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Abstract 16 

When electron spin resonance (ESR) is applied to sedimentary quartz, dealing with the 17 

poor bleachability of the signals is particularly challenging. In this study, we used both the 18 

single-grain optically stimulated luminescence (OSL) and the single aliquot ESR dating of 19 

quartz from deep sand deposits preserving a Stone Age archaeological sequence to combine the 20 

advantages of the two methods: good bleaching behaviour and extended age range. Using the 21 

youngest samples at each sampling site we were able to calculate the mean ESR residual age 22 

from the difference between the OSL ages and the apparent ESR ages. Focusing mainly on the 23 

single aliquot regenerative dose (SAR) protocol here, we were able to calculate the mean ESR 24 

residual age for the Ti and Al centres, including the non-bleachable signal component for the 25 

latter. For the NP site, residual ages of 209 ± 13 ka and 695 ± 23 ka were calculated for the two 26 

centres, whereas for the ZS site 268 ± 39 ka and 742 ± 118 ka were determined. These residual 27 

ages are significant and cannot be neglected. Thus, the residual age was subtracted from the 28 

apparent ESR ages. The validity of the residual subtraction method was tested through a 29 
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comparison of the oldest OSL age from each site with the residual subtracted ESR age. For both 30 

NP and ZS sites, the residual subtracted Ti and Al ages were consistent with the OSL age within 31 

2- uncertainty, and therefore confirm the robustness of the subtraction method. Within the NP 32 

sequence, we were able to locate the end of the Early Stone Age at 590 ± 86 ka, and this provides 33 

a maximum age for the transition to the Middle Stone Age in this part of south-central Africa. 34 

Key words: Quartz, ESR dating, Victoria Falls 35 

 36 

1. Introduction 37 

The Early to Middle Stone Age transition in Africa marks a change in technology with 38 

the long-lived Acheulean traditions of large cutting tools replaced by small Middle Stone Age 39 

flake and blade tools linked to the innovation of hafting with its adaptive advantage of increased 40 

efficiency of tools with handles (Coe et al., 2022). The beginning of the transition in Africa, 41 

dated by 40Ar/39Ar, U-series, electron spin resonance (ESR) of tooth enamels and luminescence 42 

techniques, ranges from ~500 ka to 300 ka in southern Africa and eastern Africa. Although the 43 

identification of hafting traces is disputed, Middle Stone Age technologies are evident in these 44 

regions and in north Africa by 300 ka (Tryon et al., 2006; Wilkins et al., 2012 cf. Rots and 45 

Plisson, 2014; Sahle et al., 2013 cf. Douze et al., 2018; Hublin et al., 2017; Deino et al., 2018).  46 

By comparison, the start of the transition in south-central Africa is poorly known with 47 

only a single locality currently dated (Kalambo Falls, Zambia), using thermally transferred 48 

optically stimulated luminescence (TT-OSL) and with large uncertainties (Duller et al., 2015). 49 

They dated fluvial sediments containing numerous stone tools from the riverbanks of the 50 

Kalambo Falls, Zambia, TT-OSL. By using this luminescence dating method, they were able 51 

to extend the age beyond the range of conventional quartz OSL dating and allowed them to 52 

place the Mode 2/3 transition between 500 and 300 ka. Unfortunately, the ages obtained from 53 

sediments containing Mode 2 stone tools showed a large scatter, which resulted in the wide 54 

range for the transition. For the upper part of the fluvial sediment sequence, they observed much 55 

larger TT-OSL equivalent doses (De) than those of OSL. Thus, the mean residual dose for the 56 

TT-OSL obtained from the difference between the TT-OSL and OSL De (~110 Gy), was 57 

subtracted from the apparent TT-OSL De for age calculation for older samples whose natural 58 

OSL signal was in saturation.  59 

An aim of the ‘Deep Roots Project’ (2017-2022) has been to extend and refine the 60 

chronology of the Early to Middle Stone Age transition in this region, which forms a 61 
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geographical link between eastern and southern Africa. The area of Zambia in the vicinity of 62 

Victoria Falls (Mosi oa Tunya National Park) is the focus this paper as it provides up to ~34 m 63 

deep deposit of aeolian sands that preserve Early and Middle Stone Age artefact clusters. We 64 

report here on the methods and results of quartz ESR dating from a section through the sands 65 

(the NP and ZS sequences) with Early Stone Age (Acheulean) artefacts at its base, and from 66 

separate individual sites. The results provide a foundation for dating the Early to Middle Stone 67 

Age transition in this area of south-central Africa. 68 

In trapped charge dating, it is important to estimate the degree of signal depletion 69 

achieved during transport at the time the sediment is buried. ESR signals from quartz used for 70 

dating are known be difficult to bleach; for instance the Al centre requires around 1000 h of 71 

bleaching under artificial light exposure to drop to an unbleachable signal level, while the Ti 72 

centre can be fully bleached within several tens to hundreds of hours (e.g. Toyoda et al., 2000). 73 

A number of ESR Al and Ti centre residual doses and ages for young or modern analogue 74 

sediments have been reported so far (e.g. Voinchet et al., 2015; Tsukamoto et al., 2017; 2018, 75 

Timar-Gabor et al., 2020, Richter and Tsukamoto, 2022) revealing the importance of testing 76 

samples for residuals due to incomplete resetting. 77 

Comparable to the work of Duller et al. (2015), in this study we introduce a similar 78 

approach, combining the quartz OSL and ESR dating to date aeolian sediment sequences 79 

containing stone artefacts near the Victoria Falls, Zambia (Fig. 1A). We compare OSL and ESR 80 

ages from young sediments (up to ~160 ka, Chapot et al., this issue) to obtain a mean ESR 81 

residual age for each of the sequences. This age is subsequently subtracted from the apparent 82 

ESR ages to calculate ages for the older samples.  83 

 84 

2. Materials and methods 85 

2.1 Study area and sampling 86 

The sands sampled for this study are deposited unconformably on Batoka Basalts of the 87 

Karoo Large Igneous Province that form the Mesozoic bedrock in this part of the Zambezi 88 

Valley (Jones et al., 2001). The sands have an aeolian origin, derived from Kalahari Basin 89 

sediments to the west-southwest and include a component of local weathered basalts from the 90 

Zambezi floodplain (Garzanti et al., 2022). The episodic extension of Kalahari sands into the 91 

Zambezi Valley during the Late Pleistocene is well documented and is indicative of greater 92 

aridity or increased wind speeds compared with the present (Thomas and Burrough, 2016; 93 
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Burrough et al., 2019). The sand deposits in the Mosi oa Tunya Park, however, are homogenous 94 

in terms of grain size, lacking the structure seen in local dune systems (Thomas and Burrough, 95 

2016). There are no identifiable palaeosols or other evidence of periodic deposition that can be 96 

traced across the exposure. Weathering and bioturbation appear to have created a massive 97 

undifferentiated sand deposit. 98 

Our study sites are located on the east side of the Upper Zambezi River, within the Mosi 99 

oa Tunya park (Fig. 1B and C), where the thick sand deposits were exposed in a scarp. The 100 

sediments are very homogeneous, massive, well-sorted medium to coarse sand. Samples were 101 

collected at two localities (NP and ZS) separated from each other by a distance of ~ 1 km (Fig. 102 

1C).  103 

Within this sand the archaeological record occurs as surface clusters exposed by erosion 104 

with minimal depth of deposit (5-7 cm), and as individual surface finds. The presence of 105 

refitting flakes in the clusters (to be reported separately) indicates some element of 106 

contemporaneity within these aggregates. A coarse but coherent archaeological sequence exists 107 

in the deposit with Early Stone Age artefacts in the lower part of the sands (NP18-03), the 108 

transition from the Early to Middle Stone Age (ZS17-07, ZS18-02, ZS18-03) and Later Stone 109 

Age near the top of the sands (NP18-08, NP18-09). The content of these sites will be reported 110 

separately. 111 

For all samples, two opaque plastic tubes were hammered into the sediment; one tube for 112 

OSL dating and the other for ESR dating purposes (cf. Fig. A1). The recovered tubes were 113 

sealed to ensure that they were light tight and stored in black plastic bags. NP18 samples (n = 114 

9) were taken along a gully cutting through the sand scarp. ZS18 samples (n = 3) were taken 115 

circa 1 km north of the NP site in exposures adjacent archaeological clusters. In 2017, the ZS17 116 

samples (n = 8) were collected from associated archaeological clusters and to sample the sand 117 

sequence in the central part of the sand scarp. The relative height/depth from sample to sample 118 

was measured using both a handheld GPS device and a Leica total station where available.  119 

 120 

2.2 Sample preparation  121 

The preparation of samples for ESR dating was conducted at the Leibniz Institute for 122 

Applied Geophysics (LIAG) in Hanover, under subdued red light. First, the samples were dry 123 

sieved with a target fraction of 150-200 microns diameter. Then 10 % HCl and 30 % H2O2 were 124 

applied to remove carbonates and organic matter, respectively. A heavy liquid, sodium 125 
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polytungstate, was used to separate the mixture of minerals. In order to separate the quartz rich 126 

fraction a density span between 2.62 g/cm3 and 2.70 g/cm3 was used. By treating the resulting 127 

samples with 40 % HF for an hour, the alpha effected outer rim of the quartz grains is removed. 128 

After etching, the samples were treated with 20 % HCl to remove precipitates before finally 129 

being rinsed. Part of the sample preparation of the ZS17 samples was carried out in the 130 

luminescence laboratory of Aberystwyth University. The chemical treatment included 10 % 131 

HCl for 2-3 weeks and 20 % H2O2 for 8-10 weeks. There the samples have been sieved with a 132 

target fraction of 125-150 microns and 150-180 microns. Later at LIAG, the density separation 133 

and HF etching was carried out in the same way as for the other samples. 134 

 135 

2.3 Dose rate measurements 136 

At the NP site in-situ measurements with a portable gamma spectrometer, consisting of 137 

an Ametek DigiDart with a 5 cm diameter NaI detector were carried out. Beside the in-situ 138 

measurements, additional samples were taken from the probing holes for laboratory gamma 139 

spectroscopy and alpha and beta counting. The latter two were done at Aberystwyth University. 140 

For further details on the alpha and beta counting and field gamma spectrometry see Chapot et 141 

al. (this issue). Laboratory gamma spectroscopy was carried out at the LIAG, Hannover, using 142 

an Ortetc N-type HPGe gamma spectrometer and 50 g or 700 g of material, depending on 143 

availability.  144 

The dose rate calculations have used the conversion factors from Liritzis et al. (2013), 145 

beta absorption factors from Guérin et al. (2012), etching factors for beta absorption from 146 

Brennan (2003), the absorbed dose fraction of Rb from Readhead (2002) and cosmic ray 147 

calculations from Prescott and Hutton (1994). We assumed that the valley was once filled with 148 

sediment, which is subsequently eroded and therefore we use half the current depth (± 50 % 149 

error) below palaeo surface values. Water content is assumed low (5 ± 2 %). To calculate the 150 

total gamma dose rate we used the mean of the field and HPGe gamma dose rates for the NP18 151 

samples, whereas for ZS samples only HPGe gamma data was taken. 152 

 153 

2.4 ESR measurements and X-ray irradiations 154 

All ESR measurements were performed on a Bruker Elexsys-II E500 X-band ESR 155 

spectrometer using a variable temperature control. By the evaporation of liquid nitrogen, the 156 

temperature inside the ER4119HS cavity was kept at 100 K. The sample size was 60 mg using 157 
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quartz glass tubes. Grain sizes were 150-200 microns for the NP18 and ZS18 samples whereas 158 

for ZS17 samples the fraction of 100-150 microns was used, due to availability. For comparison 159 

the OSL grain size used was 180-212 microns (Chapot et al., this issue). For the detection of 160 

the Al centre [AlO4]
0, the following measurement settings were used: 335 ± 15 mT scanned 161 

magnetic field, modulation amplitude 0.1 mT, modulation frequency 100 kHz, 40 ms 162 

conversion time and 122.9 s sweep time and 3 scans. For the Ti centre [TiO4/M
+]0 the settings 163 

used were 350 ± 5 mT scanned magnetic field, modulation amplification 0.5 mT, modulation 164 

frequency 100 kHz, 30 ms conversion time and 61.4 s sweep time and 5-8 scans of the spectra. 165 

The larger modulation amplitude had to be used for the Ti centre due to the weak signal 166 

intensity. The microwave power was always 10 mW. Due to the angular dependency of the 167 

ESR signal, a mean signal intensity was calculated by rotating the sample tube 3 times. 168 

The intensity of the Al centre was taken from the first (g = 2.0185) to the last peak (g = 169 

1.9928), as recommended by Toyoda et al. (2000). For the Ti centre, the intensity was taken 170 

from the peak at g3 = 1.913 to the baseline. This includes both Ti-Li and Ti-H centres as we 171 

measured the signal with 0.5 mT modulation amplitude and individual intensity measurements 172 

of both Ti centres was not possible. An example of the natural ESR composite spectrum of 173 

sample NP18-01 with the ESR intensities marked which were used can be found in Fig. 2. 174 

An in-house device, consisting of a heating component which allows temperatures 175 

between 100 °C and 600 °C for preheating and annealing, and a Varian VF-50J X-ray tube (50 176 

kV, 1 mA, 50 W) with a tungsten target, was used for all laboratory irradiations and thermal 177 

treatments (Oppermann and Tsukamoto, 2015). For this setting, the calibrated dose is 0.3 Gy/s 178 

(Tsukamoto et al., 2021).  179 

 180 

2.5 Performance tests  181 

Preheat plateau test 182 

Prior to all the equivalent dose measurements, a preheat plateau test (PPT) was carried 183 

out to ensure only thermally stable parts of the signal are used for the measurements. A heating 184 

step is used prior to natural signal measurements and after each artificial irradiation for both the 185 

single aliquot additive dose (SAAD) and single aliquot regenerative dose (SAR) protocols, we 186 

used in this study. The SAAD protocol was also used to run the PPT. We used sample SG18-187 

03, which is supposed to be young due to the very weak ESR Ti signal. Preheat temperatures 188 

were set to 160, 180, 200 and 220 °C and heating was for 4 minutes. In addition, an aliquot 189 
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without thermal treatment was used, referred to as "room temperature". In total three dose steps 190 

were added on top the natural signal, reaching from 100 Gy over 500 Gy to 1700 Gy to construct 191 

a dose response curve (DRC). 192 

Dose recovery test 193 

In luminescence dating, the dose recovery test is a standard quality test to ensure the 194 

accuracy of the SAR protocol (Murray and Wintle, 2003). Tsukamoto et al. (2017) adapted this 195 

test for ESR by running a single aliquot regenerative and added dose (SARA) protocol with 196 

three dose points. Because of the thermal treatments included in the SAR procedure, the 197 

sensitivity of the ESR centres per unit dose may be modified.  198 

In this study, we used a modified version of the test suggested by Tsukamoto et al. (2017), 199 

by using one dose point, as we already did in a previous study (Richter and Tsukamoto, 2022). 200 

The dose recovery test was performed on three aliquots of sample NP18-09. We added 1053 201 

Gy on top of the natural signal considering this to be the new “natural” signal. The 202 

measurements were performed using the SAR protocol and a dose response curve was built 203 

with dose steps of 500 Gy, 1198 Gy and 3198 Gy to estimate the De. The difference between 204 

the De values obtained from the natural and natural+1053Gy aliquots was then divided by the 205 

added dose (1053 Gy) to calculate the dose recovery ratio. 206 

Additionally, another approach was taken to check for sensitivity changes due to the 207 

annealing step in the SAR protocol. This procedure is based on Toyoda et al. (2009) and was 208 

later adapted by Fang and Grün (2020). A regenerative-additive plot for the sample NP18-09 209 

was constructed. Two sets of samples consisting of three aliquots each were used. The 210 

regenerative dose steps were 90, 700 and 2500 Gy whereas the additive dose steps were 100, 211 

300, 400, 900, 1200 and 2400 Gy. 212 

 213 

2.6 Equivalent dose measurements  214 

For a set of samples (NP18 and ZS18), we ran both single aliquot additive dose (SAAD) 215 

and SAR measurements to estimate the De. The main advantage of SAR over SAAD is that the 216 

De is interpolated and not extrapolated. Thus, a higher degree of certainty in the determination 217 

of the De is achieved, as it is not critically depending on the used fitting function (Tsukamoto 218 

et al., 2015). For both protocols, the De values were calculated by fitting the DRC with a single 219 

saturating exponential (SSE) function using Origin 2017 software without any data weighting. 220 
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We did not perform a bleaching test to estimate the unbleachable signal component of the 221 

Al centre, as we subtract the residual age derived from young samples obtained from the same 222 

sedimentary sequence (see section 2.7). Therefore, all apparent Al ages and De values given are 223 

including the unbleachable signal component. 224 

In case of the SAAD protocol we used a preheat step before the natural measurement and 225 

after each artificial irradiation step according to the PPT (200 °C, 4 minutes). For the first 226 

aliquot of samples NP18-01 to -05 we did 5 dose steps ranging from 100 to 5000 Gy, whereas 227 

for NP18-06 to -09 we used 4 dose steps from 100 to 3800 Gy. Each of the second and third 228 

aliquot were irradiated to 4 steps ranging from 300 to 5000 Gy. The same 4 dose steps were 229 

used for all aliquots of the ZS18 samples.  230 

We used the ESR SAR protocol after Tsukamoto et al. (2015). This includes a preheating 231 

step (200 °C, 4 minutes) before measuring the natural signal. Afterwards the natural signal is 232 

depleted by annealing (420 °C, 4 minutes) and the remaining residual signal, arising from 233 

peroxy radicals (overlapping the Al centre), is subtracted. Except for the ZS17 samples, when 234 

only one aliquot was used, we took three aliquots for each SAR measurement. For NP18, we 235 

used 3 dose steps, in various combinations reaching from 90-280 Gy for the first step to 2500-236 

2700 Gy for the last step. In case of ZS18, we did 3 dose steps (400, 1200 and 4000 Gy). The 237 

ZS17-01 and -03 sample were irradiated to 250, 1000 and 3000 Gy whereas for the other 238 

samples we used 150, 900 and 2900 Gy steps.  239 

 240 

2.7 Residual subtraction  241 

Chapot et al. (in this issue) provided the single grain OSL ages for 8 samples from NP 242 

and ZS sites. We used the uppermost samples from each of the locations where we have OSL 243 

ages to calculate the residual ESR age that would have been measured at the time of deposition. 244 

In this study, we calculated residual ages instead of residual doses, because different grain sizes 245 

were used for the OSL and ESR measurements. From the uppermost 5 samples, we subtracted 246 

the corresponding OSL age from the apparent ESR age to calculate a mean ESR residual age. 247 

As mentioned in 2.6, the umbleachable Al centre was not determined by a bleaching 248 

experiment, but the contribution of this signal component is removed by subtracting the residual 249 

Al age (Timar-Gabor et al., 2020; Richter and Tsukamoto, 2022). 250 

 251 

2.8 Grain size analysis  252 
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Grain size analysis was performed for samples NP18 and ZS18 at LIAG using a Beckman 253 

Coulter LS 13320 laser diffractometer. A quality test was carried out to determine the 254 

appropriate amount of material for the measurement. Subsequently, grain size measurements 255 

were carried out with a determined grain size interval of 0.4-2000 microns. Generally, the laser 256 

obscuration was in the range of 7–10%.  257 

 258 

3. Results  259 

3.1 Dose rate  260 

Both, the on-site and laboratory gamma measurements revealed very low doses ranging 261 

between 0.21 Gy/ka and 0.37 Gy/ka and 0.20 to 0.35 Gy/ka, respectively. No on-site gamma 262 

measurements are available for ZS samples. In addition, total dose rates were very low for all 263 

of the samples ranging from 0.47 to 0.90 Gy/ka. All parameters for the dose rate calculation 264 

can be found in Table 1. Dose rates are shown in Table 2.  265 

 266 

3.2 Performance of the protocols 267 

The Ti centre equivalent doses were ~40 Gy for all temperatures with an error of about 268 

the same size. As depicted in Fig. 3, the De values from the Al centre was also consistent at all 269 

temperature within uncertainty, but the value tends to slightly decrease towards higher preheat 270 

temperature and stabilise at 200 and 220 °C. The preheat temperature was set to 200 °C for all 271 

measurements. The dose recovery ratio of the Al signal slightly overestimates, reflected in the 272 

ratio of 1.24 ± 0.10 whereas the Ti signal shows a ratio close to unity, 0.94 ± 0.04.  273 

Fig. 4A shows the regenerative DRC for the Ti centre with the intensities of the additive 274 

dosed samples projected onto the DRC marked as dashed lines. Then the added dose values 275 

were plotted against the apparent dose values (plotted in Fig. 4B). The slope is 0.94 ± 0.01, 276 

which is in excellent agreement with the test result described above and from this it can be 277 

concluded that there is no significant sensitivity change by annealing for the Ti centre when 278 

using the SAR protocol.  279 

We tried the same approach for the Al centre but were unable to project more than 4 280 

SAAD intensities onto the regenerative DRC as these signal intensities are much smaller than 281 

the SAAD intensities. The slope when plotting apparent dose values against added dose values 282 

is >3. 283 
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 284 

3.3 Equivalent dose  285 

The SAAD measurements revealed the De for the Al centre (including the unbleachable 286 

signal component) to be in the range from 453 to 1707 Gy for the NP18 site, whereas the De for 287 

the Ti centre ranges from 204 to 1183 Gy. In the case of the three ZS18 samples, the SAAD De 288 

values for the Al centre (including the unbleachable signal component) are in the range of 1898 289 

to 2190 Gy and for the Ti centre from 654 to 817 Gy. In detail, the De values calculated from 290 

the SAAD protocol can be found in supplementary Table A1.  291 

For the NP18 samples, the SAR De values are in the range of 390 to 2084 Gy in the case 292 

of the Al centre (including the unbleachable signal component) and from 127 to 670 Gy for the 293 

Ti centre. The ZS17 and ZS18 samples’ Al centre De range from 379 to 952 Gy (including the 294 

unbleachable signal component). The corresponding Ti centre values go from 172 to 700 Gy. 295 

An overview of the De values calculated from the SAR protocol can be found in Table 3.  296 

The SAAD De are usually much larger than the SAR De we calculated: For the NP18 297 

samples 11 to 60 % except for the lowermost sample (NP18-01), where SAAD De appears to 298 

be 18 % smaller. In addition, the Ti centre De generated by the SAAD protocol are 44 to 96 % 299 

larger compared to SAR. In case of the ZS18 samples, the SAAD Al De are at least doubled and 300 

go up to 154 %., whereas the Ti De exceeds by 11 to 20 %.  301 

 302 

3.4 Residual age subtraction 303 

All ESR ages are significantly older than the OSL ages for the same set of samples. The 304 

ESR Al and Ti signals were not completely bleached before burial, and the mean ESR residual 305 

age calculated using the SAR protocol is 695 ± 23 ka for the Al centre (including the 306 

unbleachable signal component) and 209 ± 13 ka for the Ti centre. As can be seen in Fig. 5 for 307 

the samples of the NP site, we plotted the OSL ages, apparent and subtracted ESR ages against 308 

the depth below palaeo-surface. Below sample NP18-05 the OSL signal saturates. We used the 309 

mean ESR residual age and subtracted it from all apparent ESR ages for the samples NP18-05 310 

to NP18-01. NP 18-05 was used to test whether this subtraction method is robust; the OSL age 311 

of this sample (121 ± 5 ka) and the residual subtracted Ti age (134 ± 29 ka) agreed within 1- 312 

error, confirming the validity of the residual subtraction. The residual subtracted Al age of this 313 

sample is also consistent with the OSL age, 170 ± 70 ka, although the uncertainty is larger. The 314 

residual subtracted ESR Ti ages of the underlying samples increase to 355 ± 58 ka, 590 ± 86 315 
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and 788 ± 89 ka before an age inversion occurs to 534 ± 73 ka for the bottom sample. For the 316 

Al centre, the residual subtracted age keeps increasing with depth, but all ages tended to 317 

overestimate the Ti centre.  318 

We did the same approach for the ZS site where Chapot et al. (this issue) reported three 319 

OSL ages. From this, we calculated a mean ESR residual age of 742 ± 118 ka for the Al centre 320 

and 268 ± 39 ka for the Ti centre using the 3 uppermost samples. Again, the sample which 321 

yielded the oldest OSL age (161 ± 44 ka; ZS17-06) was used to test the validity of the residual 322 

subtraction method. The residual subtracted Ti and Al ages are 237 ± 52 ka and 396 ± 142 ka, 323 

respectively, which are consistent with the OSL age within 2 sigma uncertainty. Although the 324 

sampling sites are distributed over a wider area, the age trend roughly follows the estimated 325 

depth (see Fig. 6). 326 

The ages calculated using the SAAD protocol are higher and show larger standard errors 327 

than the SAR ages. Nevertheless, the OSL ages and residual subtracted ESR ages calculated 328 

using the SAAD protocol for NP site are consistent within 1- uncertainty for the Ti centre and 329 

2- uncertainty for the Al centre. The mean SAAD ESR residual ages are 898 ± 97 ka and 409 330 

± 31 ka for the Al centre and Ti centre, respectively. The SAAD ESR results are plotted in Fig. 331 

7.  332 

A comparison of the subtracted SAAD and SAR Al and Ti ages, and OSL ages plotted 333 

against the depth below the palaeo surface for the NP18 site (Fig. A1) show good agreement 334 

for sample NP18-05 between the OSL age and all but the subtracted Al age determined by the 335 

SAAD protocol. For the samples below, the ages from the different signals and protocols used 336 

follow a similar trend and agree within 1- uncertainty before disagreeing below NP18-02. 337 

The residual subtracted ESR Ti ages obtained from the SAR protocol and OSL ages in a 338 

combination with the profile photos of the NP18 samples can be found in the supplementary 339 

(Fig. A2) as well as of the ZS18 samples in Fig. A3. The results using the SAAD protocol are 340 

listed in supplementary Table A1. A comparison of the subtracted SAAD and SAR Al and Ti 341 

ages, and OSL ages plotted against the depth below the paleo surface for NP18 site can be found 342 

in Fig. A3.  343 

 344 

3.5 Grain size measurements  345 
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The measurements revealed a bimodal grain size distribution for all the investigated 346 

samples. In case of the nine NP18 samples, there is a first peak at ~150 microns and a second 347 

peak at ~520 microns with a slight tendency to coarsen towards the top of the sand scarp. The 348 

three samples of ZS18 have a peak at 150 microns and in the range of 470 to 520 microns, 349 

whereas the lowermost sample ZS18-03 shows a slightly larger fine peak and a weaker and 350 

finer coarse peak. The grain size distributions are plotted in Fig. 8. 351 

 352 

4. Discussion and Conclusion 353 

The grain size measurements revealed a bimodal pattern for all of the analysed samples. 354 

Moreover, there is a slight tendency in coarsening towards the top of the gully deposits. This is 355 

probably due to input from proximal and distal sediment sources. The overall similarity of the 356 

grain size distribution for the samples from the same site indicates that the sedimentary 357 

processes were similar through time, and justify the use of the youngest samples for the residual 358 

subtraction. 359 

The dose recovery ratio of 0.94 ± 0.04 obtained using the Ti centre suggests that the SAR 360 

protocol is working, and this is also confirmed by the sensitivity test using the additive-361 

regenerative plot (Figure 4B). For the Al signal, the dose recovery ratio is ~20% above unity 362 

(DR ratio of 1.24 ± 0.10 for NP site), which causes overestimated Al ages. The good recovery 363 

behaviour of the Ti centre agrees with previous studies (Tsukamoto et al., 2017, Richter and 364 

Tsukamoto, 2022). This indicates the robustness of the ESR SAR protocol applied to the Ti 365 

centre. 366 

 From the comparison of OSL and ESR ages for the uppermost part of the sand scarp, 367 

we found that the ESR signals had a large residual before burial. This follows the study from 368 

Richter and Tsukamoto (2022) who also found significant differences in OSL and ESR ages for 369 

the same set of fluvial sediment samples. Therefore, if a representative modern analogue sample 370 

is available, residual subtraction is highly recommended. 371 

Due to the interpolation used to obtain the De, the SAR protocol is preferable to the 372 

additive method. Moreover, the dose recovery ratios show that the SAR protocol works 373 

satisfyingly for the Ti centre and the standard errors of the ages are lower.  374 

We used a combined approach of quartz OSL and ESR dating to construct a chronology 375 

of the sand scarp. These residual ages were subtracted from the apparent ages for the lower part 376 

of the section, which led to a smooth transition from OSL ages to ESR ages over the course of 377 
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the sequence for the NP site, spanning from 788 ± 89 ka to 13.2 ± 0.7 ka using both ESR (Ti 378 

centre) and OSL. The validity of the residual subtraction method was confirmed by the 379 

consistent OSL and ESR ages after subtraction for both NP and ZS sites. The combination of 380 

OSL and ESR methods is a powerful tool to date Pleistocene sediments. 381 

Within the NP18 sequence, we were able to locate the end of the Early Stone Age (NP18-382 

03) 590 ± 86 ka which gives a maximum age for the beginning of the transition to the Middle 383 

Stone Age in this part of south-central Africa (Barham et al., 2015).  384 
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Table 1: Parameters for dose rate calculation and HPGe gamma spec results. Water content is 5 ± 2 %. The depth is below palaeo surface with a 50 

% error assumed. 

Sample ID Altitude Depth Uranium  Thorium  Potassium  

 (m) (m) (ppm) (ppm) (%) 

NP18-09 977 1 ± 0.5 0.81 ± 0.06 2.87 ± 0.18 0.05 ± 0.01 

NP18-08 977 1 ± 0.5 0.69 ± 0.03 2.73 ± 0.15 0.03 ± 0.01 

NP18-07 975 2.4 ± 1.2 0.81 ± 0.04 3.15 ± 0.17 0.04 ± 0.01 

NP18-06 971 3.5 ± 1.8 0.87 ± 0.05 3.33 ± 0.18 0.04 ± 0.01 

NP18-05 966 5.4 ± 2.7 0.87 ± 0.04 3.45 ± 0.18 0.04 ± 0.01 

NP18-04 963 6 ± 3 0.84 ± 0.05 3.32 ± 0.19 0.04 ± 0.01 

NP18-03 960 7.2 ± 3.6 0.88 ± 0.05 3.59 ± 0.19 0.05 ± 0.01 

NP18-02 957 8.5 ± 4.3 0.87 ± 0.05 3.50 ± 0.21 0.05 ± 0.01 

NP18-01 946 16.5 ± 8.3 0.73 ± 0.06 3.44 ± 0.21 0.50 ± 0.04 

ZS17-04 977 3.5 ± 2 0.75 ± 0.02 3.45 ± 0.04 0.05 ± 0.01 

ZS17-05 976 4.5 ± 2.5 0.75 ± 0.02 3.21 ± 0.04 0.04 ± 0.01 

ZS17-06 974 6 ± 2.5 0.79 ± 0.02 3.32 ± 0.04 0.04 ± 0.01 

ZS17-07 973 7.5 ± 3 0.79 ± 0.02 3.58 ± 0.03 0.04 ± 0.01 

ZS18-01 964 7.5 ± 3.8 0.81 ± 0.04 3.47 ± 0.18 0.04 ± 0.01 

ZS17-09 971 9 ± 3 0.76 ± 0.02 3.93 ± 0.04 0.02 ± 0.01 

ZS17-08 971 9.5 ± 3 0.64 ± 0.02 3.19 ± 0.03 0.04 ± 0.01 

ZS18-02 960 9.5 ± 4.8 0.81 ± 0.04 3.45 ± 0.18 0.06 ± 0.01 

ZS18-03 960 9.5 ± 4.8 0.75 ± 0.04 3.29 ± 0.17 0.06 ± 0.01 

ZS17-01 960 11.5 ± 3.5 0.85 ± 0.02 4.06 ± 0.04 0.07 ± 0.01 

ZS17-03 956 11.5 ± 3.5 0.72 ± 0.02 3.61 ± 0.04 0.07 ± 0.01 
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Table 2: Composition of the total dose rate. The mean gamma dose rate is composed of the field and laboratory dose. 

Sample ID Cosmic dose rate Beta dose rate 
Field gamma dose 

rate 
Lab gamma 

dose rate 
Mean gamma 

dose rate 
Total dose rate 

 (Gy/ka) (Gy/ka) (Gy/ka) (Gy/ka) (Gy/ka) (Gy/ka) 

NP18-09 0.20 ± 0.03 0.19 ± 0.01 0.21 ± 0.01 0.23 ± 0.01 0.22 ± 0.02 0.61 ± 0.04 

NP18-08 0.20 ± 0.03 0.16 ± 0.01 0.21 ± 0.01 0.20 ± 0.01 0.21 ± 0.02 0.56 ± 0.03 

NP18-07 0.16 ± 0.03 0.19 ± 0.01 0.24 ± 0.01 0.24 ± 0.01 0.24 ± 0.02 0.59 ± 0.04 

NP18-06 0.14 ± 0.04 0.20 ± 0.01 0.24 ± 0.01 0.25 ± 0.01 0.25 ± 0.02 0.58 ± 0.04 

NP18-05 0.11 ± 0.04 0.20 ± 0.01 0.26 ± 0.01 0.26 ± 0.01 0.26 ± 0.02 0.57 ± 0.04 

NP18-04 0.10 ± 0.04 0.19 ± 0.01 0.27 ± 0.01 0.25 ± 0.01 0.26 ± 0.02 0.56 ± 0.05 

NP18-03 0.09 ± 0.04 0.21 ± 0.01 0.27 ± 0.01 0.27 ± 0.02 0.27 ± 0.02 0.57 ± 0.05 

NP18-02 0.08 ± 0.04 0.21 ± 0.01 0.28 ± 0.01 0.26 ± 0.02 0.27 ± 0.02 0.56 ± 0.05 

NP18-01 0.04 ± 0.03 0.50 ± 0.03 0.37 ± 0.03 0.35 ± 0.02 0.36 ± 0.03 0.90 ± 0.05 

ZS17-04 0.14 ± 0.04 0.20 ± 0.01 n.a. 0.25 ± 0.01 n.a. 0.59 ± 0.04 

ZS17-05 0.13 ± 0.04 0.18 ± 0.01 n.a. 0.23 ± 0.01 n.a. 0.55 ± 0.04 

ZS17-06 0.11 ± 0.03 0.19 ± 0.01 n.a. 0.24 ± 0.01 n.a. 0.54 ± 0.04 

ZS17-07 0.09 ± 0.03 0.20 ± 0.01 n.a. 0.26 ± 0.01 n.a. 0.54 ± 0.04 

ZS18-01 0.09 ± 0.04 0.19 ± 0.01 n.a. 0.25 ± 0.01 n.a. 0.53 ± 0.04 

ZS17-09 0.08 ± 0.03 0.19 ± 0.01 n.a. 0.26 ± 0.01 n.a. 0.53 ± 0.03 

ZS17-08 0.07 ± 0.02 0.17 ± 0.01 n.a. 0.22 ± 0.01 n.a. 0.47 ± 0.03 

ZS18-02 0.07 ± 0.04 0.21 ± 0.01 n.a. 0.26 ± 0.01 n.a. 0.54 ± 0.04 

ZS18-03 0.07 ± 0.04 0.20 ± 0.01 n.a. 0.24 ± 0.01 n.a. 0.51 ± 0.04 

ZS17-01 0.06 ± 0.02 0.23 ± 0.01 n.a. 0.29 ± 0.01 n.a. 0.59 ± 0.03 

ZS17-03 0.06 ± 0.02 0.21 ± 0.01 n.a. 0.26 ± 0.01 n.a. 0.53 ± 0.03 
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Table 3: Equivalent doses derived from the SAR protocol, apparent and residual subtracted ages. The mean ESR residual ages are 695± 23 ka and 

209 ± 13 ka for the Al centre and Ti centre, respectively for NP site, and 742 ± 118 ka and 268 ± 39 ka for ZS site. 

 

Sample ID ESR De (SAR) Apparent ESR age Qz OSL ages ESR Residual age  Residual subtracted ESR age  

 Al centre Ti centre Al centre Ti centre  Al centre Ti centre Al centre Ti centre 
 

(Gy) (Gy) (ka) (ka) (ka) (ka) (ka) (ka) (ka) 

NP18-09 425 ± 17 145 ± 1 701 ± 47 240 ± 13 13.2 ± 0.7 688 ± 47 227 ± 13 n.a. n.a. 

NP18-08 425 ± 19 142 ± 5 756 ± 52 252 ± 17 14.1 ± 0.7 742 ± 52 238 ± 17 n.a. n.a. 

NP18-07 390 ± 9 127 ± 3 661 ± 42 215 ± 14 40.9 ± 1.9 620 ± 42 175 ± 14 n.a. n.a. 

NP18-06 435 ± 35 144 ± 9 744 ± 78 246 ± 23 63.7 ± 3.5 681 ± 78 183 ± 23 n.a. n.a. 

NP18-05 495 ± 11 196 ± 4 865 ± 66 343 ± 26 120.7 ± 4.9 745 ± 67 222 ± 27 170 ± 70 134 ± 29 

NP18-04 683 ± 21 314 ± 20 1227 ± 103 564 ± 57 n.a. n.a. n.a. 532 ± 106 355 ± 58 

NP18-03 778 ± 21 455 ± 34 1365 ± 110 798 ± 85 n.a. n.a. n.a. 670 ± 112 590 ± 86 

NP18-02 886 ± 81 557 ± 24 1586 ± 190 997 ± 88 n.a. n.a. n.a. 890 ± 192 788 ± 89 

NP18-01 2084 ± 523 670 ± 54 2310 ± 594 742 ± 72 n.a. n.a. n.a. 1615 ± 594 534 ± 73 

ZS17-04 416 ± 7 175 ± 2 708 ± 53 298 ± 22 60 ± 2.9 648 ± 53 238 ± 22 n.a. n.a. 

ZS17-05 379 ± 5 172 ± 15 694 ± 58 316 ± 37 93.5 ± 4.2 601 ± 58 222 ± 37 n.a. n.a. 

ZS17-06 616 ± 5 274 ± 5 1138 ± 78 506 ± 35 160.5 ± 43.5 977 ± 89 345 ± 56 396 ± 142 237 ± 52 

ZS17-07 772 ± 10 451 ± 10 1424 ± 95 831 ± 57 n.a. n.a. n.a. 682 ± 152 563 ±69 

ZS18-01 862 ± 27 550 ± 22 1612 ± 135 1029 ± 90 n.a. n.a. n.a. 870 ± 179 761 ± 98 

ZS17-09 680 ± 18 394 ± 6 1292 ± 82 747 ± 45 n.a. n.a. n.a. 550 ± 144 479 ± 59 

ZS17-08 907 ± 27 583 ± 15 1947 ± 130 1251 ± 82 n.a. n.a. n.a. 1205 ± 176 982 ±90 

ZS18-02 952 ± 30 680 ± 21 1778 ± 145 1269 ± 103 n.a. n.a. n.a. 1036 ± 187 1001 ± 110 

ZS18-03 942 ± 5 700 ± 19 1842 ± 145 1368 ± 113 n.a. n.a. n.a. 1100 ± 187 1100 ± 120 

ZS17-01 776 ± 60 649 ± 18 1324 ± 120 1108 ± 61 n.a. n.a. n.a. 582 ± 169 840 ± 72 

ZS17-03 733 ± 6 528 ± 3 1391 ± 71 1001 ± 51 n.a. n.a. n.a. 649 ± 138 733 ± 64 
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Fig. 1: A) Satellite image of the southern part of the African continent with the location of 

Victoria Falls marked. B) Satellite image of the Victoria Falls with the sampling locations 

marked: In the north, the white oval marks the sampling locations located in the Mosi oa Tunya 

National Park, close to the airport premises. Songwe sampling location is marked in the south. 

C) Close-up satellite image of the National park with the sampling locations roughly marked. 

All images from google earth. 
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Fig. 2: Natural ESR spectrum of sample NP18-01. The Al and Ti signal intensities used in this 

study are indicated in red colour. Please note that this is not a continuous spectrum, as indicated 

by the dashed line. The Al and the Ti centre were recorded with different measurement 

parameters: notably left from the dashed lines with 0.1 mT modulation amplification and 0.5 

mT on the right side, respectively. Detailed information is given in the text.  
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Fig. 3: Preheat plateau test of sample SG18-03.  
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Fig. 4: A) Regenerative dose response curve of the Ti centre fitted by SSE function. Dashed 

lines mark the additive intensities and doses, respectively. B) The regenerative-additive plot for 

the Ti centre. 
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Fig. 5: The OSL ages, apparent SAR ESR Al and Ti ages, and the subtracted ESR Al and Ti 

ages for NP18 samples plotted against the depth below palaeo surface. 
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Fig. 6: The OSL ages, apparent SAR ESR Al and Ti ages, and the subtracted ESR Al and Ti 

ages for ZS17/18 samples plotted against the depth below palaeo surface. 
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Fig. 7: The OSL ages, apparent SAAD ESR Al and Ti ages, and the subtracted ESR Al and Ti 

ages for NP18 samples plotted against the depth below palaeo surface. 
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Fig. 8: Grain size distribution plots for A) NP18 and B) ZS18 samples showing a bimodal 

distribution.  
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