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Supplementary Information 

Methodology 

S1. Optically stimulated luminescence (OSL) dating 

Samples were wet sieved and the 90 – 250 µm size fraction treated with 10% hydrochloric acid (HCl) 

and 15% hydrogen peroxide (H2O2), to remove carbonates and organics respectively, and rinsed in 

distilled water. Pure quartz was extracted via heavy liquid separation using sodium polytungstate (SPT) 

at densities of 2.62 and 2.67 g/cm3. The quartz fraction was etched with 40% hydrofluoric acid (HF) for 1 

hour, rinsed in HCl and distilled water and dried in the oven. The pure quartz separate was dry sieved 

and all equivalent dose (De) measurements were made on individual grains of 180 – 250 µm. 

 

S1.1  Single grain equivalent dose measurements 

Single grain De measurements were made on an automated Risø TL/OSL-DA-20 reader with a 

single grain attachment. Stimulation used the 10 mW green laser (532 nm) with detection by an 

EMI 9235 QA photomultiplier fitted with a 7.5 mm thickness of Hoya-U340 filter. A single 

aliquot regenerative dose (SAR) protocol was used, with a regenerative dose preheat of 260 °C 

for 10 s, a test dose preheat of 220 °C for 10 s, a test dose of 5 Gy and the IR-OSL depletion ratio 

(Duller 2003) to assess samples for feldspar contamination.  

Dose response curves (DRCs) were fit with a single saturating exponential (SSE) function. 

Individual De values were calculated by integrating the first 0.1 s of the signal and subtracting a 

background from the last 0.2 s of the signal. Individual De values were accepted only if (i) the 

recycling ratio was within 10 % of unity; (ii) recuperation was less than 5% of the natural signal; 

(iii) the error on the test dose signal was less than 3 standard deviations of the background 

signal; and (iv) the uncertainty on the test dose luminescence measurement was less than 10%. 

Grains with a natural signal (Ln/Tn) that did not intersect the DRC were classified as saturated 

grains (Figure S1). Saturated grains were excluded from the dose distribution because they 

could not provide a discrete De value. Table S1 reports the number of grains measured for each 

sample, as well as the number of grains accepted in the dose distribution and the number of 

saturated grains for each sample.  

 

Figure S1:  Example of a saturated grain where the natural signal does not intersect the DRC, from the 
lowermost core sample, L-EVA-1893. The natural signal (Ln/Tn) is shown as a red square.  
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Table S1: Single grain equivalent dose (De) measurement data, including the total number of grains measured (NT), number of grains that passed the acceptance criteria (n), number 
of saturated grains (nsat), number of components in the Finite Mixture Model (FMM components), and the De values for each component (FMM-c1 De, FMM-c2 De, FMM-c3 De) 
where applicable. Numbers in brackets represent the percentage of grains within each category. De values in bold were used to calculate the OSL age for the sample. 

Sample ID Location 

Depth 

(m) 

Total 

grains 

(NT) 

Accepted 

grains  

(n) 

Saturated 

grains  

(nsat) 

FMM 

components 
FMM-c1 De (Gy) FMM-c2 De (Gy) FMM-c3 De (Gy) 

L-EVA-1884 
L-EVA-1885 
L-EVA-1886 
L-EVA-1887 
L-EVA-1888 
L-EVA-1889 
L-EVA-1890 
L-EVA-1891 
L-EVA-1892 
L-EVA-1893 
 
L-EVA-2142 
L-EVA-2143 
L-EVA-2144 
L-EVA-2145 
L-EVA-2146 
L-EVA-2147 
L-EVA-2148 
L-EVA-2153 
L-EVA-2149 
L-EVA-2154 
L-EVA-2150 
L-EVA-2151 
L-EVA-2152 

Core 2 
Core 2 
Core 2 
Core 2 
Core 1 
Core 1 
Core 1 
Core 1 
Core 1 
Core 1 

 
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit 

0.46 
0.84 
1.34 
1.36 
0.61 
0.64 
0.76 
1.21 
2.15 
2.55 

 
0.08 
0.30 
0.39 
0.85 
1.25 
1.32 
1.45 
1.49 
1.56 
1.56 
1.70 
1.82 
1.98 

700 
1000 
1000 
1000 

800 
1000 
1000 

900 
1000 
1000 

 
700 
600 
800 
800 
600 
800 
800 
800 
700 
800 
800 
800 
800 

97 
129 
115  
107 
101 
115 
111 

95 
189 

48 
 

56 
57 

131 
135 

74 
74 
82 
54 
73 
54 
69 
86 

103 

(100) 
(100) 

(99) 
(100) 
(100) 
(100) 
(100) 
(100) 

(84) 
(23) 

 
(100) 
(100) 
(100) 
(100) 
(100) 
(100) 
(100) 
(100) 
(100) 
(100) 

(96) 
(92) 
(95) 

0 
0 
1  
0 
0 
0 
0 
0 

37  
158 

 
0 
0 
0 
0 
0 
0 
1 
1 
0 
0 
3 
7 
5 

(0) 
(0) 
(1) 
(0) 
(0) 
(0) 
(0) 
(0) 

(16) 
(77) 

 
(0) 
(0) 
(0) 
(0) 
(0) 
(0) 
(0) 
(0) 
(0) 
(0) 
(4) 
(8) 
(5) 

2 
3 
3 
3 
3 
3 
2 
2 
3 
- 
 

3 
3 
3 
3 
3 
2 
3 
2 
2 
3 
3 
3 
3 

2.31±0.07 
2.52±0.06 
2.66±0.09 
3.28±0.13 
2.37±0.05 
2.37±0.06 
2.29±0.07 
3.47±0.09 
5.59±0.38 

- 
 

1.47±0.17 
2.35±0.09 
2.74±0.07 
4.18±0.07 
3.65±0.09 
3.51±0.09 
3.49±0.09 
3.81±0.11 
3.98±0.10 
3.42±0.16 
8.34±1.60 

12.12±1.08 
24.53±1.47 

(99) 
(95) 
(80) 
(45) 
(91) 
(92) 
(89) 
(96) 
(8) 
 
 
(32) 
(88) 
(82) 
(94) 
(92) 
(97) 
(87) 
(91) 
(92) 
(68) 
(6) 
(9) 
(18) 

8.07±1.84 
8.47±1.02 
5.51±0.14 

14.49±0.18 
4.28±0.31 
9.14±0.91 
7.41±0.61 

17.24±2.29 
25.04±3.02 

- 
 

2.34±0.14 
5.14±0.63 
4.88±0.34 

21.43±3.26 
8.54±1.01 
6.06±1.04 
8.01±1.06 
7.97±0.81 

17.31±1.27 
6.25±0.53 

22.56±0.65 
32.04±1.90 
45.48±2.84 

(1) 
(4) 
(15) 
(18) 
(6) 
(5) 
(11) 
(4) 
(6) 
 
 
(63) 
(10) 
(16) 
(2) 
(7) 
(3) 
(3) 
(9) 
(8) 
(22) 
(90) 
(62) 
(54) 

- 
47.93±11.15 

25.83±0.05 
28.41±0.37 
22.56±0.14 
39.74±5.45 

- 
- 

72.85±1.58 
- 
 

8.19±0.88 
27.53±5.35 
29.82±5.16 
52.56±5.04 
37.11±6.15 

- 
21.54±1.58 

- 
- 

14.17±1.18 
77.38±9.21 
51.01±4.63 
69.02±5.71 

 
(1) 
(5) 
(37) 
(3) 
(3) 
 
 
(85) 
 
 
(5) 
(2) 
(2) 
(4) 
(1) 
 
(10) 
 
 
(9) 
(5) 
(29) 
(28) 
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S1.2  Equivalent dose distributions – finite mixture model (FMM)  

The aim of this study is to test whether an initial chronology via sediment coring offers the 

potential to rapidly asses a site’s suitability for excavation. This was done by obtaining and 

dating cores from Simons Cave (field season 1, 2018), then subsequently undertaking a more 

conventional test excavation and dating project (field season 2, 2019). Ultimately, the accuracy 

of the initial core chronology is assessed against the excavation chronology in the main text. 

Therefore, whilst laboratory preparation and measurement protocols were the same for both 

the core and excavation sample sets, the analysis of the equivalent dose (De) distributions and 

dose rates were conducted separately for the two samples sets. This was in order to produce 

two, independent datasets for comparison. For example, experimental results from dose 

recovery tests run on the core samples were not used to inform the De analysis of the 

excavation samples, and vice versa. 

The finite mixture model (FMM, Roberts et al. 2000) was used to identify discrete 

populations within each dose distribution and calculate the age of each sample (Table 1, main 

text). FMM analysis was completed in R using the Luminescence package (Burow 2022). The 

FMM dataset is reported in Table S1. For core samples, a σb-value of 0.20 was used based on 

dose recovery experiments (Figure S2a-b). The FMM component comprising the largest 

proportion of grains was selected, with two exceptions:  

1. Sample L-EVA-1887 has a noticeably different dose distribution when compared to the 

other core samples (Fig. S3 and Table S1), i.e. the three FMM components identified in L-

EVA-1887 are more evenly distributed (45 %, 18 %, and 37 %, respectively) in contrast to 

the other core samples which have an obviously dominant component (typically >80 %). 

This sample also has the highest CAM overdispersion (OD=101 %). Thus, based on i) the 

similar proportion of grains allocated to the two largest FMM components (45 % and 37 

%), ii) the possibility of younger/variably bleached material being incorporated during 

coring and potentially inflating the population of the lowest dose component, and iii) the 

stratigraphic position within the core, we selected the second largest component 

(28.41±0.37 Gy, 37 %) which gave an age of 55.4±16.5 ka, over the largest component 

(3.28±0.13 Gy, 45 %) dated to 6.40±1.92 ka.  

2. The age for sample L-EVA-1891 was calculated from the component with the smaller 

distribution (Fig. 3c and Table S1), which we recognise may be a controversial decision, 

but this sample is more similar to L-EVA-1887 than to the other cores samples. 

Stratigraphically, this sample is located in Core 1 at a similar depth to L-EVA-1887 in Core 

2. They also have similar low dose components (FMM-c1: 3.28 Gy and 3.47 Gy; FMM-c2: 

14.49 Gy and 17.24 Gy; Table S1) which are different to the other core samples. The 

main difference between L-EVA-1891 and -1887 is that the high dose component FMM-

c3 is not present in L-EVA-1891. Thus, instead of selecting the FMM component with the 

largest proportion of grains (3.47±0.09 Gy; 96 %) which would have given an age of 

8.74±2.50 ka, the component with the smallest proportion of grains (17.24±2.29 Gy; 4 

%) was used, returning an age of 43.3±13.7 ka. 

When calculating the FMM for the excavated samples, a σb-value of 0.15 was used based on 

dose recovery experiments (Figure S2c-d). For the excavated samples the component 

comprising the largest proportion of grains was used for the age calculation. This approach 

produced a stratigraphically consistent chronology for the test excavation (Figure 4b in main 
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text). Similar CAM-OD values were reported for all the excavation samples, with one exception. 

Sample L-EVA-2147 has a much lower overdispersion (OD=19 %) than the other excavated 

samples (28 – 59 %). In this case, selecting either the CAM or FMM De value produces almost 

identical ages i.e. the CAM De (3.58±0.10 Gy) and FMM De (3.51±0.09 Gy) give ages of 7.33±0.95 

ka and 7.18±0.89 ka, respectively. There is a small discrepancy between the dose recovery data 

that was measured for the core (OD=10 % and 15 %) and excavated samples (OD=0 % and 9 %). 

And had both the datasets been analysed using a single σb-value of 0.20, it would not have been 

possible to fit the FMM to the dose distribution of L-EVA-2147. However, since the core and 

excavation datasets were analysed separately, the FMM De is presented in the final chronology 

in the main text. 
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Figure S2: Radial plots of dose recovery tests for core samples (a-b) and excavated samples (c-d). Grey bar is the ratio of 
the measured dose/given dose (M/G ratio). Note: sample L-EVA-1881 is not included in the age data in Table 1 as this 
sample was collected from a core outside of the cave.  

 

Figure S3: Radial plots for four core samples a) L-EVA-1884, b) L-EVA-1887, c) L-EVA-1891 and d) L-EVA-1892, with the 
number of accepted grains in the dose distribution (n) and the number of saturated grains excluded from the dose 
distribution (nsat).  FMM components are shown as: a grey bar (the component used in the age calculation) or as black 
lines (other components not used for age calculation).  
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Figure S4: Radial plots for three representative samples collected from the excavation: a) L-EVA-2144, b) L-EVA-2147 
and c) L-EVA-2152, with the number of accepted grains in the dose distribution (n) and the number of saturated grains 
excluded from the dose distribution (nsat). FMM components are shown as: a grey bar (the component used in the age 
calculation) or as black lines (other components not used for age calculation).  

 

S1.3  Dose rates  

Dose rate samples were sent to the VKTA laboratory in Dresden, Germany for high resolution 

gamma spectrometry. Dose rate calculations were completed in DRAC (Durcan et al. 2015). 

External beta and gamma dose rates were corrected for grain size attenuation and water 

content using a burial water content of 5 ± 2 %. The cosmic dose rate was calculated using the 

method of Prescott and Hutton (1994). Conversion factors for dosimetry calculations were 

taken from Guérin et al. (2011). Radioelements and dose rate data are included in Table S2. 
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Table S2: Dosimetry data including radioelement concentrations (U= uranium, Th= thorium, K= potassium) and uncorrected, external beta (β) and gamma (γ) dose rates.  

Sample ID Location U (ppm) Th (ppm) K (%) β Dr (Gy/ka) γ Dr (Gy/ka) Cosmic Dr (Gy/ka) 

L-EVA-1884 
L-EVA-1885 
L-EVA-1886 
L-EVA-1887 
L-EVA-1888 
L-EVA-1889 
L-EVA-1890 
L-EVA-1891 
L-EVA-1892 
L-EVA-1893 
 
L-EVA-2142 
L-EVA-2143 
L-EVA-2144 
L-EVA-2145 
L-EVA-2146 
L-EVA-2147 
L-EVA-2148 
L-EVA-2153 
L-EVA-2149 
L-EVA-2154 
L-EVA-2150 
L-EVA-2151 
L-EVA-2152 

Core 2 
Core 2 
Core 2 
Core 2 
Core 1 
Core 1 
Core 1 
Core 1 
Core 1 
Core 1 
 
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  
Front pit  

0.44 ± 0.53 
0.66 ± 0.47 
0.73 ± 0.59 
0.89 ± 0.60 
0.86 ± 0.53 
0.48 ± 0.18 
0.61 ± 0.45 
0.79 ± 0.54 
1.11 ± 0.74 
2.00 ± 0.81 
 
0.76 ± 0.18 
0.63 ± 0.17 
0.84 ± 0.15 
1.56 ± 0.29 
1.00 ± 0.30 
1.01 ± 0.21 
1.50 ± 0.30 
1.03 ± 0.21 
1.06 ± 0.20 
1.50 ± 0.30 
1.15 ± 0.19 
1.39 ± 0.23 
1.23 ± 0.21  

1.26 ± 0.15 
1.55 ± 0.12 
1.62 ± 0.16 
2.08 ± 0.15 
1.60 ± 0.14 
1.39 ± 0.10 
1.40 ± 0.13 
1.99 ± 0.11 
3.36 ± 0.19 
4.11 ± 0.26 
 
1.54 ± 0.14 
1.85 ± 0.16 
2.34 ± 0.18 
3.66 ± 0.29 
2.73 ± 0.25 
2.26 ± 0.18 
2.31 ± 0.22 
2.36 ± 0.20 
2.78 ± 0.21 
2.34 ± 0.24 
2.00 ± 0.16 
2.56 ± 0.21 
4.04 ± 0.28 

0.33 ± 0.02 
0.09 ± 0.04 
0.12 ± 0.02 
0.14 ± 0.01 
0.11 ± 0.02 
0.07 ± 0.02 
0.23 ± 0.02 
0.06 ± 0.03 
0.16 ± 0.02 
0.19 ± 0.05 
 
0.18 ± 0.02 
0.11 ± 0.02 
0.12 ± 0.02 
0.23 ± 0.03 
0.12 ± 0.02 
0.08 ± 0.01 
0.07 ± 0.02 
0.08 ± 0.01 
0.12 ± 0.02 
0.04 ± 0.02 
0.05 ± 0.01 
0.08 ± 0.01 
0.12 ± 0.02 

0.362 ± 0.080 
0.211 ± 0.076 
0.247 ± 0.088 
0.299 ± 0.088 
0.261 ± 0.079 
0.164 ± 0.029 
0.307 ± 0.068 
0.214 ± 0.083 
0.380 ± 0.110 
0.559 ± 0.124 
 
0.295 ± 0.032 
0.228 ± 0.028 
0.284 ± 0.026 
0.509 ± 0.048 
0.320 ± 0.047 
0.277 ± 0.033 
0.335 ± 0.046 
0.280 ± 0.033 
0.330 ± 0.032 
0.317 ± 0.046 
0.265 ± 0.029 
0.340 ± 0.035 
0.388 ± 0.034 

0.192 ± 0.060 
0.170 ± 0.054 
0.189 ± 0.067 
0.234 ± 0.067 
0.201 ± 0.060 
0.138 ± 0.021 
0.191 ± 0.051 
0.197 ± 0.061 
0.324 ± 0.083 
0.468 ± 0.092 
 
0.203 ± 0.022 
0.185 ± 0.021 
0.236 ± 0.019 
0.406 ± 0.036 
0.273 ± 0.036 
0.242 ± 0.025 
0.294 ± 0.035 
0.248 ± 0.026 
0.282 ± 0.025 
0.290 ± 0.036 
0.237 ± 0.023 
0.299 ± 0.028 
0.361 ± 0.027 

0.020 ± 0.002 
0.019 ± 0.002 
0.018 ± 0.002 
0.018 ± 0.002 
0.020 ± 0.002 
0.020 ± 0.002 
0.019 ± 0.002 
0.018 ± 0.002 
0.017 ± 0.002 
0.016 ± 0.002 
 
0.021 ± 0.002 
0.020 ± 0.002 
0.020 ± 0.002 
0.019 ± 0.002 
0.018 ± 0.002 
0.018 ± 0.002 
0.017 ± 0.002 
0.017 ± 0.002 
0.017 ± 0.002 
0.017 ± 0.002 
0.017 ± 0.002 
0.017 ± 0.002 
0.016 ± 0.002 
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S2. Radiocarbon (14C) dating 

Briefly, the outer bone surface was removed with a sandblaster and pieces were removed with a 

rotary drill. Bone was demineralised in HCl 0.5M at 4°C until softened and CO2 effervescence had 

stopped. NaOH 0.1M was added for 15 min to remove humic acid contamination and re-acidified in 

HCl 0.5M. Samples were gelatinised on a heater block at 70°C until fully solubilised, and then filtered 

with Ezee-filters (Elkay Laboratory Products, UK; pre-cleaning involved a 20 min sonication in 

ultrapure water (TOC: <5ppb)) to remove small particles (>80 µm) and Sartorius Vivaspin Turbo 15 

ultrafilters (precleaned according to Bronk Ramsey et al. 2004) to concentrate the >30 kDa fraction. 

Samples were rinsed to neutral pH with ultrapure water between each step. The >30 kDa fraction 

was freeze-dried for 48 h and immediately weighed to determine the collagen yield (as percentage 

of dry bone weight). To assess the quality of each extract, collagen (ca. 0.5 mg) was weighed into a 

tin cup and analysed on a ThermoFinnigan Flash elemental analyser coupled to a Thermo Delta plus 

XP isotope ratio mass spectrometer (EA-IRMS). Stable carbon isotope ratios were expressed relative 

to VPDB (Vienna PeeDee Belemnite), and stable nitrogen isotope ratios were measured relative to 

AIR (atmospheric N2), using the delta notation (δ) in parts per thousand (‰). Repeated analysis of 

internal (in-house collagen standard: δ13C = -19.740.04 ‰ (1SD) and δ15N = 4.880.13 ‰ (1SD)) and 

international standards (IAEA N1: δ15N = 0.430.05 ‰ (1SD), N2: δ15N = 20.410.07 ‰ (1SD), CH6: 

δ13C = -10.450.02 ‰ (1SD), CH7: δ13C = -32.150.02 ‰ (1SD)) indicates an analytical error of better 

than 0.1 and 0.2‰ (1σ) for δ13C and δ15N respectively. The collagen yield and elemental values 

(Table 2, main text) indicated the samples were suitably preserved for AMS dating (van Klinken, 

1999), well above the minimum limit of 1% collagen yield. Roughly 5 mg collagen was sent to the 

Curt-Engelhorn-Centre of Archaeometry CEZA AMS lab in Mannheim, Germany (lab code MAMS), for 

AMS (accelerator mass spectrometer) dating. Charcoal samples were also submitted to CEZA where 

they were pretreated using an acid-base-acid protocol (HCl/NaOH/HCl). After pretreatment, collagen 

and charcoal samples were combusted to CO2 in an elemental analyser and converted catalytically to 

graphite. The graphitised samples were measured on a MICADAS AMS (Kromer et al 2013), alongside 

calibration standards (Oxalic Acid-II) and blanks, which were used to correct 14C ages, with an 

additional 1‰ error added to the final calculation, as per standard practice. 

 

S3. Archaeological excavation 

Excavation followed modern digital standards of recording which are best-practice in the discipline. 

The provenience of finds (e.g. artefacts, fossils, complete shell-fish) was documented with a 

combination of piece plotted and non-piece plotted total station data. Remains larger than 2.5 cm 

were recorded in three-dimensions using a total station, in 2 of the 3 square meters. Plotted finds 

were given unique identification numbers associated with their spatial information as well as with 

other contextual and descriptive information recorded by a handheld computer linked to the total 

station. All plotted finds with a recognisable elongation axis were recorded with two points, one at 

either end of this axis, in order to obtain taphonomic bearing and plunge data for each stratigraphic 

layer. Volume of sediment (estimated by N buckets) per stratigraphic sub-division was recorded, and 

the excavated sediment was dry-sieved through both a 3 mm and a 1 mm mesh to obtain smaller 

materials such as ostrich egg-shell beads and botanical remains (fruits, seeds, and potentially root 

and tuber fragments) which cannot be recovered without fine-sieving. All charcoal samples larger 

than 1 cm were measured in situ.  Deposits were dug stratigraphically in accordance with the dip 

and strike of the encompassing body of sediment, and individual bucket volumes of sediment were 
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recorded in X, Y and Z with the total station. The surfaces and bases of all stratigraphic layers were 

mapped with a total station and photographed, and several 3D structure-from-motion models of 

these layers were constructed. 
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