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ARTICLE INFO ABSTRACT

Keywords: The behavior of the post-blue violet stimulated luminescence (VSL) signal from quartz with respect to thermal
VsL treatments is explored. The results suggest that more than one source trap may be responsible for the VSL signal
Dose recovery and therefore, the separation of this signal from the preceding blue stimulated luminescence (BSL) signal is

Equivalent dose challenging. Furthermore, the behavior of the VSL dose response curve (DRC) in a single aliquot regenerative

D, . . . . ) .
Signal integration limits (SAR) protocol is demonstrated to be influenced significantly by the test dose size and the efficacy of signal
Preheat depletion prior to measurement of the test dose signal, and hence a modified VSL SAR measurement protocol is

considered for further investigations in this study. The ability of this protocol to recover a given dose is tested and
it is shown that by selecting different integration limits, two signals with distinct dose response characteristics
can be separated from the same original VSL decay curve. Dose response curves derived from early signal
integration (Signal A) saturate at ~150 Gy and cannot recover given doses beyond this limit, whereas later signal
integration (Signal B) results in a DRC that continues to grow exponentially to doses >> 500 Gy, and can recover
given doses up to at least ~3200 Gy. However, Signal B underestimates by ~90% the equivalent dose (D) for a
sample with expected D, value of ~500 Gy. This may suggest thermal instability of Signal B over geological time
and needs further investigation.

1. Introduction

Violet stimulated luminescence (VSL) is a relatively new technique in
optically stimulated luminescence (OSL) research that utilizes violet
light (~405 nm) to optically stimulate quartz grains, reaching deeper
traps not accessible by blue light (Jain, 2009). The main reason for using
the VSL signal instead of the conventional quartz OSL signal stimulated
with blue (~470 nm) light (blue stimulated luminescence; BSL) is
because the VSL signal is thought to grow to higher doses and hence
would be able to date older sediments. However, from recent research it
seems that the VSL signal generally fails to extend the dose range beyond
the limits of conventional quartz BSL (Ankjergaard et al., 2013, 2015,
2016; Morthekai et al., 2015; Colarossi et al., 2018a; Porat et al., 2018;
Sontag-Gonzalez et al., 2021; Rahimzadeh et al., 2021). The origins and
behavior of the VSL signal have been investigated previously (Jain,
2009; Ankjaergaard et al., 2013, 2015; Hernandez and Mercier, 2015);
however, ambiguity about the traps (or recombination centers) giving
rise to this signal has resulted in the use of a wide range of thermal
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treatments in VSL protocols, for both single aliquot and multiple aliquot
methods (Table 1). Currently, there is no consensus on the most
appropriate measurement protocols and/or thermal treatments for use
in VSL dating.

The aim of this study is to improve our understanding of the VSL
signal. Different characteristics of this signal are explored in this paper:
first, the response to thermal treatments is investigated to study the
relationship between the BSL (measured prior to the VSL) and VSL sig-
nals, and thus select a preheat to isolate a VSL signal distinct from the
BSL. Secondly, the dose response behavior is examined with respect to
the test dose size and resetting of the VSL signal within a single aliquot
regenerative (SAR) dose sequence. This helps to refine a VSL SAR pro-
tocol for dating. Thirdly, to test the suitability of the new VSL SAR
protocol, the ability to recover different laboratory-given doses is
explored. Finally, VSL is used to determine the equivalent dose (D) for
three samples from a site in Zambia with different expected D, values.
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2. Samples and instrumentation
2.1. Samples

The samples used in this study are sediments from the archeological
site of Kalambo Falls in northern Zambia (Duller et al., 2015). This site is
of great archeological importance since it sheds light on the timing of
Stone Age technological changes in south-central Africa (Barham et al.,
2015). Three samples (Aber105/KB1, KB7, KB9) were selected from two
of the excavation units (C2 and C3) (see Barham et al., 2015 and Duller
et al., 2015 for detailed site description). The age of these samples has
been determined previously by single grain quartz BSL for the youngest
two samples (KB1: 0.49 + 0.02 ka and KB9: 43.7 + 2.0 ka) and by
multiple grain thermally-transferred OSL (TT-OSL) for the oldest sample
(KB7: 339 + 49 ka) (Duller et al., 2015). The oldest sample (KB7) was
included in this study since the region beyond ~150 Gy is where the BSL
signal typically saturates and a particular area of interest is to see
whether the dose range of quartz can be extended using the VSL signal.
In the present study, coarse grain quartz (180-212 pm) was mounted on
steel cups (3 mm diameter aliquots) using Silkospray™ silicone oil.
Sample KB1 was used to a) investigate the thermal treatment behavior
(section 3), b) refine the VSL SAR protocol (section 4), and c) study the
dose response behavior while recovering various doses (section 5). In a)
and b) an annealed aliquot of sample KB1 was used, while fresh aliquots
of this sample were used in c). All three samples from Kalambo Falls had
their D, measured using the newly developed VSL protocol (discussed in
section 6).

2.2. Instrumentation and measurement parameters

All luminescence measurements were performed on an automated
Risg TL/OSL DA-20 reader equipped with a DASH head (Lapp et al.,
2015), with blue LEDs (470 nm; full power 88 mW cm~2) and a violet
laser diode (405 nm; full power 50 mW cm2) for optical stimulation. All
VSL measurements used the violet laser diode at full power, and unless

Table 1
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otherwise stated the blue LEDs were operated at 17.6 mW cm ™2 to avoid
the BSL signal being too bright for the photomultiplier tube. Both blue
stimulated luminescence (BSL) and violet stimulated luminescence
(VSL) signals were detected with an Electron Tubes EMD-9107 photo-
multiplier tube equipped with a combination of a Semrock Brightline
340 nm (FF01-340/26) filter and 5 mm of Hoya U340 filter. Samples
were irradiated by a®’Sr/°°Y beta source delivering a dose rate of
~0.077 Gy s7! to coarse grain quartz on steel cups. For dose recovery
and residual measurements aliquots were bleached in a Honle SOL2
solar simulator for 24 h. A fixed measurement temperature of 125 °C was
used for both BSL and VSL to avoid retrapping of charge in the 110 °C TL
peak (Murray and Wintle, 2000) except for the thermal quenching
experiment discussed in section 3.3. All VSL readings for signal mea-
surement (as distinct from signal reduction between measurement steps)
were recorded for a duration of ~1000 s (delivering ~50 J cm 2 to the
sample). In sections 3 and 4, signal and background integration limits
are the first 4 s and last 16 s respectively for the VSL signal. In section 3,
the first 1.2 s for the signal and last 4 s for the background are integrated
for the BSL signal. The recycling ratio is within uncertainties of unity for
all the reported results in sections 5 and 6.

3. Exploring the behavior of the VSL signal in response to
thermal treatments

To explore the impact of thermal treatment in the VSL SAR sequence
used for dose measurement, three different experiments were per-
formed, namely: a) pulse annealing, b) TL signal loss after BSL and VSL
stimulations, and c¢) dependence of the VSL (and BSL) signals upon
measurement temperature. These experiments were conducted on a
single aliquot of sample KB1 that had been annealed to 450 °C several
times to remove any existing natural signal prior to the start of these
measurements, and to condition the sample to minimize sensitivity
change in subsequent steps.

Sequences used previously to measure the VSL signal. In the sixth column, Faershtein et al. (2020) used the same sequence as Ankjaergaard et al. (2015) but applied
MAAD (multiple aliquot additive dose). In the seventh column, Ankjergaard et al. (2016) used their sequence to assess both SAR and MAAD protocols; however,
Sontag-Gonzalez et al. (2021) used this sequence only for MAAD and modified it further by reducing the duration of the preheat to 10 s. MAR in the last two columns

refer to multiple aliquot regenerative dose.

SAR SAR SAR MAAD
MAAD MAR MAR
Jain (2009) Ankjaergaard Hernandez and Colarossi Ankjergaard Ankjaergaard Ankjeergaard et al. Rahimzadeh Ankjaergaard
et al. (2013); Mercier (2015); etal. (2019) et al. (2015); (2016); et al. (2021) (2019)
Morthekai et al. Sontag-Gonzalez (2018a) Faershtein et al. Sontag-Gonzalez
(2015) et al. (2021) (2020) et al. (2021)

Preheat Preheat (260 °C, Preheat Preheat Preheat (300 °C, Preheat (300 °C, Preheat Preheat
(340 °C, 10s) (280°C,10s) (300 °C, 100s) 100s) 100s) (280 °C, 10s) (300 °C, 100s)
10s)

BSL BSL (280 °C, BSL (125 °C, 40s) BSL (125 °C, BSL (125 °C, BSL (125 °C, BSL (125 °C, 100s) BSL (125 °C, BSL (125 °C,
(125 °C, 100s) 40s) 100s) 100s) 40s) 100s)
100s)

VSL (20 °C, VSL (125 °C, VSL (? 500s) VSL (30 °C, VSL (30 °C, VSL (30 °C, VSL (30 °C, 500s) VSL (125 °C, VSL (30 °C,
500s) 100s) 500s) 500s) 500s) 500s) 500s)

VSL (200 °C, 500s) VSL (200 °C, VSL (240 °C,
500s) 500s)

Test dose Test dose Test dose Test dose Test dose Test dose Test dose Test dose Test dose

Preheat Preheat (260 °C, Preheat Preheat Preheat (290 °C, Preheat (300 °C, Preheat Preheat
(340 °C, 10s) (280°C,10s) (300 °C, 100s) 100s) 100s) (280 °C, 10s) (300 °C, 100s)
1s)

BSL BSL (270 °C, BSL (125 °C, 40s) BSL (125 °C, BSL (125 °C, BSL (125 °C, BSL (125 °C, 100s) BSL (125 °C, BSL (125 °C,
(125 °C, 100s) 40s) 100s) 100s) 40s) 100s)
100s)

VSL (20 °C, VSL (125 °C, VSL (? 500s) VSL (30 °C, VSL (30 °C, VSL (30 °C, VSL (30 °C, 500s) VSL (125 °C, VSL (30 °C,
500s) 100s) 500s) 500s) 500s) 500s) 500s)

BSL VSL (280 °C, VSL (200 °C, 500s) VSL (200 °C,  VSL (280 °C, VSL (380 °C, TL (500 °C, 20s) VSL (240 °C,

(500 °C, 200s) 500s) 200s) 200s) 500s)

100s)
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3.1. Pulse annealing

To explore the effect of different preheat temperatures upon the BSL
and VSL signals, and potentially help select the appropriate preheat
temperature(s) for VSL SAR measurement protocols, a pulse annealing
experiment was performed on sample KB1 as described in Table 2a. The
sample was given a dose of ~62 Gy and preheated to temperatures from
between 200 and 380 °C in 20 °C increments before having its BSL and
then VSL signals measured. A test dose of ~39 Gy was used to monitor
for sensitivity change, with a preheat of 280 °C for all test doses. Two
repeat points at preheats of 200 and 300 °C were measured after the
highest preheat (380 °C) and as shown in Fig. 1c, the repeat points
overlap with the first measurements demonstrating that the sensitivity
correction was appropriate. Fig. 1a and b shows a series of BSL and VSL
decay curves after different preheats. At high preheat temperatures the
BSL signal becomes very low, with the signal at the end of the 100 s
stimulation being close to the photomultiplier dark count (Fig. 1a). The
VSL signal also decreases in intensity with increasing preheat, but
regardless of preheat it is interesting to note that there is still a sub-
stantial signal (~2000 counts per 4 s after ~1000 s of stimulation)
observed at the end of the VSL decay curve (Fig. 1b). The relatively high
signal observed at the end of all these VSL measurements may be due to
breakthrough, as observed previously by Lapp et al. (2012). The use of
one thousand seconds of violet stimulation is much longer than used in
previous studies (Table 1), but this extended duration measurement to
deplete the VSL signal is important when applying regenerative dose
methods that inherently rely upon resetting the signal of interest during
each cycle.

The first part of the VSL and BSL signals, both with late background
subtraction were used for the analysis of signal loss due to preheat
temperature. Fig. 1c¢ shows the reduction of the normalized (Ly/Tx) BSL
and VSL signals as preheat temperature is increased. The BSL signal
remains consistent for preheats from 200 to ~260 °C, similar to many
previous observations of the fast component of the BSL signal (e.g.
Singarayer and Bailey, 2003; Roberts and Duller, 2004), and then drops
rapidly above 280 °C until reaching very low levels at 340 °C and higher.
This pattern is thought to reflect the dominant contribution from the
325 °C TL peak, and its thermal erosion at preheats of 280 °C and above
(Roberts and Duller, 2004). In contrast, the VSL signal remaining after
measurement of the BSL signal shows a monotonic decrease at all tem-
peratures from 200 to 340 °C. This difference between BSL and VSL

Table 2

The sequences used in the a) pulse annealing, b) loss of TL, and c) thermal
quenching experiments. For a) Step 2, T starts from 200 °C and increases in 20 °C
increments up to 380 °C. c) Steps 3 and 4, BSL and VSL measurement temper-
ature were increased from 25 to 300 °C in 25 °C increments.

a) Pulse annealing b) Loss of TL c) Thermal quenching

Step  Treatment

1 Dose ~62 Gy Dose ~383 Gy Dose ~62 Gy

2 Preheat at T °C for 10 Preheat to 340 °C for 10  Preheat to 340 °C for
s s 10s

3 BSL at 125 °C for 100  BSL at 125 °C for 100 s BSL at T °C for 100 s
s

4 VSL at 125 °C for TLto550°Cand hold for ~ VSLat T °C for 1000 s
1000 s 10s

5 Test dose ~39 Gy VSL at 310 °C for 200 s Test dose ~39 Gy

6 Preheat to 280 °C for Dose ~383 Gy Preheat to 340 °C for
10s 10s

7 BSL at 125 °C for 100  Preheat to 340 °C for 10 ~ BSL at 125 °C for 100
s s s

8 VSL at 125 °C for BSL at 125 °C for 100 s VSL at 125 °C for
1000 s 1000 s

9 VSL at 380 °C for 200  VSL at 125 °C for 1000 s VSL at 380 °C for 200
s s

10 TL to 550 °C and hold for

10s
11 VSL at 310 °C for 200 s
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Fig. 1. a) BSL decay curves after various preheats in the pulse annealing
experiment. b) Same as a) for VSL decay curves. ¢) Reduction of the L,/Tx
signals with preheat temperature in the pulse annealing experiment. L,/Ty
values are normalized to the first measurement point. Inset shows the VSL/BSL
ratio of the Ly/Ty signals. Measurement was performed on an annealed aliquot
of sample KB1.

signals is almost identical to that observed by Jain (2009) and implies
that VSL can be obtained from a range of traps in quartz. The decrease in
VSL signal seen in Fig. 1c is similar to that seen for the BSL slow com-
ponents named S2 in Singarayer and Bailey (2003) and S3 in Jain et al.
(2003), suggesting the same traps responsible for the BSL slow compo-
nents may contribute charge to the VSL signal. One of the aims of a
thermal pretreatment for VSL measurements is to isolate a VSL signal
distinct from the fast component BSL signal. In Fig. 1c the VSL/BSL ratio
is largest for a preheat of 340 °C (see the inset), minimizing the potential
contribution of the source trap of the fast component BSL signal to the
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following VSL signal. In subsequent experiments this preheat tempera-
ture of 340 °C was used.

3.2. Origin of the VSL signal: information from thermoluminescence

A considerable portion of the VSL signal is thought to originate from
the trap associated with the ~375 °C TL peak (Ankjergaard et al., 2013;
Hernandez and Mercier, 2015). To test whether this is the case for
sample 105/KB1, the loss of TL due to the VSL measurement was
investigated using the sequence outlined in Table 2b. The TL curve to
550 °C (heating rate 2 °C/s) was recorded after measuring the BSL signal
only (blue LED power 62 mW cm™2), then the cycle was repeated to
measure the TL signal following BSL and (post-BSL) VSL stimulations.
These measurements were repeated three times and minimal sensitivity
change was observed; the relative standard deviation between these
three replicate measurements is 5% for the TL recorded after BSL and 4%
for the TL recorded after BSL plus VSL. Fig. 2a shows the TL data ob-
tained following these BSL and VSL measurements. Fig. 2b shows the
difference between the TL peaks (the TL loss) after these two optical
stimulations, indicating a clear loss of TL signal in the 350-390 °C TL
region, consistent with the primary source being a TL peak at ~375 °C.
Fig. 2c shows the ratio of the TL curves revealing that ~80% of the signal
is lost after VSL stimulation and there is some signal loss, although to a
smaller degree, at both higher and lower temperatures (from 250 to
450 °C).

3.3. Origin of the VSL signal: exploring the impact of measurement
temperature

The previous experiment (section 3.2) confirmed the suggestion
made by previous research that much of the VSL signal is associated with
charge that contributes to the TL peak at 375 °C. This attribution raises
some interesting issues based on earlier research into the nature of this
TL peak. The 375 °C TL peak is part of what Franklin et al. (1995) termed
the ‘slowly bleaching family’ of traps associated with emission at ~470
nm, and does not appear to be affected by thermal quenching (Franklin
et al., 1995). In contrast, the 325 °C TL peak (part of a second group of
peaks, the ‘rapidly bleaching family’ of Franklin et al., 1995) is associ-
ated with the fast BSL component emitting at wavelengths below 430
nm and is strongly affected by thermal quenching (Wintle, 1975). So
how does the VSL signal, detected at wavelengths of ~340 nm (FWHM
26 nm), vary with measurement temperature?

The sequence outlined in Table 2¢ was applied to the same annealed
aliquot of sample KB1. A fixed preheat (340 °C) was used, and BSL and
VSL measurement temperatures were increased from 25 to 300 °C in
25 °C increments. The lowest measurement temperature (25 °C) was
repeated at the end of the cycle of increasing measurement tempera-
tures, and the measured Ly/Ty values for the two measurements at 25 °C
were within 20, demonstrating that any sensitivity change was
accounted for. Fig. 3a and b shows a series of BSL and VSL decay curves
with different measurement temperatures. The first part of the VSL and
BSL signals both with late background subtraction was used. As illus-
trated in Fig. 3c, quenching becomes dominant between ~150 °C and
250 °C for both signals. Below ~150 °C both signals increase; however,
this is more pronounced for the VSL signal. This process is similar to the
previously observed phenomenon of thermal assistance for the BSL
signal, where eviction of electrons from the source traps by photon ab-
sorption (photoeviction) can be enhanced thermally (Spooner, 1994).
Above ~250 °C the VSL signal appears to increase. It is notable that the
VSL signal measured at the end of the 1000 s of violet stimulation differs
by almost 2 orders of magnitude across the range of measurement
temperatures (Fig. 3b and d), whilst the BSL shows limited change
(Fig. 3a). It was previously concluded that the signal remaining at the
end of the VSL measurement was the result of breakthrough (section 3.1,
Lapp et al., 2012), but breakthrough would not be expected to change
with measurement temperature. To explore this further, the sequence in
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Fig. 2. a) TL curves for an annealed aliquot of KB1 recorded after BSL-only and
after blue plus violet stimulation (post-BSL VSL), using the sequence outlined in
Table 2b b) TL loss calculated as the difference between the TL curves obtained
following BSL-only and post-BSL VSL measurements. ¢) The ratio of the two sets
of TL curves. The three curves were averaged.

Table 2¢ was repeated for two empty steel cups. A high signal was
observed when the violet stimulation was switched on and, as one would
expect, this did not vary with stimulation time. However, the absolute
magnitude of this constant signal increased consistently as the mea-
surement temperature increased (Fig. 3d). This is not consistent with
simple breakthrough of the violet stimulation through the detection
filters, and we do not currently understand what process is responsible
for this increase. Fig. 3d shows that although the signal from the empty
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measurement temperature (initial signal minus a background from the end of each BSL or VSL measurement). L,/T values are normalized to the first measurement
point. d) Last 16 s of the VSL signal for sample KB1, and for an empty steel cup versus measurement temperature.

steel cups increases across the range of increasing measurement tem-
peratures, the last 16 s of the VSL measurements from the aliquot of
sample KB1 are always higher than those from the steel cup only, and
they increase at a faster rate than the background from the empty cup.
Two conclusions can be drawn from this observation. First, that even
after 1000 s of violet stimulation there is a VSL signal from KB1, and
second that there is no indication in these measurements of thermal
quenching of this signal. Fig. 3¢ and d suggest that the VSL signal con-
sists of two parts, one affected by thermal quenching (Fig. 3c) and the
other not (Fig. 3d), and from the work of Franklin et al. (1995) we
suggest that these two parts (which dominate the early and late part of
the VSL signal respectively) are using different recombination centers
and originate from different traps. The fact that apparently emissions
from both sets of recombination centers are detected through our
detection filters is likely due to the breadth of these emissions (see Fig. 1
of Franklin et al., 1995).

The data discussed in Sections 3.1, 3.2 and 3.3 lead us to conclude
that a preheat of 340 °C will most effectively separate the VSL signal
from the BSL signal, but that even when using this high preheat, the VSL
signal consists of two parts. One that is dominant in the earlier part of
the VSL decay curve (that shares some of the characteristics of the
rapidly bleaching family of Franklin et al., 1995), while the second part
likely originates from the 375 °C TL peak and becomes the dominant
source of the VSL signal later in the VSL measurement. The next section
examines the parameters of a SAR sequence with this information in
mind.

4. Optimizing SAR parameters for VSL measurements

Following on from the findings of section 3, the shape of the dose
response curve (DRC) for regenerative doses of up to ~8000 Gy using
the thermal treatments specified in Table 3 was explored using an
aliquot of sample KB1 that had previously been heated to 450 °C. The
procedure included VSL measurements lasting 1000 s and a violet bleach
at 380 °C for 200 s (higher than the preheat temperature) to attempt to
reduce the VSL signal as much as possible prior to the next cycle of
measurement. The first 4 s of the VSL signal with late background sub-
traction (last 16 s) was used. Using a small test dose (~40 Gy), the ratio
of Ly/Tx increased for doses from zero to ~1200 Gy (Fig. 4a), but beyond

Table 3
SAR sequence used in this study for dose recovery and D, measurements. This
sequence was also used to build the DRCs in Fig. 4.

Step Treatment Purpose Signal
1 Regenerative Dose

2 TL at 340 °C for 10 s Preheat

3 BSL at 125 °C for 100 s Remove fast OSL

4 VSL at 125 °C for 1000 s Measure VSL Ly
5% (VSL at 310 °C for 200 s Remove VSL)*

6 Test Dose

7 TL at 340 °C for 10 s Preheat

8 BSL at 125 °C for 100 s Remove fast OSL

9 VSL at 125 °C for 1000 s Measure VSL Ty
10 VSL at 380 °C for 200 s Remove VSL

“ Note that the violet bleach shown in step 5 is only used to build the DRC in

Fig. 4c.
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Fig. 4. Dose response curves for an annealed aliquot of quartz from KB1 using
the sequence outlined in Table 3 a) Test dose is ~40 Gy. The DRC decreases at
doses beyond ~1200 Gy. b) Test dose increased to ~800 Gy. The DRC grows
steadily with dose. c) Same test dose as b), but adding a VSL bleach before test
dose (step 5 in Table 3). Insets show the sensitivity change. The DRC in b) and
c) is fitted by a double exponential function.

this dose the Ly/Tx ratio decreased. Coincident with the decrease in Ly/
Ty, a large change in sensitivity is observed, reaching a maximum value
of 9.6 for Ty/Tj, for the highest regeneration dose of ~8000 Gy (shown in
the inset to Fig. 4a). When studying the DRC of feldspars, Colarossi et al.
(2018b) saw large changes in sensitivity at low test doses and inter-
preted this effect as being due to carry over of charge from the regen-
erative step (Ly measurement) to the test dose step (Tyx), and on to the
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following Ly/Tx cycle, etc; given the difficulty of removing the VSL
signal (Fig. 3d) it is possible that a similar process is happening here.
One of the solutions of Colarossi et al. (2018b) was to mask this charge
carry-over in feldspars using a relatively large test dose compared to the
anticipated natural dose, and the same idea was tested in the present
VSL study of quartz. Measurements were repeated on the same aliquot,
but the test dose was raised from ~40 Gy to ~800 Gy. Unlike Fig. 4a, the
resulting DRC (fitted by the sum of two exponentials) grows steadily as
the regenerative dose increases up to ~8000 Gy (Fig. 4b). The maximum
sensitivity change (Tx/Ty) observed (a value of 3.3) is only about one
third of that seen previously with a test dose of 40 Gy, but it is still
possible that charge carry over from Ly to Ty exists (Fig. 4b inset).
Therefore, the sequence was further modified by implementing a high
temperature violet bleach before the test dose (VSL at 310 °C for 200 s;
step 5 in Table 3) to reduce the VSL charge carry over from Ly to Ty. With
this modification to the SAR protocol, the sensitivity change is reduced
again (maximum value for Ty/T}, of 1.8, Fig. 4c inset). The DRC (Fig. 4c)
has a similar form to that observed previously (Fig. 4b), requiring the
sum of two exponentials for fitting, but the second exponential now has
a much larger Dy value, 5780 + 633 Gy instead of 1520 + 102 Gy. Dg
values for the first exponential also increased, but within uncertainties,
67.8 + 4.8 Gy in Fig. 4c compared with 59.1 + 5.3 Gy in Fig. 4b.
Separation of the two exponential components in the VSL dose
response curve appears to be improved by including the high tempera-
ture VSL bleach treatment in step 5 (Table 3), and hence this step was
used in dose recovery and D, evaluations which are described next.

5. Dose recovery

Whilst the examination of dose response curve shape thus far sug-
gests the potential for dating older material using the second exponen-
tial component, a key test of any measurement protocol is the ability to
recover a known (in this case, laboratory-given) dose. The SAR sequence
developed in Section 4 (including the high temperature violet bleach in
Step 5 of Table 3) was tested by undertaking a series of dose recovery
experiments on sample KB1, using six given laboratory beta doses (0, 15,
100, 400, 1600 and 3200 Gy). Eighteen new aliquots of KB1 that had not
received any previous artificial treatment were bleached in the SOL2
solar simulator for 24 h, and split into six groups with three aliquots for
each dose to be recovered. The test dose size (Gy) for each set of dose
recovery measurements was the same as the given dose, except for the
three aliquots used when no laboratory dose was given (0 Gy dose).
These three aliquots used a test dose of ~1.5 Gy. The average D, value
measured from the three aliquots which were given zero Gy was sub-
tracted as a residual from all other D, values before calculating the dose
recovery ratio in the following sections.

5.1. Signal integration limits and DRC shape

The effect of selecting different signal and background integration
limits upon the shape of the DRC was explored for the data collected
from the aliquots receiving a given dose of 400 Gy. For each aliquot and
every integration limit, the best fit for the DRC was selected based on the
lowest reduced y? value in the Analyst software package; and hence,
linear, exponential, exponential plus linear, and sum of two exponential
functions were examined in each case.

Fig. 5a shows the decay curve for an aliquot after administering
~400 Gy. Fig. 5b shows the DRC when selecting 0-4 s for the signal
integration limits with late background subtraction (last 16 s), which is
well-fitted with the sum of two exponential functions, indicating that
two separate curves are contributing to the overall shape of this DRC as
also seen in Fig. 4c. Using this first part of the signal (0-4 s), the ratio for
the recovered to given dose is 1.16, with the recycling ratio just within
+10% of unity (within errors) (Fig. 5b). In contrast, Fig. 5¢c shows the
DRC obtained for the same signal integration limits (0-4 s) but using an
early background subtraction (4-20 s) to more effectively isolate the
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Fig. 5. a) VSL decay curve for the dose recovery experiment after administering ~400 Gy for an aliquot of sample KB1 using the SAR protocol in Table 3. The vertical
dotted and dashed lines represent the two signal integration limits selected. b) DRC for the first signal integration limit (0-4 s) using late background (last 16 s). c)
Same as b) with early background subtraction (4-20 s) — Signal A. d) DRC for the second signal integration limit (20-40 s) using late background (last 16 s) — Signal B.

The red squares on the y axis in b), ¢), and d) show the L,/T, ratio.

rapidly decaying part of the VSL decay curve (Fig. 5a). This is termed
Signal A and the DRC obtained with this signal is shown in Fig. 5c. The
recycling ratio and recuperation values are improved compared to when
the late background subtraction was used (Fig. 5b), and the DRC ob-
tained using Signal A can be fitted by a single saturating exponential
function. However, Ly/Tx values do not show any increase for regener-
ative doses beyond ~120 Gy (Fig. 5¢). The L,/Tj ratio is identical to the
maximum signal obtained with regeneration doses, and because the
signal is saturated it is not possible to recover the 400 Gy given dose.
Moving away from this rapidly decaying part of the VSL signal, different
integration limits were tested. While the intensity of this first part of the
signal varies between aliquots, the earliest where the characteristics of
the DRC changes is 20 s away from the beginning of the decay curve.
Therefore, 20-40 s was selected for the signal integration limit. Fig. 5d
shows the DRC when the signal from 20 to 40 s is integrated (and a late
background is subtracted) to isolate a second VSL signal (Signal B). A
clear distinction in the shape and growth of the DRC derived from Signal
B is evident compared to that obtained using Signal A (contrast Fig. 5c
and d). Using Signal B (Fig. 5d), the given dose is successfully recovered
(dose recovery ratio 1.02 + 0.03) and the recycling ratio is within +5%
of unity (with errors). Using these two (early and later) integration in-
tervals is effective in isolating the two signals of the VSL decay curve and
separates the two dose response curve characteristics. The relative in-
tensity of the first VSL signal to the second varies from one aliquot to
another, and for some aliquots the DRC based on the first signal is hard
to resolve.

5.2. Recovering various doses

Fig. 6 illustrates the dose recovery values obtained for all five
recovered doses using Signal A and Signal B identified in Section 5.1.
The three aliquots that were bleached in the SOL2 but not given any
laboratory dose yielded residual doses of 6.5 + 3.9 Gy and 5.5 + 5.5 Gy

2.0

O 0-4 s, early BG
® 20-40 s, late BG

Dose recovery ratio

0.6 1
0.4 A o}

400

15 100 1600 3200

Given dose (Gy)

Fig. 6. Dose recovery ratio (i.e. measured dose minus residual dose [Gyl,
divided by given dose [Gy]) for sample KB1 for various given doses, averaged
for three aliquots (two aliquots for 400 Gy with early signal integration).
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(for Signal A and Signal B respectively) and these values were subtracted
from measured dose values to calculate the dose recovery data shown in
Fig. 6. The dose recovery data for the 15 Gy given dose is scattered for
both signals, but this is not surprising given that the residual doses are
~30% of the given dose. The early saturation of Signal A (using the early
part of the VSL signal (Fig. 5¢)) limits dose recovery to doses of ~120 Gy
or lower; hence, the 400 Gy given dose is underestimated due to satu-
ration. Moreover, no DRC fit was possible for the higher given doses of
1600 and 3200 Gy. However, the later part of the signal (Signal B;
20-40 s) looks more promising, and all doses were recovered within the
10% range normally used (Fig. 6).

6. D. determination

For D, determination, the sequence outlined in Table 3 and tested
using the dose recovery experiment in Section 5 was used. The D, values
calculated for samples KB1, KB7, and KB9 in addition to their expected
D values obtained by single grain quartz BSL and multiple grain quartz
TT-OSL are listed in Table 4. Sample KB1 is a young fluvial sample with a
single grain quartz BSL D, of ~1 Gy (Table 4). The calculated D, values
based on Signal A and Signal B (17.3 £+ 6.7 Gy for 0-4 s, 26.7 £+ 10.6 Gy
for 20-40 s; Table 4) overestimate the expected De. This is similar to the
findings of Ankjergaard et al. (2013) who observed significant over-
estimation (by ~180%) of the expected D, for their youngest sample
regardless of the VSL component selected (their component A or B). KB1
exhibits considerable overdispersion (74%) in single grain quartz BSL D,
values and the minimum age model was used to derive a final D, (Duller
et al., 2015); since the VSL signal bleaches more slowly than the BSL, the
high VSL D, values are not surprising. On the other hand, comparison of
our calculated VSL D, values with the TT-OSL D, for this sample (102 +
10 Gy, Duller et al., 2015) reveals that the quartz VSL signal appears to
be better bleached in nature than the TT-OSL signal.

For sample KB9, the use of Signal A resulted in a De (119 £ 43 Gy)
that overestimated the expected D, by almost a factor two (Table 4), and
it is not clear why this should be the case, though the large uncertainty in
the D, is notable. In contrast, the D, calculated using Signal B (51 + 5
Gy) is much closer to the expected D, (62.5 + 1.6 Gy; Table 4).

Sample KB7 has an expected D, value of 511 + 22 Gy based on TT-

Table 4

Equivalent dose (D) values for three samples from Zambia. ‘n’ indicates the
number of aliquots used for D, calculation. Recycling is within uncertainties of
unity in all cases. Recuperation as percent of natural is shown in each case.

Sample  Test Signal A: (0-4s) Signal B: (20-40s) Expected
dose De (Gy)
(Gy)
n De Recup n De Recup Duller
(Gy) (% nat) (Gy) (% nat) et al.
(2015)
KB1 3.8 6 173 <5.2 4 267 <40.3 1.34 +
+6.7 + 0.05"
10.6
KB9 37.5 6 119 0 6 51+ <21 62.5 +
+43 5 1.6"
KB7 75 3 100 <0.2 6 40+ <4.5 511 + 22°
+27 8

Notes.
In each case, six aliquots were measured. For KB1 when using Signal B, two
aliquots with negative D, values were not included. For KB7 when using Signal
A, three aliquots fail to provide D, due to saturation.
Expected D, values were calculated by Duller et al. (2015) using different
methods.

¥ Single grain quartz OSL using the minimum age model.

Y single grain quartz OSL using central age model.

9 multiple grain thermally-transferred OSL (TT-OSL) using the central age
model. The residual subtracted TT-OSL D is 400 + 23 Gy.
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OSL (Duller et al., 2015). Fig. 7a shows the natural and a regenerative
dose VSL decay curve for this sample and the corresponding DRCs for
this aliquot are shown in Fig. 7b and c. As expected from the dose re-
covery experiment, the use of Signal A resulted in a saturated DRC
(Fig. 7b) and hence is not suitable for D, evaluation beyond the limit of
conventional quartz OSL dating. Using Signal B produced a DRC that
continues to grow with dose (Fig. 7c), very like that seen for KB1
(Fig. 5d); however, the D, value is only ~8% of the expected D, value.
Since Signal B was successful in recovering different given doses (Fig. 6),
this underestimation in D, is not due to saturation but could be
explained by thermal instability of this signal over geological time.
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Fig. 7. a) Natural and regenerative decay curves for one aliquot of sample KB7.
b) The DRC for that aliquot for 0-4 s of the signal — Signal A. ¢) Same as b) for
20-40 s of the signal — Signal B. In both b) and c) the DRC fit is exponential. The
green open triangles show the recycled point and the interpolation of the L,/T,
to the DRCs is shown by red squares. Insets in b) and c) show sensitivity change.
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Analysis in Section 3.3 concluded that Signal B was associated with
the 375 °C TL peak, consistent with previous work by Ankjeergaard et al.
(2013) and Hernandez and Mercier (2015). The lifetime of the 375 °C TL
peak is poorly constrained, with Fleming (1979) giving a value of > 108
years at 15 °C, but this would imply that stability ought not to be a
problem for the time period we are dating at Kalambo Falls. Further-
more, Ankjergaard et al. (2013, 2015) and Rahimzadeh et al. (2021)
reported thermal stability for the VSL signal of ~10'! years at 10 °C,
again implying that stability should not be a limiting factor. We are
therefore left in the situation that kinetic studies suggest the VSL Signal
B should be stable over the time periods we are trying to date, but our
measurements of D, (Table 4) are most easily explained by the signal
being unstable over geological time.

7. Summary and conclusions

One of the main reasons for selecting the VSL signal for dating is the
observation that it saturates at much higher doses in the laboratory
compared to the conventional BSL signal for quartz. However, it is
evident from the literature that the D, values based on the VSL signal (by
either single or even in some cases multiple aliquot methods) have been
in agreement with independent age controls when testing younger
samples (<~200 Gy; Ankjeergaard et al., 2016; Porat et al., 2018) and
underestimated the expected D. when considering older samples
(>~200 Gy; Ankjeergaard et al., 2015, 2016; Morthekai et al., 2015;
Colarossi et al., 2018a; Sontag-Gonzalez et al., 2021; Rahimzadeh et al.,
2021). In this study, and in order to investigate the origins of the VSL
signal from quartz, the behavior of this signal with respect to thermal
treatments was investigated. Results from these experiments suggest
that the VSL signal is derived from two families of traps in quartz; a
group that demonstrate thermal quenching and has small D, values
(<100 Gy) (this group may be associated with the ‘rapidly bleaching
family’ of Franklin et al., 1995), and another group that does not suffer
from thermal quenching and has high D, values (probably related to the
‘slowly bleaching family’ of Franklin et al., 1995, namely the 375 °C TL
peak). The distinct DRC behavior seen from the two parts of the VSL
signal (Fig. 5¢c and d) may be linked to these separate source traps giving
rise to this signal.

A VSL SAR protocol was subsequently modified from previous
research based on the results of pulse annealing and DRC growth
behavior for one of our three samples. The suitability of this newly
developed SAR protocol was then further tested by conducting a series of
dose recovery experiments. Successful recovery ratios were obtained
when the first rapidly decaying part of the signal was avoided, and
consequently, two signal and background integration limits were
considered. The DRC is best fitted with the sum of two exponential
functions when considering the first part of the decay curve (with late
background subtraction) in all of the experiments (sections 4, 5 and 6)
which seems to be indicating a mixture of the two signals in the VSL
decay curve. However, if isolating Signal A, the DRC fit becomes expo-
nential (see Figs. 5¢c and 7b) with a small D value; while selecting Signal
B, the DRC fit also becomes exponential but with a large Dy value and the
potential to grow to high doses (see Figs. 5d and 7c¢). Ankjergaard et al.
(2013) also examined two different integration limits, termed compo-
nents A and B and representing the early faster decaying part of the
signal and the later slower decaying signal, respectively. Although
Ankjeergaard et al. (2013) found larger D, values when using their
component A, Sontag-Gonzalez et al. (2021) found larger D, values with
component B of Ankjergaard et al. (2013). In the present study, in spite
of obtaining larger D, values for the two older samples (KB7 and KB9)
when using the early part of the signal, similar to findings of Ankjar-
gaard et al. (2013), the DRC becomes close to saturation at ~150 Gy and
hence the D, values have large uncertainties (~30% of the calculated D,
see samples KB9 and KB7 in Table 4). In contrast, the DRC derived from
the later slower decaying part of the signal grows to high doses in the
laboratory and is fitted by an exponential function with only slight
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curvature at doses up to ~500 Gy (see Figs. 5d and 7c). However, the
calculated D, value for our oldest sample (KB7) based on this slower
decaying part of the signal underestimates the expected D, value
significantly. Considering the successful laboratory dose recovery results
obtained using late integration of the VSL signal, such underestimation
of the natural D, may suggest instability of this signal over time for our
samples.
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