-chronologically dated wood. Unfortunately, no such
data set exists for the southern hemisphere for the period before
1000 years ago. Furthermore, the calibration record between
26 kyr and 50 kyr ago is constructed from a variety of data sets
such as laminated lake sediments, corals and speleothems. There
are offsets greater than 2000 years between these data sets.39 The
calibration step is nevertheless important and the consistent use
of one calibration data set may produce errors in this time range,
but the errors will be consistent between different calibrated 14C
dates.
The RCC 14C dates in this study were calibrated using the
southern hemisphere 1998 calibration data set (SH98).40 It should
be noted that these data are interpolated on relatively few
measurements41,42 combined with an average 40 year offset from
the northern hemisphere 1998 data set (INTCAL 98).43 Where
OSL dates were derived using the SAR protocol, the results were
compared with the RCC 14C chronology (Table 5). In order to
compare calibrated 14C dates with OSL dates, it is necessary to

convert them to the same reference. The term ‘correlated 14C age’
in this study refers to calibrated 14C ages expressed in calendar
years relative to AD 2005 (the year in which the OSL dates were
performed) in order to make a direct comparison with the OSL
dates. Figure 2 presents a more detailed comparison between
OSL and 14C and identifies miscorrelations. Because the 14C
calibration can produce asymmetrical error margins, the onesigma range is presented in Table 5.
Without the benefit of high-resolution gamma spectrometer
measurements (HRGS) we use the comparison between 14C and
OSL dates as an indication of the accuracy of the dosimetry. In
particular the effect of the disparate XRF and field gamma spectrometer measurements (FGS) for %K were assessed. The XRFderived results are consistently better correlated with the radiocarbon chronology than the FGS derived measurement (not
shown), which suggests that there is a problem with the calibration of the FGS. A further comparison was made between the U
and Th dose contribution determined from the FGS and TSAC
(see Table 3). This difference was not substantial and the conclusion is that the stripping of the gamma spectra was incorrect for
the K channel, and correct for the U and Th channels. Only dates
based on the XRF dosimetry were further analysed. Table 3 sumTable 4. Ages obtained from previous luminescence studies at RCC.
Sample name

17

RCC 10
RCC 917
RCC 16
RC 1018
RCC 617
RC 1218
RCC 1516
RC 518
RC 6518
RCC 1416
RC 3618
RCC 717
RC 4118
RC 4218
RCC 1316
RC 5218
RCC 817
RCC 1216
RCC 1116
RC 5418
RC 5718
RC 6118
18
RC 62

Sample layer

DB
Ru
LYN
THO
CLI
CLI
ANN
BYR
SUZ
ETH
ETH
BER
BER
BER
EMC
EMD
KUA
KUA
LEN
LEN
LEN
LEN
LEN

Archaeological affiliation

Robberg
MSA IV
‘Sterile sands’
‘Sterile sands’
Post-Howiesons Poort MSA III
Post-Howiesons Poort MSA III
Post-Howiesons Poort MSA III
Post-Howiesons Poort MSA III
Howiesons Poort
Howiesons Poort
Howiesons Poort
Howiesons Poort
Howiesons Poort
Howiesons Poort
Howiesons Poort
Pre-Howiesons Poort MSA IIb
Pre-Howiesons Poort MSA IIb
Pre-Howiesons Poort MSA IIb
Pre-Howiesons Poort MSA IIb
Pre-Howiesons Poort MSA IIb
Pre-Howiesons Poort MSA IIb
Pre-Howiesons Poort MSA IIb
Pre-Howiesons Poort MSA IIb

*Represents the consensus age obtained by S. Woodborne.17

Luminescence
age (kyr)
19.7*
20.4*
33 ± 2
47.1 ± 10.2
48.9*
49.4 ± 10.1
57 ± 3
50.5 ± 4.6
58.6 ± 6.6
59 ± 4
41.7 ± 3.7
45.4*
56.3 ± 4.5
60.4 ± 4.6
66 ± 4
48.9 ± 5.3
78.0*
62 ± 4
86 ± 6
72.5 ± 6.8
76.3 ± 14.8
68.4 ± 8.3
64.5 ± 6.6
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marizes the final De values and dose rates that Table 5. C/OSL comparison: the correlation age is given as the calibrated 1-sigma C age range corrected
were used to calculate the depositional age of to years before AD 2005.
the RCC.
Layer
Sample
Uncalibrated C
Correlation age
OSL age
name
Of the OSL-dated samples that have associated radiocarbon dates, RCC 16, RCC 18 and H
9 582–9 603
8 600 ± 600
RCC 21
8 614 ± 38
(Pta 5560)10,11
RCC 9 overlap within the 1-sigma error
10,11
15 023–15 339
13 600 ± 1 400
RCC 10
12 690 ± 120
(Pta 5593)
range, whereas RCC 10 and RCC 21 (using DB
10,11
15 869–16 227
13 000 ± 1 200
13 360 ± 150
(Pta 5601)
single-grain analysis) overlap at the 2-sigma
G
RCC 19
17 800 ± 180
(Pta 7390)
20 953–21 367
31 700 ± 1 800
range. The age of RCC 19 is overestimated by
15
22 753–23 126
19 600 ± 220
(Pta 7289)
10,11
approximately 30% and it is anomalous in the
23 554–23 926
20 600 ± 250
(Pta 5598)
depth/age relationship established from both Ru
12
27 832–28 883
27 600 ± 2 300
RCC 9
26 900 ± 550
(Pta 6303)
12
the radiocarbon and OSL chronologies (see
27 626–34 515
27 800 ± 1 700 (Pta 6202)
13
28 637–29 899
27 700 ± 480
(Pta 7126)
Fig. 1). The result for RCC 19 is particularly
13
30 243–33 962
28 800 ± 450
(Pta 7184)
unsatisfactory as the OSL analysis for this
10,11
28 275–29 001
29 800 ± 1 600
RCC 18
27 200 ± 350
(Pta 5596)
sample presents perhaps the most convinc- Dc
ing case for an acceptable date. The De values LYN
RCC 16
30 800 ± 200
(Pta 7805)
36 148–36 604
34 800 ± 2 200
30 800 ± 200
(Pta 7763)
36 148–36 604
35 800 ± 2 400
appear to indicate a single population with
10,11
35 905–37 873
31 300 ± 900
(Pta 5592)
minimal scatter around the central value.
32 100 ± 910
(Pta 7796)
36 812–38 738
Such an age discrepancy may result from
localized turbation (such as pit digging) that
would have elevated older sediments to
the surface without necessarily zeroing the
OSL signal, or the problem may relate to sampling problems associated with fine stratigraphy (the sampling tube was 30 cm long and
5 cm in diameter), but these seem unlikely. A
more likely scenario is that this sample was
contaminated with feldspar in the same way
that the single-aliquot analysis of RCC 21
was. In the case of RCC 21, the overdispersal
of De values (15.8%) (discussed in Appendix 1)
prompted the single-grain analysis, but because RCC 19 had a low overdispersion value
of 7.2%, the possibility of feldspar contamination was not initially considered, and a singlegrain analysis was not performed.
The overall correlation between the radiocarbon chronology and the OSL chronology
in the upper RCC sequence gives some confidence that the OSL dates from the pre-14C
Middle Stone Age layers are accurate. However, it is noted that RCC 7 yields a date that is
younger than those stratified above it
(RCC 14, 15 and 6). For this sample either the Fig. 2. Comparison between OSL and 14C ages taken from Table 5. Dates are presented in years before
dose rate is overestimated or the De value is AD 2005, and cross lines represent dates derived from Age 1, and dots represent dates from Age 2 (see
underestimated. The SAR protocol that is Table 3).
used to measure the De value fails when the
OSL/dose-response curve saturates. RCC 7’s
ranges obtained for RCC are the most probable. To fine-tune
is the only growth curve in this study that showed evidence of these results, further study will need to be conducted focusing
saturation at approximately 150 Gy, so that the De value of 127 Gy on the dosimetry and effect of feldspars. The values in Table 6
may be an underestimate. Alternatively, the underestimate of are rounded to the nearest 500 years and exclude outliers from
age for RCC 7 may be the result of an overestimation of the dose
both the 14C and OSL chronology. The transition between the
rate. Previous studies13 suggested that RCC has been a chemiRobberg and MSA/LSA transition at RCC is clearly defined at
cally dynamic environment. No bone is preserved in these layers
20 000 years ago by 14C dates. The final MSA at RCC is currently
and the stratigraphic section shows that the deposit has dedated to 27 000 years ago by both 14C and luminescence chronolformed substantially through profile compaction and leaching.
Several age underestimates are noted in other dating studies of ogies. The MSA/Early Later Stone Age transition at Border Cave
are at about 30 000
the MSA layers using different luminescence techniques and is placed at 41 000 years ago and the final ELSA
44
AD
2005).
The
corresponding
years
ago
(calibrated
relative
to
datable materials (Table 4) and it is possible that dosimetry
period
at
RCC
is
represented
by
the
top
of
the
‘almost sterile’
presents a problem. This has not been demonstrated but the
orange sand through to the layers classified as MSA IV by
result for RCC 7 is rejected as an outlier.
Wadley.10 This focuses attention on the RCC 19 OSL date of
31.7 kyr, which is rejected on the basis of the other OSL dates
Conclusion
The most probable ages for RCC, presented in Table 6, reflect stratified above and below it as well as the 14C dates. A literal
combined OSL and 14C age ranges that have been calibrated and acceptance of this date would shift the MSA/LSA transition at
presented in years before AD 2005. It should be noted that the age RCC closer to the age range defined at Border Cave. If it is shown
14

14

14
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Table 6. Most probable age ranges for the Rose Cottage Cave sequence. The ages
exclude outliers from both the OSL and radiocarbon chronologies.
Archaeological affiliation

Probable age range
(calendar years ago relative to AD 2005)

Post-Classic Wilton
Classic Wilton
Oakhurst
Robberg
MSA/LSA transition
MSA IV
‘Orange sand’
Post-Howiesons Poort MSA III
Howiesons Poort
Pre-Howiesons Poort MSA IIb

<3 000
3 000–8 500
8 600–10 500
10 500–20 000
20 000–27 000
>27 000–35 000
~35 000
>35 000– <60 000
60 000–70 000
70 000–96 000

20.

21.
22.

23.

24.

25.

that RCC 19 is contaminated with feldspar as has been suggested
here, then the date is an overestimation of the MSA/LSA, and the
14
C chronology will stand. The latter interpretation is the simplest
explanation of the data, and is supported by the similarity in
stone tool assemblages from the MSA IV stone tool assemblage
dated to between approximately 38 000 years ago and 27 000
years ago (layers LYN to Ru) with those defined as ELSA at
Border Cave.44,45
Published dates for Howiesons Poort assemblages in South
Africa range between approximately 80 000 and 50 000 years
ago.16,18,46–50 As the dating techniques improve, this range is likely
to narrow. Unfortunately, a largely random scatter in the previous Howiesons Poort dates from RCC undermines their credibility, and it is likely that problems of feldspar contamination are
the underlying cause. With the improvement in the SAR OSL
dating technique, the results are significantly improved, and this
study yields a coherent set of OSL dates that place the
Howiesons Poort between 70 000 and 60 000 years ago.
Received 11 August 2006. Accepted 17 November 2007.
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Appendix 1
Assessing the equivalent dose (De) determinations
Aliquots from samples RCC 6–10, 18, 19 and 21 were assessed against
OSL rejection criteria that were assumed to eliminate most errors
derived from the OSL behaviour and sedimentary history of the grains
(see Table 1 in supplementary material online). The first and probably
the most important test is termed the dose recovery test.23 If the SAR protocol is applied to grains that are artificially irradiated with a known dose
and it does not yield that dose (a laboratory dose is not recovered), there
is a high probability that the equivalent dose (De) will be inaccurate. Dose
recovery experiments24,25 were performed on six aliquots per sample.
The aliquots were optically bleached using blue LEDs for 40 s at 125°C.
After zeroing, a known laboratory dose assumed to be representative of
the equivalent dose was administered and a conventional SAR protocol
was performed using a preheat of 240°C and a cut heat of 160°C to see if
the dose could be recovered. The recovery ratios were above 0.98 with
the exception of sample RCC 8, which gave a 0.92 ± 0.01 recovery ratio.
Recuperation, or ‘charge transfer’, is the trapping of electrons in the
OSL-related traps when they are ejected from non-OSL traps during
heat treatment (preheating). This phenomenon can result in unacceptable variability in De values.26 Recuperation was tested by expressing the
ratio between an additional zero dose OSL signal and the natural OSL
signal as a percentage of the natural [(L5/T5))/(L1/T1)]. All values greater
than 5% were rejected.27 No samples from RCC had recuperation values
greater than 1.5%.
Scatter in the equivalent dose measurements can result from feldspar
grains that have not been eradicated during pre-treatment. Feldspar
contamination in quartz aliquots can result in overestimated De values
because of the potassium contribution to the internal dose, or it can
result in an underestimation of De if anomalous fading has taken place.28
The OSL IR depletion ratio test29 relies on the depletion of the OSL signal
in feldspars under room temperature IR stimulation, whereas quartz is
unaffected. Two successive OSL measurements were made with the
same applied dose, but with an IR bleaching step (IR diodes set to 90%
power for 100 s) before the second OSL measurement. Any depletion of
the signal measured would be the result of feldspar contamination. A
reduction criterion of more than two standard deviations from unity was
used to determine an acceptable ratio of [(L1/T1)/(L2/T2)].30 Aliquots with
an OSL IR depletion ratio below this rejection criterion were assumed to
contain feldspar and were omitted from further analysis. Figure A (see
supplementary material online) shows the OSL IR depletion ratio test
for un-etched aliquots of RCC 6 using a large (5 mm) mask; a 2-mm mask
and the results of aliquots of the same sample that was etched in HF acid.
Of 408 aliquots in the entire study, 106 (~26%) were rejected due to feldspar contamination. The following analysis is restricted to only the 74%
of aliquots that passed the OSL IR depletion ratio test.
The recycling ratio (R-ratio) test was used to check reproducibility
within the SAR measurement cycle.4 In this study, two regenerative
doses were repeated: one with a low dose to mimic the first regenerative
point in which most sensitivity changes took place, and a second point
with a high dose.31 The two recycling ratios [(Lx1/Tx1)/(Lx2/Tx2)] should be
very close to unity if appropriate sensitivity corrections during a SAR
measurement cycle are applied. In practice, less than two standard
deviations from unity is acceptable.2 Most of the aliquots from RCC pass
this test, indicating good recycling behaviour.
The test used to establish adequate bleaching is the De (t) method.3 This
relies on the fact that the OSL signal comprises a thermally stable fast
bleaching component and slow bleaching components that can be
resolved. If the sample is partially bleached, then the slower bleaching
components yield a greater residual signal. This test calculates De as a
function of stimulation time (using approximately 0.5-second integration channels), and it was performed on samples RCC 6–10, 18, 19 and 21.
Ten random aliquots representative of a preheat range between 160°C
and 300°C were used for each sample. The results indicated that no partial bleaching had occurred. Partial bleaching would be anticipated with
fluvial deposition or weathered spall contamination, and the results
seem to indicate a predominantly aeolian mode of deposition (see Fig. B
online).
After all rejection criteria4 have been met, the remaining aliquots were
subject to a preheat plateau test. For each aliquot the De value was plotted
against preheat temperature to establish if the thermal treatment was
too passive and did not adequately remove the unstable signal compo-
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nents. This was a test of the appropriateness of the preheat protocol;
where a plateau was not established in a given preheat temperature
range, all aliquots preheated in that range were rejected.32
The final assessment was of the distribution of De values in the form of
over-dispersion values31 (see Table 1 online) and a visual assessment in
radial and probability density plots. With the exception of RCC 21 (see
Fig. C online), all the samples were scattered evenly around a central
mean so the central age model was used33 to determine the De values.
Because of its asymmetric De distribution, RCC 21 was selected for
single-grain analysis (see Fig. D online). This method used the same
protocol as the multi-grain aliquots except that a laser was used to stimulate individual grains. The logic behind the single-grain analysis is to
separate different populations of grains from a sample of mixed age and
in this way explain the observed over-dispersion. A total of 1000 grains
were analysed, but in the case of RCC 21 the analysis did not show a
mixed population. Instead, over 50% of grains were rejected due to feldspar contamination when using the OSL IR depletion ratio test.29 This is
surprising as the same fraction of pre-treated grains was used to make
the single-aliquot and the single-grain analyses, and only one of the 24
single aliquots was rejected on this criterion. The HF etch appeared not
to have removed all feldspars, but the IR-depletion test on the aliquots
did not identify the problem with any accuracy. The result of the single-grain analysis indicated that the high De values in the single-aliquot
analysis were the result of feldspar contamination. It is not clear why the
feldspar test was more effective using laser stimulation on individual
grains than using diode stimulation on aliquots. Because the single
aliquots for RCC 21 must also have contained feldspar, and the feldspars
led to De overestimations, it was more appropriate to apply a minimum
age model.33 This yielded a De value of 16.3 Gy, which corresponds well
with the single-grain value of 17.0 ± 1.0 Gy.
Appendix 2
Assessing the dose rate determinations
The dose rate was measured using a variety of methods. Thick source
alpha counting (TSAC) analyses were done in the Pretoria laboratory,
field gamma spectrometer measurements (FGS) were conducted for
some of the samples with an Aptec system at the time of sampling, and
high-resolution gamma spectrometer measurements (HRGS) were performed on a set of samples sent to Denmark for analysis by A.S. Murray.14
Bulk potassium was measured by X-ray fluorescence (XRF) analysis by a
commercial subcontracted laboratory (Setpoint). The element concentrations of uranium, thorium and potassium were converted into dose
rates using the method outlined by Adamiec and Aitken34 using an
assumed average water content of 5 ± 5% and an alpha efficiency
(where appropriate) of 0.04 ± 0.02.35 The moisture content for RCC was
measured between 1% and 3%, but it is assumed that this was not the
average value over the depositional history of the site. The large error in
the water content estimation is assumed to cover the range of variability
that might have occurred had the site been substantially wetter than the
present from time to time.
The %K values obtained by FGS and XRF analysis did not always produce the same results (see Table 2 online). Potassium feldspar was found
in relatively high concentrations throughout the site and the average
contribution of 40K to the total dose rate for all samples was 65%. The
large contribution from 40K to the dose rate limits the effects of the Th and
U measurement error in the total environmental dose rate, but it amplified the discrepancy between %K values determined by different techniques. Where there were both XRF and FGS measurements for samples,
the FGS/XRF ratio was calculated (Table 2). The ratios averaged at 0.86 ±
0.13%. The XRF technique measured the average K concentration of the
bulk sample taken back to the laboratory, whereas FGS integrated the
gamma spectrum from a sphere of approximately 30 cm radius in situ in
the locale from which the sample was removed. A possible cause might
be the inhomogeneous distribution of K due to the large numbers of
hearths present in the archaeological record.10,36 The two approaches
may have measured different things, but if this was the cause of the
discrepancy then a random distribution of FGS/XRF ratios might be
anticipated. Alternatively, a consistently biased error may have arisen
from systematic errors in either the FGS or XRF.
The contribution of alpha radiation is assumed to be negligible on samples that were subject to HF etching. The result from single-grain analysis of RCC 21 illustrates that feldspars were not entirely removed by the
HF treatment and the possibility that the outer surface of quartz grains
was not completely etched must be considered. Where both etched and
un-etched material was analysed, the latter was preferred on the basis of
the better dosimetry. Only sample RCC 8 produced a statistically distinct
date using the etched and un-etched material, and the latter was more
closely aligned with RCC 12 date from the same layer.
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Table 1. De rejection criteria for RCC samples. The samples are listed in order of depth; samples RCC 6–10 include tests performed on 2-mm and 5-mm mask sizes. The numbers below the
IR-OSL and R-ratio columns represent the number of aliquots that were sequentially rejected (left to right) from the initial 24 aliquots. When the number of rejected aliquots was too large no further
analysis was carried out. Presented under the preheat plateau column is the number of rejected aliquots range followed by the temperature range that was rejected. Samples RCC 11–16 were
16
analysed in Risø, Denmark, by A.S. Murray and only the De estimates are available.
Sample name

Layer name

RCC 21

H

RCC 10

DB

Mask size (mm)

HF etch

2
Single grain

Dose recovery ratio

IR-OSL

R-ratio 1

Y
Y

1
500

2
240

5

N

24

2

N
Y

0.98 ± 0.01

R-ratio 2

1
NA

Preheat plateau

2, 300°
NA

De (Gy)

Overdispersion
(%)

20.2 ± 0.8
17.0 ± 1.0

15.8
20.4

4
0

2
4

0
1

8, 260°–300°
10, 160°–220°

25.1 ± 2.0
27.5 ± 1.1

25.2
13.8
7.2

RCC 19

G

2

Y

0

0

0

11, 160°–220°

64.4 ± 1.6

RCC 9

Ru

5

N

0

0

0

0

61.9 ± 1.4

9.8

2

N
Y

98.7 ± 0.03

3
3

4
5

0
0

4, 160°, 300°
6, 160°, 180°

61.0 ± 2.8
59.7 ± 2.0

15.6
9.4

2

Y

100 ± 0.01

0

1

0

2, 300°

67.8 ± 2.6

15.3

RCC 18

Dc

RCC 16

Lyn

>5

N

RCC 6

CLY

5

N

2

N
Y

65.0 ± 3.0
24
0.99 ± 0.04

5
4

0
1

0
0

RCC 15

ANN

>5

N

RCC 14

ETH

>5

N

RCC 7

BER

5
2

N
N

RCC 13

EMC

>5

N

RCC 12

KUA

>5

N

RCC 8

KUA

5

N

4

0

0

2

N
Y

7
1

0
2

0
0

>5

N

RCC 11

LEN

0
5, 160°, 180°

102.7 ± 3.1
97.5 ± 4.0

12.7
9.1

130.0 ± 3.0
122.0 ± 3.0
99.9 ± 0.01

22
4

2

0

6, 160°, 180°

127.6 ± 3.8

9.1

133.0 ± 2.0
122.0 ± 4.0

0.92 ± 0.01

0

139.3 ± 3.7

9.8

6, 160°, 280°, 300° 143.9 ± 5.7
3, 160°
129.2 ± 6.7

13.4
20.7

158.0 ± 7.0

2

Table 2. Dosimetry for RCC samples. Samples are listed in sequence according to depth.
Sample name

Th (ppm)

U (ppm)

Th/U ratio

RCC 21

3.33 ± 0.12

0.85 ± 0.04

3.92

RCC 10

3.43 ± 0.39
3.71 ± 0.12
3.09 ± 0.08

1.26 ± 0.04
1.01 ± 0.04
1.32 ± 0.04

2.73
3.68
2.34

Technique*

%K XRF

%K FGS

K ratio
(FGS/XRF)

Th + U dose rate
(Gy/kyr)

Dose rate 1
(Gy/kyr)

FGS

1.55

1.17

0.75

0.459 ± 0.023

1.970 ± 0.033

1.598 ± 0.033

TSAC
FGS
TSAC 2

1.45
1.45
1.45

1.20
1.20
1.20

0.83
0.83
0.83

0.529 ± 0.044
0.526 ± 0.024
0.520 ± 0.021

1.847 ± 0.054
1.936 ± 0.034
1.838 ± 0.030

1.618 ± 0.054
1.691 ± 0.034
1.609 ± 0.030

RCC 19

4.22 ± 0.57

1.45 ± 0.06

2.91

TSAC

1.55

0.628 ± 0.062

2.033 ± 0.072

RCC 9

4.09 ± 0.74
4.10 ± 0.09

1.40 ± 0.08
1.50 ± 0.03

2.92
2.73

TSAC
TSAC 2

1.76
1.76

0.608 ± 0.078
0.632 ± 0.019

2.208 ± 0.088
2.232 ± 0.029

Dose rate 2
(Gy/kyr)

RCC 18

4.29 ± 0.13

1.13 ± 0.05

3.79

FGS

1.72

1.26

0.73

0.600 ± 0.026

2.272 ± 0.036

1.821 ± 0.036

RCC 16

5.05 ± 0.15
3.26 ± 0.14

1.30 ± 0.04
1.10 ± 0.05

3.87
2.97

TSAC
FGS

1.34
1.34

1.22
1.22

0.91
0.91

0.653 ± 0.026
0.515 ± 0.028

1.870 ± 0.036
1.816 ± 0.038

1.761 ± 0.036
1.700 ± 0.038

RCC 6

3.34 ± 0.68
3.36 ± 0.08

1.33 ± 0.07
1.39 ± 0.03

2.51
2.42

TSAC
TSAC 2

1.26
1.26

0.564 ± 0.076
0.580 ± 0.019

1.730 ± 0.086
1.746 ± 0.029

RCC 15

5.80 ± 0.25
3.64 ± 0.14

1.53 ± 0.07
1.29 ± 0.06

3.78
2.82

TSAC
FGS

1.48
1.48

1.14
1.14

0.77
0.77

0.758 ± 0.041
0.590 ± 0.029

2.102 ± 0.050
2.028 ± 0.039

1.845 ± 0.052
1.698 ± 0.039

RCC 14

5.55 ± 0.21
3.63 ± 0.17

1.61 ± 0.06
1.44 ± 0.07

3.45
2.52

TSAC
FGS

1.31
1.31

1.18
1.18

0.89
0.89

0.757 ± 0.035
0.625 ± 0.035

1.952 ± 0.045
1.903 ± 0.044

1.826 ± 0.045
1.769 ± 0.044

RCC 7

7.44 ± 1.19
7.47 ± 0.18

1.46 ± 0.11
1.41 ± 0.03

5.11
5.30

TSAC
TSAC 2

1.66
1.66

0.856 ± 0.122
0.848 ± 0.026

2.365 ± 0.131
2.357 ± 0.035

RCC 13

7.15 ± 0.24
3.63 ± 0.18

1.27 ± 0.07
2.03 ± 0.08

5.61
1.79

TSAC
FGS

1.26
1.26

1.02
1.02

0.81
0.81

0.795 ± 0.040
0.767 ± 0.038

1.937 ± 0.050
1.989 ± 0.048

1.723 ± 0.050
1.761 ± 0.048

RCC 12

4.27 ± 0.21
3.91 ± 0.18

1.59 ± 0.06
0.95 ± 0.06

2.69
4.11

TSAC
FGS

1.15
1.15

1.33
1.33

1.15
1.15

0.664 ± 0.036
0.528 ± 0.032

1.708 ± 0.046
1.645 ± 0.042

1.868 ± 0.046
1.817 ± 0.042

RCC 8

7.24 ± 0.78
4.91 ± 0.12

1.80 ± 0.08
0.65 ± 0.02

4.01
6.55

TSAC
TSAC 2

1.23
1.23

0.961 ± 0.085
0.517 ± 0.019

2.099 ± 0.095
1.655 ± 0.029

RCC 11

4.09 ± 0.20
3.85 ± 0.15

1.08 ± 0.06
1.19 ± 0.05

3.78
3.22

TSAC
FGS

1.22
1.22

0.536 ± 0.034
0.582 ± 0.030

1.648 ± 0.044
1.771 ± 0.039

1.17
1.17

0.95
0.95

1.596 ± 0.044
1.716 ± 0.039

*Thick source alpha counting (TSAC) measurements were performed by M. Pienaar (TSAC) and S. Woodborne (TSAC 2). Other measurement procedures include field gamma spectrometry (FGS) and X-ray fluorescence
(XRF). Dose rate 1 was calculated from the %K values measured with the XRF, and dose rate 2 was calculated from %K values measured with the FGS. Dose rates presented in bold were used to determine the date range in Table 5.
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Fig. A. OSL IR depletion ratio tests performed on aliquots using 5-mm and 2-mm mask sizes at different preheat temperatures. The
OSL IR depletion ratio29 is given as [(Lz/Tz)/(Ly/Ty)], where L and T are the regenerated OSL intensity of the given dose and the test
dose, respectively. Note that two aliquots in the 2-mm mask size (etched material) were rejected due to recycling behaviour rather
than feldspar contamination.
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Fig. B. Plots showing the first 40 seconds of OSL decay for aliquots that were accepted for HF etched samples of RCC 8 (MSA) and RCC 9 (LSA). The De(t ) plots
are constructed from the first 15 seconds (shaded areas) of stimulation. The signal used for dating was the integral of the first three seconds. Ten aliquots were
used to construct the De(t ) plots. The downward trend in these plots, as was the case for all other aliquots that were analysed, indicates that the samples were not
inadequately bleached.

5

Fig. C. Radial plot and probability density (PD) plot showing the De distributions for sample RCC 21 using the SAR approach.
A central age model33 yields a De value of 20.2 Gy, but the bimodal distribution suggests at least two populations. Insight from
the single-grain analysis of this sample suggests that this is the result of some feldspar contamination, and so a minimum age
model33 was also applied. This yielded a De value of 16.3 Gy.

6

Fig. D. Radial plots showing all the grains (left) and the accepted grains (right) from the single-grain analysis of sample RCC 21. The grains were almost entirely rejected on the basis of feldspar
contamination.

