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ABSTRACT

Lovedale is the only open-air Middle Stone Age site in the Free State dated to early Marine Isotope
Stage 4. Framing the chronology of such context, especially by taking into account diagenetic
processes that may affect age results, is thus fundamental to understand modern human dynamics in
the interior of South Africa. In a recent study, we investigated the effect of diagenesis on teeth samples
collected for combined electron spin resonance and uranium-series dating at the site. By combining
different characterisation methods, it was shown that the uranium (U) content of enamel varied in the
specimens, and that it was positively correlated with the degree of crystallinity of carbonate
hydroxyapatite, whereby larger amounts of U are associated with highly crystalline enamel. The large
variability in U content was in contrast with the fact that teeth were found in the same depositional
context. High levels of U in some of the samples limit the accuracy of age determinations, since
several uncertainties remain regarding U uptake and leaching, which both affect dose rate modelling.
In such complex cases, calculating minimum ages is the most cautious option. New samples were

collected at the site during the excavation campaign in 2021. Enamel was analysed using Fourier



transform infrared spectroscopy and scanning electron microscopy coupled with cathodoluminescence
in order to determine its degree of atomic order and the presence of foreign ions (especially U), and
the correlation between the two. We discuss here the contribution of U-uptake modelling on the age
calculation, and present new ESR ages calculated assuming an early uptake of U, ranging from 84 £ 9
ka to 56 £ 5 ka. Together with previous ages obtained on the gravel layer, a weighted mean age of 64

ka can be used as a minimum age estimate for the base of the sequence.
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INTRODUCTION

Alluvial terraces in the Free State river catchments have produced several archaeological and
palaeontological sites dated to the Pleistocene, which are often visible in section within natural
erosional ravines, locally called ‘dongas’ (Berger & Brink 1996; Brink et al. 1999; Brink & Rossouw
2000; Churchill et al. 2000; Brink 2004; Rossouw 2006; De Ruiter ef al. 2011; Brink et al. 2012;
Brink et al. 2016; Wroth et al. 2022; Bousman et al. 2023). In a region where organic remains suitable
for radiocarbon dating are rarely preserved in sediments, dongas offer an exceptional opportunity to
date archaeological and palacontological occurrences in situ using trapped-charge dating methods,
such as optically stimulated luminescence (OSL) of quartz and electron spin resonance (ESR) of tooth

enamel (Lyons et al. 2014; Brink et al. 2016).

ESR dating, generally combined with U-series (ESR/U-series), is the only method available to
date Pleistocene fossil teeth for periods beyond the range of radiocarbon, or in the absence of collagen.
ESR is based on the capacity of the carbonate hydroxyapatite (HAP) of the enamel to record a dose of
ionising rays, coming from the cosmic rays and the radioactive decay of natural isotopes, mainly
uranium (U), thorium (Th) and potassium (K), present in the environment of the sample (sedimentary
matrix, adjacent dental tissues) and the enamel itself. Due to the energy released, electrons are
‘trapped’ in defects of the crystal lattice. This process is a function of the irradiation dose received by
the enamel during burial, allowing to use of this phenomenon for dating. Indeed, the dose absorbed in
the HAP crystal can be quantified using ESR spectrometry (the equivalent dose, D.), and the annual
dose emitted in the environment and in the dental tissues (the dose rate, D,) can be measured using
different techniques (e.g. gamma spectrometry, mass spectrometry), with the ratio De/D, providing the
age. However, one of the main assumptions is that the D, has been constant over time, and it is based
on measurements that are conducted today. It is known that the kinetics of U-uptake in bones and
teeth, which is soluble in water, can be complex and difficult to reconstruct. This is particularly true in
the adjacent tissues of dentine and cement, which are more porous and whose composition is similar to
bone mineral (c. 70% mineralised phase). Enamel, which exhibits a larger proportion of mineralised
tissue, with c. 96% of HAP, is thus preferred for ESR dating. For samples where low levels of U are
detected in the dental tissues (typically < 1 ppm in dentine and cement, and less than 100 ppb in the
enamel), the corresponding dose rate may be negligible (see examples in Richard ef al. 2019). For
those with high levels of U, which can reach several hundred ppm, the model used to reconstruct the
dose rate is the main variable for the age calculation. Several models based on the measured U content
have been developed in the past. The simplest one considers that U was incorporated soon after burial,
corresponding to an early uptake (EU); the linear uptake (LU) describes an equal increment of U per
unit of time, and the recent uptake (RU) is based on a late U uptake. If a tooth has negligible U content
in all dental tissues, the three models give the same age, considering the error range. Griin ef al. (1988)

proposed a model that allows taking into account not only the U content, but also the isotopic ratios



commonly used for U-series dating (***U/?**U and #°Th/***U). It is based on the calculation of the
uptake parameter (the p-value), which is specific to each dental tissue, and can range from -1 (EU) to
positive values (RU). This model is however limited to samples that did not suffer U loss (leaching)
after burial, which is detected when at least one of the dental tissues has an apparent U-series age

greater than the EU-ESR age of the tooth.

The U content in the dental tissues depends on different factors, such as the sedimentary and
chemical environment of the sample, and its age. Lower levels are expected in the enamel (< 1 ppm),
while dentine and cement are more porous and thus contain more U. Furthermore, it also seems
reasonable to assume that samples which belong to the same depositional context (same layer and
square metre) have similar U content. However, in the case of the Middle Stone Age (MSA) site of
Lovedale in the Free State (Fig. 1), previously dated samples had variable U content in the enamel,
ranging from 1.7 to 29.6 ppm (Richard ez al. 2022). Fourier transform infrared spectroscopy (FTIR)
showed that the enamel samples that are richer in U are also the more diagenetically altered.
Considering that enamel becomes more crystalline upon diagenesis in sediments (Weiner & Bar-Yosef
1990), whereby dissolution and reprecipitation processes produce larger and more ordered crystals at
the atomic level, FTIR demonstrated that highly crystalline samples are primary candidates for U
leaching. The five antelope teeth dated previously were collected from a gravel layer at the base of the
stratigraphic sequence (Fig. 1), within the same square metre and at a similar elevation, raising
questions about differential diagenesis at the micro-scale, which should be considered before
processing samples for ESR/U-series dating. Despite such diversity in U content, the ages calculated
assuming an early uptake of U all fall within the same range, from 63 + 8 ka to 68 & 15 ka, giving a
weighted mean age of 64 + 3 ka for the gravel layer (Richard et al. 2022). These ages were interpreted

as minimum estimates, which are in agreement with OSL dates (Wroth et al. 2022).

In this article we present new ESR/U-series dates obtained from four teeth collected at
Lovedale in 2021, in the same depositional context of the gravel layer. FTIR and SEM-CL analyses
were performed in order to investigate the crystallinity and composition of the samples, and to provide

new insights into diagenetic processes that may affect the age calculation.
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FIG. 1. Lovedale: location a) general view looking northwest; b) view of the west section of the gravel
layer and location of the gamma spectrometry measurements, c), and stratigraphic column with an

example of one of the dated teeth (LOV 2072); d) SU: sedimentary unit.

MATERIALS AND METHODS
SITE

Lovedale is located in a small donga on the left bank of the Modder River (28°54°2.35”S,
25°41°7.69”E, 1220 masl). The site features seven sedimentary units (SU), six of which occur in a
single profile (numbered 1 to 6, from the base to the top), and an additional lens of gravel that was
identified a few metres to the north of the main excavation area (Fig. 1). Geoarchaeological analyses
have shown that sediments accumulated as a result of different flow regimes of the Modder, first as
point bar deposits (gravel layer), and then as overbank sediments deposited by low-energy water. At
different points in the sequence, land surface exposure favoured soil forming processes, as well as

human occupation. The site has produced an MSA occupation dated to ~77-56 ka (top of SU4 and



SUS), characterised by a pre-Howiesons Poort lithic industry on hornfels featuring many unifacial
points that exhibit trimming of the base on both the dorsal and ventral sides, presumably for hafting.
The large number of points in the lithic assemblage and the location next to a source of water clearly
indicate that the site was related to hunting activities. The occurrence of ungulate fossils in the gravel
layer, including the water-dependent species Kobus leche (lechwe), indicates that the site was part of
the network of Florisian wetlands that punctuated the central interior of South Africa at different stages
during the Pleistocene, which had the potential to sustain large animal populations and human groups
(Brink 2016). The points from Lovedale, technologically reminiscent of the coeval Still Bay
technocomplex found along the coast of South Africa, raise the issue of the relations between interior
plateau and seaboard at the end of Marine Isotope Stage (MIS) 5 and during early MIS 4. At Lovedale,
sediments from this period have yielded a large proportion of grass short cell phytoliths of the
Chloridoideae subfamily, which reflect a locally dry climate, and thus reinforce the view that the river

was a focal resource for human subsistence (Wroth et al. 2022).

The teeth dated by Richard et al. (2022) using ESR/U-series were collected in 2019 from the
gravel layer at the base of the stratigraphic sequence. The excavation unit was expanded in 2021 and
four additional teeth of an indeterminate small-sized ungulate, possibly Antidorcas bondi (Bond’s
springbok) as in the case of the 2019 samples, were recovered from the same square metre and

elevation and selected for dating (Fig. 1).
FTIR

Teeth were analysed with FTIR at the CENIEH, Burgos (Spain), to determine their degree of
atomic order based on the grinding curve method, whereby the full width at half maximum (FWHM)
of the v3 band of phosphate is plotted against the infrared splitting factor (IRSF) (Fig. 2). The latter is
obtained by dividing the sum of the intensity of the 604 and ~565 ¢cm™ bands of phosphate by the
intensity of the valley between them, and provides an indicator of crystallinity (Termine & Posner
1966; Weiner & Bar-Yosef 1990; Asscher, Regev ef al. 2011; Asscher, Weiner ef al. 2011). Plotting the
IRSF with the FWHM allows control over particle size, and thus to separate the opposite effects of
atomic order and particle size on the shape of infrared bands. Samples of enamel were powdered in an
agate mortar and pestle and about 5 mg of each were mixed with 40 mg of KBr and pressed into 7-mm
pellets using a hand press. Infrared spectra were collected in transmission mode after 32 scans within
the 4000400 cm! spectral range using a Thermo Scientific Nicolet iS5. Spectra were analysed using
OMNIC 9.13 and Macros Basic 10 and compared to a modern Antidorcas marsupialis (springbok)
reference (Richard et al. 2022). After analysis, the pellet was reground with greater vigour to reduce
particle size, however, taking care to discard half of the pellet prior to grinding to avoid overloading of

the spectrum caused by increased surface absorption. The discarded half was replaced by KBr and



pressed into a new pellet. This operation was repeated once more, so that we had three measurements

for each sample.
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FIG. 2. Representative FTIR spectrum of enamel carbonate hydroxyapatite. From Richard et al.
(2022).

SEM-CL

The cathodoluminescence (CL) of four samples (LOV2072, LOV1963, LOV1986, and
LOV1998) was measured and analysed at the Department of Chemical Research Support, Weizmann
Institute of Science, Rehovot (Israel). The emitted light lies mostly in the visible spectrum, but also in
the near-infrared and ultraviolet range, excited by high-energy electrons from an electron beam in
scanning electron microscopy (SEM). The SEM-CL measurements were performed with a Gatan
MonoCLA4 Elite system installed on a Zeiss GeminiSEM 500 high-resolution SEM. The luminescence
was excited using an electron beam accelerated to 15 kV (with a 60 pm aperture). The collected light
was directed to a monochromator with a spectral range of 200—1100 nm. The data were collected in
Spectrum Imaging (SI) mode, where simultaneous SEM image and spectra were collected for a defined
region of interest (ROI), allowing to correlate both the spectral information and electrons image. The
SEM images were collected using the SE2 detector, and CL was acquired with the 150 lines/mm grating
centred on 550 nm and 1 mm entrance slit. The spectrum images were acquired with a variable number
of pixels (500—600 pixels) and with a pixel size in the range 2.4-7.7 um. The exposure time was set to

2 s per pixel.
ESR AND U-SERIES DATING

ESR analyses were conducted at the CENIEH (Burgos, Spain). The teeth samples were
composed of enamel and dentine, which were separated mechanically and cleaned using a dentist drill.

The contribution of alpha rays (~20 um) was removed from each side of the enamel (in contact with the



dentine and the sediment) and the enamel was ground and sieved to <200 um. The enamel powder (~50
mg) was divided into 11 aliquots (five for LOV1963 for which only ~30 mg of enamel was available)
and irradiated at 40, 64, 100, 160, 250, 400, 640, 1000, 1600, and 2500 Gy (40, 100, 250, and 640 Gy
for LOV1963), based on previous analyses (Richard ef al. 2022). One aliquot was kept intact to measure
the natural ESR signal. The ESR measurements were performed on a X-band spectrometer (Bruker
EMXmicro-6/1) with the following parameters: 10—100 scans, 1 mW microwave power, 1024 points
resolution, 10 mT sweep width, 100 kHz modulation frequency, 0.1 mT modulation amplitude, 20.48
ms conversion time and 5.12 ms time constant. The measurements were repeated three to five times,
and the equivalent dose was calculated using the ESR intensity measured from the T1-B2 signal.
Baseline correction (using a cubic function) and background subtraction (based on the peak heights
measured over an average of 2 mT selected at the beginning and at the end of each spectrum) was applied
(Fig. 3). The mean value of the ESR intensity calculated from the different series of measurements and
associated standard deviations was plotted as a function of the irradiation dose using Origin Pro 8 (Origin
Lab Corporation, Northampton, USA). Since the D, values are inferior to 1000 Gy, the dose response
curves were obtained by extrapolation using a single saturation exponential (SSE) function (Duval &

Griin 2016) and weighted by the inverse of the squared ESR intensity (1/1%).

U-series analyses were conducted at the LSCE (Gif-sur-Yvette, France). The dental tissues were
dissolved in HNOs 7M and spiked with a ?**Th-***U->*¢U solution calibrated against a Harwell Uraninite
solution (HU-1), assumed to be at secular equilibrium. The chemical procedure for separation and
purification U and Th isotopes is described in Richard et al. (2015). Measurements were conducted
using a multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS) (Thermo
Scientific™ Neptune Plus) fitted with a jet pump interface and a desolvating introduction system (aridus
IT) according to Pons-Branchu et al. (2014). U and Th fractions were combined for measurements: 233U,
235U, 22U, 22°Th and 2**Th were measured on Faraday cups, 2**U and »*°Th on the ion counter (see details

in Pons-Branchu et al. 2020).

The environmental dose rate includes the contribution of both beta and gamma dose from the
sediment, and the cosmic rays. Each tooth was collected with embedding sediment. The sediment was
used to measure U, Th, and K content with mass spectrometry, and derive the beta dose rate, after drying
in an oven for one week at 40°C. The gamma dose rate was measured in sifu using a portable gamma-
ray multichannel analyser connected to a Nal (TI) probe Inspector 1000 (Canberra) in the standing
section, as close as possible to the initial location of each tooth. The data were treated following the
threshold technique (Mercier & Falgueres 2007). A water content of 15 + 5% for the sediment was
assumed based on previous OSL and ESR studies conducted at the site (Richard et al. 2022; Wroth et
al. 2022). The cosmic dose rate was calculated from the equations of Prescott and Hutton (1988),

considering a sediment cover of 4.6 £ 1 m (115 £ 13 uGy-a™).



Ages (1o) were calculated using the DATA programme (Griin 2009), taking into account an
alpha efficiency of 0.13 = 0.02 (Griin & Katzenberger-Apel 1994), Monte Carlo beta attenuation factors
from Brennan ef al. (1997), and a water content (weight %) of 0% for the enamel and of 7 + 5% for the
dentine. Equilibrium in the U-series decay chain was assumed in both sediment and dental tissues for

the dose rate calculation.
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FIG. 3. ESR spectrum of the natural aliquot of LOV2072 (100 scans, 3.7 mg).

RESULTS
CHARACTERISATION

The grinding curves of samples LOV1986 and LOV2072 overlap with the reference grinding
curve of springbok. LOV1963 is slightly offset and runs above the springbok curve, indicating a mild
degree of recrystallisation of carbonate hydroxyapatite. LOV1998 exhibits the largest offset, which is
caused by extensive recrystallisation (Asscher et al. 2011) (Fig. 4).
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FIG. 4. Grinding curve plot showing the degree of structural order of carbonate hydroxyapatite in the
enamel of the Lovedale samples. Sample LOV1200 was analysed by Richard et al. (2022) and it is
included as example of extensively recrystallised enamel. IRSF: infraved splitting factor; FWHM: full

width at half maximum. The grinding curves are represented by the trend lines.

The SEM-CL results are presented as true colour maps, where the colour of each pixel represents
its spectral information, and also as spectra (single pixel spectrum or sum of the spectra measured for
each region of interest) that are correlated with the SEM image. The CL true colour maps show a
dominant purple-blue emission in all samples. Further SEM-CL analyses show that all samples exhibit
bands at ~450 nm, characteristic of intrinsic defects in the crystal lattice of carbonate hydroxyapatite.
While samples LOV2072, LOV 1986, and LOV 1998 show mainly an intense emission at 450 nm, sample
LOV1963 exhibits detectable amounts of manganese and rare earth elements (REEs), represented by
bands at 598 nm (Mn*"), 643 nm (Sm**), and 486 and 573 nm (Dy*") (Ségalen et al. 2008) (Fig. 5). The
purple emission is the dominant luminescence also in this sample as can be seen in the true colour map,

but many pixels show lower intensity emission at 600 nm while other show the REEs.
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FIG. 5. SEM-CL results obtained from LOV1963 a) and LOV1998 b). Top: colour map; bottom:
spectrum showing the CL emission correlated to the SEM image. The emission bands at 430—450 nm
represent intrinsic emission centres, such as lattice defects. According to Ségalen et al. (2008), the
other emission bands can be correlated with Mn’* (598 nm) and REEs such as Dy*" (486 nm, 573 nm),
and Sm** (643 nm). The 546 nm band might represent organic material.

DATING

The four dated teeth were collected in the same square metre (unit 9) and at the same depth (Z
= 95), however, the equivalent doses differ greatly between samples (from 297 £ 21 Gy for LOV2072
to 530 = 69 for LOV1998, Table 1 and Fig. 6). Note that S/N for the natural signals of the measured
samples range from ca. 26 (LOV1963) to 85 (LOV1998). LOV1963 and LOV1998 have the highest
values of De, of 528 £ 50 Gy and 530 * 69 Gy respectively that is correlated with high U content in the
dental tissues, especially in the enamel (> 5 ppm). Consequently, their internal dose rate is up to 4
times higher than in the other two dated samples, LOV2072 and LOV1986, which have De of 297 £ 21
Gy and 339 £ 19 Gy, respectively. The environmental dose rate, i.e. the dose coming from the
sediment around the samples and from the cosmic rays, has been calculated specifically for each
sample using U, Th, and K contents for the beta dose rate and the values of in situ measurements for
the gamma dose rate (Table 2). It is similar for all samples, with values ranging from 1252 + 44
(LOV1998) to 1350 £ 53 uGy/a (LOV1963). The difference in the total dose rate lies in the U content

in the dental tissues, unusually high in the enamel, with values ranging from 2.8 to 14 ppm, and
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reaching almost 200 ppm in the dentine (Table 3). Due to apparent U-series ages in some of the dental
tissues older than the EU-ESR age of the tooth (Tables 1 and 3), the US-ESR model cannot be applied.
We thus present here EU-ESR ages, with values ranging from 84 + 9 ka (LOV1963) to 56 + 5 ka
(LOV2072), for the gravel layer at Lovedale.

TABLE 1. ESR/U-series dating results (1o). The beta dose rate was derived from U, Th, and K
content measured in the sediment (see Table 2). The gamma dose rate was measured in situ and a
sediment thickness covering the samples of 4.6 + 1 m was considered for the cosmic dose rate. U-
uptake was reconstructed using the EU model (see data in Table 3). A water content (weight %) of 15
+ 5% for the sediment, of 0% for the enamel, and of 7 + 5% for the dentine were assumed. Adj. r? is

the adjusted coefficient of determination and express the quality of the fitting of the dose response

curve.
. EU-ESR
2
LOV# De(Gy) Adj.r> Dose rate (uGy/a) age (ka)
Enamel Dentine Sediment  Sediment Total
(atP) B () (y + cosmic)

2072 297+21 0995 960+115 3156+250 249+31 98724 5347 +278 56+5
1963 528+50 0.999 2140+245 2793+220 354+41 996+ 34 6283+333 84+9
1986 339+19 0997 1243+145 2463+199 271+32 98734 4964 + 250 68 +5
1998 53069 0.985 4672+468 2641+255 204+27 1048+34 8565+535 62+9

TABLE 2. U, Th, and K content from the sediment samples containing the teeth, determined using
mass spectrometry and used to derive the beta dose rate, in situ gamma dose rate and enamel
thickness used to calculate the beta attenuation (side 1 = internal dentine; side 2 = sediment);
LOV2072 and LOV1986 were found in the same spot, and therefore one in situ measurement was

performed for the two (see Fig. 1).

LOV # U (ppm) Th (ppm) K (%) In-situ y dose rate Enamel thickness (um)
(LGy/a) Initial Side 1 Side?2
2072 2.86+020 7.72+0.77 148+0.10 872+31 670 40 59
1963 366+026 806+081 150+011 881%31 468 20 35
1986 277+019 6.81+068 147+0.10 872+31 631 20 20

1998 290+020 823+082 153+0.11 933+32 964 20 20

12



TABLE 3. U-series results. Apparent ages (26) are not used in the age calculation but are provided
for each dental tissue for information.

238 232
LOV# Tissue Labcode L ) [*Th] (@HUEBY) (OThE%U) (ROTh2Th) Apparent
ppm ppb age (ka)
2.2653+ 0.4926 + 68.973 =
2072 E 10287 2.77 £0.02 11.27 £ 0.09 0.0037 00013 8282 0251
2.3661+ 0.5953 + 107.872 £
D 10003 178.67 £1.48 165.62 +1.68 0.0036 0.0043 5069 + 36 1188
2.0006 + 0.6134 94.086 *
1963 E 10286 5.75+0.05 132.02 £ 1.06 0.0022 0.0011 162+1 0268
21075+ 0.7136 + 89.003 +
D 10005 112.33+0.90 10.40+0.13 0.0031 0.0070 54393 + 527 1.031
2.0766 + 0.5908 + 88.864 +
1986 E 10288 3.48 £0.03 18.41+0.15 0.0020 0.0015 7012 0.361
21835+ 0.6754 + 112.752 +
D 10004 127.27 +1.03 140.76 +1.46 0.0022 0.0044 4448 + 29 1589
19354+ 0.5956 90.424 +
1998 E 10289 13.98+0.12 11.26+0.19 0.0033 0.0088 4675 £ 69 2031
19625+ 0.6900 116.335
D 10006 19759+ 1.62 74.89+0.79 0.0030 0.0054 11933 £91 1803
LOV2072 LOV1963
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FIG. 6. Dose response curves obtained for the Lovedale samples.
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DISCUSSION

As observed in previous samples (Richard ef al. 2022), the degree of atomic order of carbonate
hydroxyapatite determined by FTIR spectroscopy, which increases with diagenesis, is correlated with
the U content. The offset of the grinding curve of LOV2072 and LOV1986, with 2.77 + 0.02 and 3.48
+ 0.03 ppm of U, respectively, falls in the range of the modern reference (springbok). However,
LOV1963 is slightly shifted in comparison to the modern reference, for which a U content of 5.75 *
0.05 ppm was measured. The larger offset is observed for LOV1998, which contains 13.98 + 0.12 ppm
of U. Based on all the data obtained on all the Lovedale teeth analysed to date (Richard et al. 2022,
and this study), we are able to correlate preservation state and U content in the enamel using FTIR
spectroscopy.

The SEM-CL results showed mainly the blue-purple emission band. The presence of U is
expected to suppress the cathodoluminescence signal (Brigaud et al. 2021; Kennedy et al. 2023), but it
was not observed. We were not able to identify U using SEM-CL, even in the enamel of LOV1998
which contains ~14 ppm (Table 3). This may be due to the very small amount of material used for the
analyses. Pressed pellets with the same size can be used to compare also the intensity of the CL signal,
but it was not possible to prepare them due to the small amount of material. Analyses on fragments, in

the case of bigger teeth samples, may be more adapted to enamel in the future.

In general, in fossil teeth, U content in the enamel is lower than in the other tissues (< 1 ppm)
and its contribution to the dose rate may be negligible (Richard et al. 2019). On the other hand, the
dentine, which is more porous and less crystalline than the enamel, tends to incorporate higher
contents of U, up to several hundred ppm, as it is the case of the Lovedale samples (Table 3).
Moreover, if we consider apparent U-series ages (Table 3), they are in general older for the dentine
than for the enamel, which may be interpreted as the effect of leaching, leading to an overestimation of
the U-series age. Indeed, when at least one of the tissues in a tooth has a U-series age that is older than
the mean ESR age calculated in DATA, no calculation is possible using the US-ESR model (Griin
2009). This is the main limitation encountered here. For this reason, we decided to present ages
calculated assuming an early uptake of uranium (EU-ESR). Such model will produce the highest dose
rate possible coming from the dental tissue, since U is considered to be incorporated soon after burial,

and give a minimum age.

The unusual high U content in the enamel of the Lovedale teeth, of more than 2 ppm, produces
by its own 18% (LOV2072) to 55% (LOV1998) of the total dose rate calculated using the EU model,
since both alpha and beta rays must be taken into account for the internal dose rate. If we add the
contribution of the dentine, the dental tissues contribute from 75% (LOV1986) to 85% (LOV1998) to
the total dose rate. The environmental dose rate (sediment + cosmic rays) represents less than a quarter

of the dose rate. Thus, the EU-ESR ages presented here rely mainly on the presence of uranium in the
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dental tissues, and must be interpreted as minimum age estimates, considering the issues mentioned
above. We should keep in mind that the older age of 84 + 9 ka obtained for LOV1963 was calculated
using a D value extrapolated from five experimental points instead of 11 for the other samples, and
using a Dmax 0f 640 Gy, which is 1.2*D. (instead of .~5*D. following the recommendations of Duval
and Griin [2016] for the evaluation of reliable D¢). An overestimation of the D, in that case cannot be

excluded, thus leading to an age overestimate.

In total, nine ESR dates have been obtained for the gravel layers at Lovedale. Combining
previous and new ages, we are able to propose a weighted mean age of 64 + 2 ka (calculated with a
weight of 1/6?), as a minimum age estimate for the base of the sequence (63 * 2 ka, excluding
LOV1963). This age, in agreement with previous OSL dates, corroborates the interpretation that the
sedimentary sequence exposed at the Lovedale donga accumulated in a relatively short period of time
between the end of MIS 5 and the end of MIS 4 (Wroth et al. 2022).

CONCLUSIONS

The new analyses conducted on tooth enamel confirmed the chronology of the Lovedale
sequence, which was deposited between the end of MIS 5 and the end of MIS 4 according to both ESR
and OSL ages (Richard et al. 2022; Wroth et al. 2022). They also support the hypothesis according to
which differential diagenesis occurred at the micro-scale, leading to variation in the degree of
preservation between the teeth samples (Richard et al. 2022). Considering the high U content in most
of the dental tissues, the age calculation relies mainly on the choice of the model used for U-uptake
and dose rate reconstruction. Based on previously analysed samples, a weighted mean age of 64 ka is
proposed as a minimum estimate for the gravel layer. Further investigations must be conducted in the
future to better understand the diagenetic processes that affect the age resolution for ESR dating, and
select the best-preserved samples that contain low U content, and that did not suffer U loss during

burial.
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