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Genéticos, Universidade do Porto, Vairão, Portugal 
j IDL - Instituto Dom Luiz, Universidade de Lisboa, 1749-016, Lisbon, Portugal 
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A B S T R A C T   

The existing radiocarbon (14C) dating framework for Lagar Velho is broadly consistent but provides limited 
constraint on several geoarchaeological complexes (GCs) and does not favour detailed chronological comparisons 
across all sectors of the site; including the stratigraphically disconnected child burial complex in the east area and 
the broader archaeological sequence in the central-west area. In this study, we undertake a complementary 
chronological assessment of Lagar Velho Rock Shelter using single-grain quartz OSL, single-grain quartz TT-OSL 
and combined U-series/ESR dating of fossil teeth, with the aim of establishing more comprehensive re
constructions of archaeological events and placing the human occupation sequence in a firmer regional climatic 
context. Expanding on the original chronological study, we also compare the published 14C datasets against 
widely used sample quality indicators (i.e., organic preservation and contamination proxies) to ensure reliable 
comparisons with our new luminescence and combined U-series/ESR ages. Eight 14C samples pass our combined 
chronological and stratigraphic hygiene criteria and are included in the final dating evaluations. Ten of the 
twelve optical dating samples produce homogeneous equivalent dose (De) datasets indicative of suitable daylight 
exposure. The replicate single-grain TT-OSL De datasets exhibit more pronounced scatter, consistent with 
enhanced potential for insufficient bleaching of TT-OSL residual doses in some karst settings. The fossil enamel 
samples dated using U-series/ESR span relatively low natural dose ranges, necessitating the inclusion of 
maximum dose (Dmax)-adjusted dose response curve fitting and additional background noise subtraction to avoid 
De biases of up to 13%. Stratigraphically consistent ages (n = 26) spanning the full archaeological infill sequence 
are obtained using the four different dating methods, providing a robust interpretive framework and under
scoring the significant role of single-grain OSL and combined U-series/ESR dating for refining early Upper 
Palaeolithic histories of Iberia. Bayesian modelling of the combined chronological dataset reveals a site accu
mulation history spanning 35,750–23,440 cal. BP and provides improved age constraints on all GCs; particularly 
the al, bs, tc, gs and ls deposits that were previously undated or imprecisely constrained. The age of the child 
burial complex is refined to 29,410–28,280 cal. BP, potentially occurring within Greenland Interstadial 4. 
Comparison of the modelled GC ages from the east and west-central areas enables improved temporal correla
tions of depositional events across stratigraphically disconnected sectors of the site. This analysis suggests that 
the child burial complex and the Late Gravettian occupation are statistically indistinguishable based on current 
dating evidence. The new dating assessments reveal three periods of human occupation at Lagar Velho: the Late 
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Gravettian (including the shorter duration child burial event) 31.6–26.0 ka from the end of Heinrich Stadial (HS) 
3 until the emergence of HS2; the Terminal Gravettian 26.5–24.5 ka coinciding with HS2; and the Middle So
lutrean 25.2–23.4 ka extending from HS2 to the end of Greenland Stadial 3. The timing of these occupations 
during late Marine Isotope Stage (MIS) 3 and early MIS 2 highlights the significance of central western Portugal 
for supporting regional human populations during periods when much of Europe was experiencing extreme cold, 
aridity and expanded glacial coverage.   

1. Introduction 

Lagar Velho Rock Shelter, Leiria, central-western Portugal (Fig. 1), is 
a key locality for understanding the early Upper Palaeolithic history of 
Southwest Europe from both an anthropological and cultural perspec
tive (Zilhão and Trinkaus, 2002). The site preserves the near-complete 
skeleton of a 4-year-old buried child (Duarte et al., 1999; cf. Tattersall 
and Schwartz, 1999), which was ritually interred in a recess of the rock 
shelter with pierced shell ornamentation, red deer teeth and red ochre. 
The child burial complex is part of a ~5m infill sequence containing 
successive Late Gravettian, Terminal Gravettian (Proto-Solutrean) and 
Middle Solutrean occupation layers (Zilhão and Trinkaus, 2002; 
Almeida et al., 2009). In addition to capturing the Gravettian–Solutrean 
transition, Lagar Velho preserves an extensive Late Gravettian living 
floor with separate hearth features, faunal processing areas and con
centrations of refitting lithic artefacts (Zilhão and Trinkaus, 2002; 
Almeida et al., 2009). This structured occupation surface provides 
unique insights into recurrent site use, planning and organisation stra
tegies, and division of functional activities by the early Upper Palae
olithic inhabitants (Almeida et al., 2009). 

The existing site chronology is based on 14C dating of charcoal and 
bone from different sectors of the rock shelter (Zilhão and Trinkaus, 
2002), which constrains the Late Gravettian to Middle Solutrean 
archaeological layers to between 23,170 ± 140 and 20,220 ± 180 14C yr 
BP (27.7–27.2 to 24.8–23.8 ka cal. BP; 95.4% C.I. calibrated ranges; 
Reimer et al., 2020) and reveals the broader infill sequence extends back 
at least 29,800 ± 2500 14C yr BP (43.1–29.9 ka cal. BP). The 14C ages for 
the child burial complex span 24,860 ± 200 to 23,920 ± 220 14C yr BP 
(29.7–28.7 to 28.6–27.7 ka cal. BP), consistent with the Gravettian traits 
of the associated burial ornamentation (e.g., d’Errico and Vanhaeren, 
2015). While the combined 14C dataset is stratigraphically consistent, 
several of the main depositional units remain undated or imprecisely 
constrained, and the 14C ages are primarily based on standard (acid-
base-acid; ABA) pre-treatment procedures, which may not be ideally 
suited for complete removal of organic contaminants in some Late 
Pleistocene settings (e.g., Demuro et al., 2019a, 2023; Zilhão et al., 
2020, 2021a) compared to more rigorous 14C extraction procedures (i.e., 
ultrafiltration and ABOx-SC; Bird et al., 1999; Brock et al., 2007). 
Careful examination of the originally reported 14C data against widely 
used sample quality indicators (i.e., organic preservation and contami
nation proxies) may therefore be required to ensure reliable in
terpretations of the existing 14C dataset. 

A key focus of ongoing research at Lagar Velho is establishing firmer 
chronostratigraphic correlations between different sectors of the site, 
which remain tentative owing to lateral variations and anthropic trun
cation of the longitudinal profile. In particular, the relationship between 
the child burial complex in the east area and the broader archaeological 
and sedimentary sequence in the central-west area (Fig. 1) is uncertain 
as 2–3 m of original infill was largely removed during pre-discovery 
terracing activities and initial salvage excavations (Zilhão and Trin
kaus, 2002). Consequently, there is no continuous longitudinal record of 
the entire succession preserved across all sectors. Clarification is also 
needed regarding the chronostratigraphic relations of the basal deposits 
preserved in the east and central-west areas, which exhibit different 
sedimentological characteristics and lack direct stratigraphic connec
tions but potentially represent pene-contemporaneous facies (Zilhão and 
Trinkaus, 2002). 

These correlative uncertainties and the current reliance on a single 
dating technique mean there is a need to expand and complement the 
Lagar Velho chronological framework using a broader suite of methods. 
In this paper, we present results of a systematic optical dating study and 
an initial combined uranium series and electron spin resonance (ESR) 
dating examination of the site, which aims to establish more compre
hensive reconstructions of archaeological events and their relations with 
Late Pleistocene climate change. To achieve the main study aim of 
improved chronostratigraphic evaluations of the anthropological re
mains, broader archaeological succession and combined infill sequence, 
we focus on the following specific objectives: (i) Establish depositional 
ages for all excavated units using single-grain OSL and combined U-se
ries/ESR dating; (ii) assess the suitability of single-grain TT-OSL for 
dating Late Pleistocene deposits at the site; (iii) evaluate the quality of 
existing 14C results, and examine the consistency of ages obtained using 
different dating techniques; (iv) examine chronostratigraphic correla
tions across different sectors by combining all reliable dating evidence in 
Bayesian models. 

2. Site overview, sample details and experimental procedures 

Lagar Velho Rock Shelter, located near the mouth of the Lapedo 
Valley gorge (39◦45′25″N; 8◦43′58″W; 83m a.s.l.) on the southern banks 
of the Caranguejeira stream, contains an elongated north-facing plat
form spanning ~125 m2. Fig. 1 shows a schematic plan view of the rock 
shelter, highlighting the gridded reference scheme, excavation areas and 
locations of the different sectors examined in this dating study. The 
excavated stratigraphic succession has been sub-divided into a series of 
geoarchaeological complexes (GCs) based on relative positioning, 
pedosedimentary characteristics and anthropic features (Zilhão and 
Trinkaus, 2002). In the central-west area, the lower GCs are alluvial 
accumulations (al) and “transitional” deposits (tc) comprising 
gravity-derived sediments and alternating alluvial input, while the 
upper GCs (us, ms, ls) represent slopewash deposits and gravity-driven 
sediments. Much of the us and ms deposits in the central-west area 
have been removed by terracing activities, though a hanging remnant of 
the uppermost original profile is preserved along a recess of the shelter 
back wall (Testemunho Pendurado; TP sector) (Fig. 1). The east area 
succession is dominated by slopewash and gravity-driven accumulations 
(bs, gs), as well as transitional slopewash–fluviatile tc deposits 
(Table S1), but the original upper profile has been truncated by terracing 
activities. 

In terms of cultural association, the us deposits contain successive 
Terminal Gravettian and Middle Solutrean occupations, while the ms 
and upper ls deposits preserve the main phase of repeated Late Gravet
tian occupation (Table S1). The child burial complex is inset into the 
upper part of the gs deposit in the east area. However, lack of direct 
lateral continuity means the exact relationships between the child burial 
in the east and the us–ms–ls archaeological occupations in the central- 
west are yet to be defined (Zilhão and Trinkaus, 2002; Almeida et al., 
2009). The overall stratigraphic integrity of the sequence is supported 
by exceptionally high artefact refitting percentages from the Late 
Gravettian occupation floor (Almeida et al., 2009), as well as the pres
ence of well-preserved boundaries between many of the GCs. Owing to 
the absence of a continuous longitudinal record of the succession across 
all sectors, we have not assumed any prior correlative relationships of 
GCs between the east and central-west areas in the present dating study. 
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Consequently, these two areas of the site are considered separately for 
Bayesian chronostratigraphic modelling purposes. 

Single-grain optically stimulated luminescence (OSL) dating of 
quartz (e.g. Murray et al., 2021) offers the advantage of establishing 
direct depositional ages on the fossil- and archaeology-bearing sediment 
layers, and is therefore well-suited for refining the chronological re
lationships of deposits preserved across different sectors of Lagar Velho. 
Single-grain thermally transferred OSL (TT-OSL) provides a means of 

establishing complementary quartz depositional ages at the site using a 
semi-independent luminescence signal, and this technique has recently 
been used to establish reliable chronologies at a range of Iberian Lower 
and Middle Palaeolithic sites (e.g. Arnold et al., 2013, 2014, 2015; 
Demuro et al., 2014, 2019b, 2020a, 2020b, 2022; Zilhão et al., 2021a; 
Duval et al., 2022). However, the relatively slow bleaching character
istics of TT-OSL signals (on the order of days compared to seconds for the 
fast component OSL signal; Demuro et al., 2015; Duval et al., 2017; 

Fig. 1. Overview and location of the Lagar Velho Rock Shelter. (a) Main plot and inset map: Location of Lagar Velho Rock Shelter in the Estremadura region of 
central-western Portugal (source: Google Earth image with Maps-For-Free relief Overlay: http://ge-map-overlays.appspot.com/world-maps/maps-for-free-relief). (b) 
photograph of the rock shelter looking towards the east (photo credit: Lee Arnold). (c) photograph of the ongoing excavations in the EE sector (photo credit: Lee 
Arnold). (d) schematic plan view of the rock shelter, highlighting the gridded reference scheme, excavation areas and locations of the different sectors examined in 
this dating study. (e) aerial photograph of the exposed sedimentary profiles, showing the locations of the different areas and sectors examined in this dating study 
(modified from Sanz et al., 2023). 
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Arnold et al., 2019) may mean that higher residual doses and age 
overestimation are potential problems in Upper Palaeolithic settings 
(Demuro et al., 2019a; Arnold et al., 2022). An additional objective of 
this study is therefore to examine single-grain TT-OSL signal resetting 
characteristics in a Late Pleistocene karstic setting using assessments of 
comparative quartz luminescence signals that bleach at different rates. 
Finally, the presence of well-preserved faunal remains throughout much 
of the Lagar Velho sequence opens up the possibility of using combined 
U-series/ESR analysis to directly date herbivore teeth and independently 
evaluate the consistency of existing 14C bone ages. 

Twelve luminescence dating samples were collected from four sec
tors (TP, EE, SW, SE) spanning the east and central-west areas of the rock 
shelter, as shown in Fig. 1 and Fig. S1. At least one sample was collected 
from each excavated GC inside the rock shelter (Table S1) to help 
constrain the chronological relationships of the full range of deposits 
preserved across different sectors. Single-grain OSL dating was applied 
to all twelve samples, with comparative single-grain TT-OSL measure
ments performed on a representative subset of four samples from the 
east area (Table S1) owing to the significantly longer machine time re
quirements of TT-OSL dating. The OSL and TT-OSL dating procedures 
employed in this study are based on Arnold et al. (2019, 2022) and 
Demuro et al. (2015, 2023), with additional details provided in the 
Supplementary Information (Figs. S2–5; Tables S2–S4). Equivalent dose 
(De) values have been determined for individual quartz grains using the 
single-aliquot regenerative-dose (SAR) procedures shown in Table S2, 
which yielded suitable dose-recovery test results for sample ALV18-3 
(Fig. S3). The environmental dose rates for the luminescence dating 
samples have been calculated using a combination of in situ field 
gamma-ray spectrometry (Arnold et al., 2012b; Duval and Arnold, 2013) 
and low-level beta counting. 

Combined U-series/ESR dating was performed on the M3 molar of a 
deer mandible fragment found immediately behind luminescence sam
ple ALV18-7 in the SW sector al deposits (Table S1; Fig. S6). Two 
replicate samples (POR1801A and POR1801B) were dated from 
different parts of the deer molar (Fig. S6) using standard enamel powder 
U-series/ESR dating procedures (e.g., Duval et al., 2019), which are 
further detailed in the Supplementary Information (Figs. S6–8; 
Tables S5–S8). De values were determined using the multiple aliquot 
additive dose (MAAD) method applied to natural and gamma dosed 
aliquots. Laser ablation (LA) U-series analyses were carried out using the 
equipment, principles and procedures outlined in Eggins et al. (2003, 
2005) and Grün et al. (2014). Environmental gamma and beta dose rates 
were derived from the in situ field gamma spectrometry measurements of 
paired luminescence sample ALV18-7 and laboratory-based high-
resolution gamma spectrometry, respectively. The U concentrations of 
dental tissues, enamel internal dose rates and dentine beta dose rates 
were determined using LA U-series and solution ICP-MS data, as detailed 
in the Supplementary Information. Combined U-series/ESR age calcu
lations were performed using either the DATA (Grün, 2009) or USESR 
(Shao et al., 2014) programs. 

Bayesian age modelling has been used to derive combined chronol
ogies for individual GCs and to integrate the single-grain OSL, single- 
grain TT-OSL, U-series/ESR and 14C ages within a unified chro
nostratigraphic framework. Separate Bayesian models were constructed 
for the GC successions preserved in the central-west and east areas, 
incorporating all radiometric dating results (likelihoods) considered 
reliable in this study, together with all known stratigraphic information 
(priors) for the site. Bayesian modelling was undertaken using OxCal 
v4.4 (Bronk Ramsey, 2009) and is based on the approach outlined in 
Demuro et al. (2019b, 2020a), Zilhão et al. (2021b), and Fusco et al. 
(2023) (see Supplementary Information and Tables S9–S10 for further 
details). 

3. 14C dating evaluations 

An important aspect of our comparative chronology study at Lagar 

Velho is re-evaluating the reliability of existing 14C results using widely 
employed sample purity and quality assurance criteria (e.g., Pettitt 
et al., 2003; Wood et al., 2013; Talamo et al., 2021). For this purpose, we 
have compared the originally published 14C datasets from Zilhão and 
Trinkaus (2002) with the well-established 14C analytical indicator 
thresholds detailed in van Klinken (1999) and Rebollo et al. (2011). 
Unfortunately, the limited information published with the original 14C 
datasets precludes consideration of a broader suite of chemical in
dicators such as % collagen, δ13C and δ15N. Bone collagen samples with 
C:N ratios falling outside the range of 2.9–3.6 are considered unsuitable 
for dating as they are potentially indicative of diagenetic alteration or 
the presence of exogenous contaminants (Ambrose, 1990; van Klinken, 
1999). Genuine wood charcoal samples are expected to yield C com
bustion yields of 50–70% (Braadbaart and Poole, 2008; Braadbaart 
et al., 2009); samples with C combustion yields <50% are therefore 
considered unreliable owing to the presence of extraneous (non-
charcoal) material that may promote introduction of contaminants 
(Rebollo et al., 2011). 

Table 1 summarises the 14C samples considered by Zilhão and 
Trinkaus (2002) as being stratigraphically and methodological reliable 
(i.e., sourced from in situ deposits and using materials that were not 
treated with organic consolidants prior to field extraction). The origi
nally reported 95.4% calibrated age ranges have also been recalculated 
using IntCal20 (Reimer et al., 2020) to enable more appropriate chro
nological comparisons with our new luminescence and combined 
U-series/ESR datasets. Sixteen 14C ages satisfy the original authors’ 
pre-selection criteria, collectively constraining the Lagar Velho sedi
mentary sequence to between 43.1–29.9 and 24.8–23.8 ka cal. BP. Ex
amination of the available quality assurance data reveals that two of 
these charcoal samples (OxA-8420, GrA-13310) and two burnt bone 
samples (OxA-9571, OxA-9572) lie outside of the standard C:N and %C 
acceptance ranges, while a third burnt bone sample (Beta-139361) was 
flagged as suffering exogenous carbon contamination in the original 
laboratory report and consequently yields a non-finite (minimum) age. 
Two additional 14C samples analysed via commercial analyses 
(Wk-9256, Wk-9571) are lacking methodological details and chemical 
indicators, and were not included in the main 14C evaluation study for 
the site (Pettitt et al., 2002). These two samples therefore fail the min
imum reporting requirements for our quality assurance assessments. In 
total, our 14C chronological hygiene assessments reveal that 50% of the 
charcoal samples, 40% of the bone samples, and 100% of the burnt bone 
samples shown in Table 1 suffer potential contamination or preservation 
issues, or lack sufficient analytical indicators to ensure meaningful 
evaluations of sample purity and methodological suitability. 

Of the nine 14C samples that satisfy the collagen and C yield quality 
assurance criteria, one sample (OxA-10674) is taken from a sector not 
examined in the present dating study (SC sector) (Table 1; Fig. 1) and 
therefore its stratigraphic relationship with our luminescence and 
combined U-series/ESR dating samples has not been directly evaluated. 
Moreover, all other 14C samples collected from the SC sector yield 
problematic results (Beta-139361) or fail the standard analytical quality 
assurance criteria (OxA-9571, OxA-9572), suggesting that this profile 
may have experienced a potentially complex diagenetic history. To 
avoid introducing uncertainties in assigned stratigraphic relationships 
or possible inconsistencies with ordering of Bayesian modelled events, 
we have restricted consideration of dating results to the four main sec
tors (TP, EE, SW and SE sectors) that were sampled in the current study. 
Eight 14C samples therefore pass our combined chronological and 
stratigraphic hygiene criteria and are included in the final comparative 
dating evaluations (Table 1). 

4. Optical dating results 

Table 2 summarises the environmental dose rates, single-grain OSL 
and TT-OSL De values and final ages for the twelve luminescence dating 
samples. Between 6 and 16% of OSL De measurements per sample and 
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Table 1 
Sample quality evaluations of the accelerator mass spectrometry (AMS) and liquid scintillation counting (LSC)14C results from the central-west and east areas of Lagar Velho Rock Shelter. Percentage carbon combustion 
yields have been calculated from the burnt weight (mg) and carbon yield (mg) data provided in Table A7.4 of Zilhão and Trinkaus (2002). The samples included in this summary are limited to those collected from 
stratigraphically reliable (i.e., in situ, non-reworked) deposits and those that were not subjected to organic consolidant treatment prior to selection for dating analysis. These pre-screening criteria have resulted in the 
elimination of four charcoal samples (OxA-8418, OxA-8424, OxA-8425, OxA-8426) that were originally flagged by Zilhão and Trinkaus (2002) as being derived from redeposited fill material in erosion channels of the TP 
sector. Similarly, three bone collagen samples GrA-10972, GrA-12194, GrA-13360 have not been included because they were originally treated in the field with an organic consolidant/glue. The presence of soluble 
contaminants cannot be excluded with these three samples, especially as a less stringent version of the ABA pre-treatment was needed owing to the poorly preserved nature of the fossil remains.  

Area sector GC Sample ID Material Pretreat- 
menta 

Method Age (14C yr 
BP)b 

Age (cal. BP 95% 
CI)c 

C:N 
ratio 

C yield 
(%) 

Sample purity/analytical quality rating 

central-west TP us OxA-8419 Charcoal, unidentified single piece ABA AMS 20220 ± 180 24823–23841  61.9 pass    
Sac-1561 Charcoal, unidentified multiple 

fragments 
ABA LCS 21380 ± 810 27341–23876  54.6 pass    

OxA-8420 charcoal, unidentified single piece ABA AMS 21180 ± 240 25936–25008  2.1 fail: C yield <50% 
central-west TP ms OxA- 

10303 
Charcoal, Pinus sylvestris single 
piece 

ABA AMS 22390 ± 280 27229–26049  53.3 pass 

central-west SW  Wk-9256 Charcoal, Pinus sylvestris ABA AMS 22493 ± 107 27121–26436  – fail: quality indicators not reported. Methodological 
details not provided. 

east SC  OxA-9571 burnt bone, Equus sp. phalanx ABA AMS 23130 ± 130 27686–27225 7.2  fail: C:N > 2.9–3.6 
east SC ls OxA-9572 burnt bone, unidentified ABA AMS 23170 ± 140 27708–27240 7.5  fail: C:N > 2.9–3.6    

Beta- 
139361 

burnt bone, unidentified ABA AMS >22720 >22720 –  fail: possible exogenous C reported. Methodological 
details not provided. 

central-west SW  Wk-9571 Bone, unidentified ABA AMS 23042 ± 142 27700–27224 –  fail: quality indicators not reported. Methodological 
details not provided. 

east SC tc OxA- 
10674 

Bone, Equus sp. metapodial 
diaphysis 

UF AMS 24950 ± 230 29857–28756 2.9–3.6d  passe 

central-west SW al OxA- 
11318 

Bone, Equus sp. mandible UF AMS 29800 ±
2500 

43132–29869 2.9–3.6d  pass 

east SE child 
burial 

OxA-8422 Bone, Oryctolagus vertebra ABA AMS 23920 ± 220 28640–27727 3.3  pass    

OxA-8423 Bone, Cervus sp. third phalanx ABA AMS 24520 ± 240 29210–28080 3.3  pass    
OxA-8421 Bone, Cervus sp. os coxae ABA AMS 24660 ± 260 29633–28233 3.2  pass    
GrA- 
13310 

Charcoal, Pinus sylvestris single 
branch 

ABA AMS 24860 ± 200 29699–28694  41.5 fail: C yield <50% 

east SE tc-bs OxA- 
10849 

Bone, Equus sp. or Cervus sp. long 
bone fragment 

UF AMS 27100 ± 900 33915–29834 3.0  pass  

a ABA = acid-base-acid pre-treatment with no ultrafiltration; UF = acid-base-acid pre-treatment with ultrafiltration. 
b Uncalibrated14C age uncertainties presented at 1σ. 
c Calibrated age presented at 95.4% probability range. Calibration has been undertaken using OxCal 4.4 (Bronk Ramsey, 2009) and IntCal20 (Reimer et al., 2020). 
d The specific C:N ratios of these two samples were not provided in Zilhão and Trinkaus (2002). However, the C:N ratios were reported as falling within the laboratory threshold range (i.e., 2.9–3.6). 
e Note - Sector SC was not sampled as part of our comparative dating evaluations. The stratigraphic relationships of OxA-10674 and the luminescence and combined U-series/ESR dating samples collected in this study 

have therefore not been directly evaluated. 
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Table 2 
Single-grain OSL and single-grain TT-OSL dating results for the Lagar Velho samples.  

Sample Area Sector GC Grain size 
(μm) 

Water 
content (%) a 

Environmental dose rate (Gy/ka) Equivalent dose (De) data Age (ka) f, 
l 

Beta dose rate b Gamma dose 
rate c 

Cosmic dose 
rate d 

Total dose rate 
e,f 

De type 
g 

No. Of 
Grains h 

OD (%) 
i 

Age 
model j,k 

De (Gy) f 

ALV18-1 central- 
west 

TP us 212–250 3.9/14.9 0.65 ± 0.03 0.71 ± 0.03 0.06 ± 0.01 1.46 ± 0.08 SG OSL 366/2400 29 ± 1 MAM-3 36.0 ± 0.9 24.6 ± 1.5 

ALV18-2 central- 
west 

TP ms 212–250 4.5/14.9 0.89 ± 0.05 0.96 ± 0.04 0.06 ± 0.01 1.95 ± 0.10 SG OSL 391/2400 29 ± 2 CAM 49.0 ± 0.9 25.1 ± 1.5 

ALV18-3 central- 
west 

EE ms 212–250 8.4/13.8 1.36 ± 0.07 0.93 ± 0.03 0.07 ± 0.01 2.40 ± 0.12 SG OSL 180/1300 28 ± 2 CAM 67.5 ± 1.8 28.2 ± 1.7     

90–125 8.4/13.8 1.46 ± 0.07 0.93 ± 0.03 0.07 ± 0.01 2.49 ± 0.13 SG TT- 
OSL 

115/3700 49 ± 6 MAM-3 75.9 ± 6.1 30.5 ± 3.0 

ALV22-5 central- 
west 

EE ms 212–250 15.8/15.8 0.74 ± 0.04 0.59 ± 0.02 0.06 ± 0.01 1.43 ± 0.08 SG OSL 322/2000 26 ± 2 CAM 41.6 ± 0.8 29.0 ± 1.7 

ALV18-4 central- 
west 

SW ms 212–250 14.7/14.7 1.33 ± 0.07 0.82 ± 0.03 0.06 ± 0.01 2.25 ± 0.12 SG OSL 379/2400 27 ± 2 CAM 69.9 ± 1.3 31.1 ± 1.8     

90–125 14.7/14.7 1.43 ± 0.07 0.82 ± 0.03 0.06 ± 0.01 2.34 ± 0.12 SG TT- 
OSL 

79/2000 55 ± 7 MAM-3 76.0 ± 7.4 32.5 ± 3.6 

ALV18-5 central- 
west 

SW ls 212–250 16.8/16.8 0.94 ± 0.05 0.55 ± 0.02 0.06 ± 0.01 1.58 ± 0.09 SG OSL 292/2300 26 ± 2 CAM 52.9 ± 1.1 33.5 ± 2.1     

90–125 16.8/16.8 1.01 ± 0.05 0.55 ± 0.02 0.06 ± 0.01 1.64 ± 0.09 SG TT- 
OSL 

68/2000 54 ± 8 MAM-3 48.8 ± 6.9 29.7 ± 4.5 

ALV18-6 central- 
west 

SW al 212–250 6.6/13.9 1.16 ± 0.06 0.72 ± 0.03 0.06 ± 0.01 1.97 ± 0.10 SG OSL 151/2400 27 ± 3 CAM 71.2 ± 2.1 36.2 ± 2.3 

ALV18-7 central- 
west 

SW al 212–250 5.9/10.8 1.32 ± 0.07 0.89 ± 0.03 0.05 ± 0.01 2.29 ± 0.11 SG OSL 134/2300 28 ± 3 CAM 78.8 ± 2.5 34.4 ± 2.1     

90–125 10.8/10.8 1.41 ± 0.07 0.89 ± 0.03 0.05 ± 0.01 2.38 ± 0.12 SG TT- 
OSL 

53/3800 58 ± 9 MAM-3 87.9 ± 11.3 36.9 ± 5.1 

ALV22-4 east SE gs 212–250 29.7/29.7 0.44 ± 0.02 0.31 ± 0.01 0.06 ± 0.01 0.84 ± 0.06 SG OSL 196/2200 30 ± 2 CAM 26.4 ± 0.7 31.3 ± 2.4 
ALV22-3 east SE tc 212–250 15.6/15.6 0.70 ± 0.04 0.32 ± 0.01 0.06 ± 0.01 1.11 ± 0.06 SG OSL 246/1800 24 ± 2 CAM 34.9 ± 0.7 31.3 ± 1.9 
ALV22-2 east SE tc 212–250 6.5/12.2 0.43 ± 0.02 0.36 ± 0.01 0.06 ± 0.01 0.89 ± 0.04 SG OSL 186/1800 35 ± 3 MAM-3 29.3 ± 0.9 33.0 ± 2.0 
ALV22-1 east SE bs 212–250 9.0/16.7 1.61 ± 0.08 1.21 ± 0.04 0.06 ± 0.01 2.91 ± 0.16 SG OSL 138/1800 25 ± 3 CAM 99.8 ± 3.0 34.2 ± 2.2  

a Present-day water content/long-term estimated water content, expressed as % of dry mass of mineral fraction, with an assigned 1σ relative uncertainty of ±20%. The present-day water contents of samples collected 
from freshly exposed and well-protected deposits (ALV18-4, ALV18-5, ALV22-3, ALV22-4 and ALV22-5) are taken to be representative of long-term moisture conditions. The long-term water contents of all other samples 
have been estimated as being equivalent to 35% of the present-day saturated water contents for the central-west area (ALV18-1, ALV18-2, ALV18-3, ALV18-6 and ALV18-7) and equivalent to 45% of the present-day 
saturated water contents for the east area (ALV22-1 and ALV22-2) based on area-specific proportional saturated water contents assessments. 

b Beta dose rates were calculated using a Risø GM-25-5 low-level beta counter (Bøtter-Jensen and Mejdahl, 1988), after making allowance for beta dose attenuation due to grain-size effects and HF etching (Mejdahl, 
1979; Brennan, 2003). Radionuclide concentrations and specific activities of beta counting standards have been converted to dose rates using the conversion factors given in Guérin et al. (2011). 

c Gamma dose rates were calculated from in situ measurements made at each sample position with a NaI:Tl detector using the ‘energy windows’ method detailed in Arnold et al. (2012b) and Duval and Arnold (2013). 
Radionuclide concentrations and specific activities of gamma spectrometry calibration materials, and K, U, Th concentrations determined from the field gamma-ray spectra have been converted to dose rates using the 
conversion factors given in Guérin et al. (2011). 

d Cosmic-ray dose rates were calculated according to Prescott and Hutton (1994) and assigned a relative 1σ uncertainty of ±10%. 
e Total dose rate includes an assumed internal alpha + beta dose rate of 0.03 Gy/ka for quartz, with an assigned relative 1σ uncertainty of ±30%, is based on intrinsic238U and 232Th contents published by Mejdahl 

(1987), Bowler et al. (2003), Jacobs et al. (2006), Pawley et al. (2008), and Lewis et al. (2020), and an a-value of 0.04 ± 0.01 (Rees-Jones, 1995; Rees-Jones and Tite, 1997). Intrinsic radionuclide concentrations and 
specific activities have been converted to dose rates using the conversion factors given in Guérin et al. (2011), making allowance for beta dose attenuation due to grain-size effects (Mejdahl, 1979). 
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1–4% of TT-OSL De measurements per sample are considered suitable for 
dating purposes after application of the SAR quality assurance criteria 
(Table S3), with the majority of measured grains (46–76%) being 
rejected from further consideration because they exhibited weak or no 
luminescence signal. 

Ten of the OSL samples (ALV18-2 to − 7; ALV22-1; ALV22-3 to − 5) 
exhibit homogeneous De distributions characterised by low dose 

Fig. 2. Representative single-grain OSL and TT-OSL De distributions for the 
Lagar Velho dating samples, shown as radial plots. The grey bands on the radial 
plots are centred on the De values used for the age calculations, which were 
derived using either the central age model (CAM) for the single-grain OSL 
dataset of ALV18-5 or the 3-parameter minimum age model (MAM-3) for the 
single-grain OSL and TT-OSL datasets of ALV22-2 and ALV18-3. Individual De 
values that fall within the shaded region are consistent with the MAM-3 or CAM 
burial doses used for age calculation. 
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dispersion (mean relative De range = 2.7), De scatter that is reasonably 
well-represented by the weighted mean value (as indicated by the large 
proportions of grains lying within the 2σ grey bands), and over
dispersion of 24 ± 2% to 30 ± 2% (Fig. 2a, S4b-h, j-l, Table 2 and 
Table S4). The overdispersion values for these samples (mean value = 27 
± 1%) are broadly similar to those reported for well-bleached and un
mixed single-grain OSL De datasets (e.g., Arnold and Roberts, 2009; 
Arnold et al., 2022; Hocknull et al., 2020), including those from similar 
well-bleached depositional settings across the Iberian Peninsula (e.g., 
Demuro et al., 2019a, 2023; Arnold et al., 2016; Zilhão et al., 2020, 
2021b; Rios-Garaizar et al., 2022; Daura et al., 2021). None of the ten De 
datasets are considered significantly positively skewed according to the 
weighted skewness test outlined by Bailey and Arnold (2006) and 
Arnold and Roberts (2011) (Table S4). Application of the maximum log 
likelihood (Lmax) test (Arnold et al., 2009) indicates that the central age 
model (CAM) is statistically favoured over the three- or four-parameter 
minimum age models (MAM-3 or MAM-4) of Galbraith et al. (1999) for 
all ten De datasets (Table S4). Collectively, these single-grain OSL De 

characteristics suggest that the samples do not suffer from major 
extrinsic De scatter related to insufficient bleaching prior to burial (e.g., 
Arnold et al., 2008, 2011) or widespread post-depositional sediment 
mixing between units (e.g., Arnold et al., 2012a, 2013). The single-grain 
OSL ages for these ten samples have therefore been obtained using the 
weighted mean (CAM) De estimate, in accordance with their Lmax test 
results (Arnold et al., 2009) (Table 2). 

The remaining two OSL samples (ALV18-1 and ALV22-2 from the us 
and tc deposits) exhibit more heterogeneous De distributions charac
terised by higher dose dispersion (mean relative De range = 4.1), larger 
proportions of individual De values lying outside of the weighted mean 
burial dose 2σ ranges, overdispersion ranges of 29 ± 1% to 35 ± 3%, 
and more distinct leading-edges of low De values or tails of higher De 
values (Fig. 2b–Fig. S4a, i; Table 2 and Table S4). The single-grain De 
datasets are additionally considered to be significantly positively 
skewed, and the MAM-3 is statistically favoured over the CAM for both 
samples (Table S4). These De characteristics are consistent with those 
commonly reported for heterogeneously bleached single-grain OSL 

Table 3 
Summary of results, data input values and combined U-series and ESR age calculations for samples POR1801A and PR1801B. All uncertainties are quoted at 1σ.  

Sample data POR1801A POR1801B 

Enamel data 
De (Gy)a 36.5 ± 1.7 32.3 ± 2.3 
U (ppm)b 0.27 ± 0.07 0.17 ± 0.07 
234U/238Uc 0.934 ± 0.021 0.969 ± 0.008d 

230Th/234Uc 0.485 ± 0.049 0.046 ± 0.003d 

Alpha Efficiency 0.13 ± 0.02 0.13 ± 0.02 
Water content (%) 0 0 
Initial enamel thickness (μm)e 1443 ± 144 1060 ± 106 
Dentine data 
U (ppm)b 4.47 ± 0.17 1.67 ± 0.09 
234U/238Uc 0.970 ± 0.005 0.969 ± 0.008 
230Th/234Uc 0.076 ± 0.002 0.046 ± 0.003 
Water (%) 5 ± 3 5 ± 3 
Removed enamel thickness (μm)e 179 ± 18 130 ± 13 
Sediment data 
U (ppm) 3.60 ± 0.43f/3.10 ± 0.20g 3.60 ± 0.43f/3.10 ± 0.20g 

Th (ppm) 9.75 ± 0.55f/8.53 ± 0.49g 9.75 ± 0.55f/8.53 ± 0.49g 

K (%) 1.07 ± 0.04f/1.00 ± 0.05g 1.07 ± 0.04f/1.00 ± 0.05g 

Water (% wet)h 10 ± 2 10 ± 2 
Removed thickness (μm)e 99 ± 10 63 ± 6 
Cosmic dose rate (μGy a− 1)h 53 ± 5 53 ± 5 
AU/US-ESR age calculations 
Program used USESRi DATAj 

Internal dose rate (μGy a− 1) 33 ± 33 3 ± 1 
Beta dose rate, dentine (μGy a− 1) 1 ± 1 1 ± 0 
Beta dose rate, sediment (μGy a− 1) 128 ± 17 176 ± 18 
Gamma + cosmic dose rate (μGy a− 1) 942 ± 37 942 ± 37 
Total dose rate (μGy a− 1)k 1105 ± 92 1122 ± 41 
Combined AU/US-ESR age (ka)l 33.0 ± 3.2 (AU/US-ESR) 28.7 + 2.3/− 2.2 (US-ESR) 
EU-ESR age (ka)m 32.3 ± 1.9 27.9 ± 2.2  

a The 1σ De uncertainty has been derived by combining the dose response curve fitting uncertainty and the calibration uncertainty for the gamma radiation source 
(2.3%). 

b Values obtained from solution U-series analyses. 
c Values obtained from laser ablation U-series analyses. 
d Given the unreliable U-series data obtained for the enamel layer using laser ablation analysis (Table S7), the combined U-series/ESR age calculation has been 

performed using the U-series values obtained from the dentine layer of this particular tooth (see SI text for further explanations). 
e An assumed relative error of 10% has been assigned to the initial/removed tissue thicknesses. 
f Dry elemental concentrations obtained using (laboratory) high resolution gamma spectrometry analysis of bulk homogenised sediment. These values were used for 

the sediment beta dose rate evaluation. 
g Dry-equivalent elemental concentrations obtained using field gamma spectrometry. These values were used for the gamma dose rate evaluation. 
h The long-term water content and cosmic dose rate are the same as those obtained for paired luminescence dating sample ALV18-7. Note, the water content for the 

ESR age calculations is expressed as percentage wet sediment weight, which is the default parameter used in the ESR age calculation programs. 
i From Shao et al. (2012). 
j From Grün (2009). 
k Post-Rn equilibrium has been assumed in the dental tissue and sediment dose rate calculations. 
l Combined U-series/ESR ages calculated using either the accelerating uptake (AU) model of Shao et al. (2012), and/or the uranium series (US) model of Grün et al. 

(1988). 
m EU-ESR age were calculated with DATA program, on the assumption that dental tissues behave as closed-system (EU = Early Uptake model). 
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samples (e.g., Olley et al., 1999; Bailey and Arnold, 2006; Arnold et al., 
2007), which seems reasonable in this sedimentary context given the 
host deposits were deposited by slopewash and alluvial processes that 
could have involved limited transportation distances or localised erosion 
and entrainment of pre-existing deposits (syn-depositional mixing). 
Based on these De interpretations, we have opted to use the statistically 
favoured MAM-3 to derive the burial doses for samples ALV18-1 and 
ALV22-2 (Table 2). However, it is worth noting that the OSL ages ob
tained for each sample using the MAM-3 and CAM are consistent with 
each other at 1σ (Table S4); in the case of sample ALV18-3, the ages 
obtained using the various statistical models differ by only 0.85 ka. 

The replicate TT-OSL De datasets of samples ALV18-3, ALV18-4, 
ALV18-5 and ALV18-7 exhibit more pronounced De scatter compared to 
their OSL counterparts (mean relative De range = 4.0), as well as 
significantly higher overdispersion values of 49 ± 6% to 58 ± 9%, 
enhanced tails of high De values, and statistically significant positive 
skewness at either the 68% or 95% C.I. (Fig. 2c–Fig. S5; Table 2 and 
Table S4). Additionally, all four datasets are optimally represented by 
the MAM-3 according to the Lmax criterion of Arnold et al. (2009) 
(Table S4). These complex De characteristics are interpreted as reflecting 
the presence, or even dominance, of heterogeneously bleached grain 
populations, which is consistent with the relatively slow bleaching 
characteristics of TT-OSL signals (e.g., Demuro et al., 2015; Duval et al., 
2017) and the greater potential for insufficient bleaching of residual 
doses in karst entrance settings that typically experience limited, indi
rect or filtered daylight exposure (e.g., Demuro et al., 2019a; Arnold 
et al., 2019). 

The combined OSL and TT-OSL ages obtained using the statistically 
favoured burial dose models (i.e., those selected in accordance with the 
Lmax test results) reveal that the central-west area stratigraphic succes
sion (al to us deposits) spans 36.9 ± 5.1 ka to 24.6 ± 1.5 ka, with the 
main phase of repeated Late Gravettian occupation (represented by the 
ms and upper ls deposits) constrained between 33.5 ± 2.1 ka and 25.1 ±
1.5 ka. The OSL ages obtained for the bs-tc-gs succession in the east area 
span 34.2 ± 2.2 ka 31.3 ± 2.4 ka, providing improved terminus post 
quem constraint on the overlying child burial complex (Table 2). 

5. Combined U-series/ESR dating results 

Table S5 and Fig. S6 summarise the ESR De and dose response curve 
fitting results for the two enamel samples from Lagar Velho. Given the 
relatively low natural dose ranges (and thus natural signal intensities) 
under consideration in this study, it has been necessary to evaluate the 
sensitivity of the MAAD De estimates to different types of dose response 
curve fitting approaches and net signal calculations. A series of fitting 
function, data weighting, background-subtraction and baseline sub
traction combinations have been considered for this purpose, resulting 
in five comparative De estimates for each sample (De1-De5, see Supple
mentary Information for discussions and Table S5 footnote for defini
tions). These sensitivity tests reveal that the final burial dose evaluations 
of POR1801A and POR1801B can be biased by up to 11–13% (De4/De1 

(caption on next column) 

Fig. 3. Summary of comparative ages obtained for the geoarchaeological 
complex (GC) successions in different sectors of the Lagar Velho Rock Shelter. 
(a) the combined SW and EE sectors spanning the main excavations of the 
central-west area, (b) the SE sector of the east area, (c) the TP sector (hanging 
remnant profile) along the backwall recess of the central-west area. The ages 
obtained for each deposit are represented by different coloured probability 
distributions. White circles indicate the weighted mean age of each sample, 
while the horizontal lines beneath each probability distribution denote the 1σ 
and 2σ uncertainty range (68.3% and 95.4% calibrated age ranges in the case of 
the 14C samples). The 14C ages have been calibrated using the IntCal20 cali
bration curve (Reimer et al., 2020) and are expressed in calendar years before 
AD1950. The original OSL, TT-OSL and combined U-series/ESR ages are also 
expressed in years before AD1950 so that they are referenced to the same datum 
as the 14C calibrated ages. 
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Table 4 
Summary of the single-grain OSL, single-grain TT-OSL, combined U-series/ESR (this study) and14C ages (Zilhão and Trinkaus, 2002) obtained for the various geoarchaeological complexes (GCs) and depositional events 
preserved in the central-west and east areas of Lagar Velho Rock Shelter. The provenance details and stratigraphic relationships of the dating samples are shown for each area. The geoarchaeological complexes (GCs) are 
listed in stratigraphic order from youngest to oldest for each area. Owing to the absence of a continuous longitudinal record of the succession across all sectors, we have not assumed any prior correlative relationships of 
GCs between the east and central-west areas in the present dating study (with the exception of tc, which is preserved in both areas of the site). The14C samples included in this comparative dating assessment are limited to 
those that were collected from the same sectors and stratigraphic profiles as the luminescence and U-series/ESR samples, and those that pass our combined14C sample purity, quality assurance and stratigraphic hygiene 
criteria (see main text and Table 1 for further details).  

Area GC/eventa sector Single-grain OSL Single-grain TT-OSL U-series/ESR 14C 

Sample Age ± 1σ (ka)b Sample Age ± 1σ (ka)b Sample Age ± 1σ (ka) Sample Age ± 1σ (14C yr BP)c Age (cal. BP 95% C.I.)d 

central-west us TP       OxA-8419 20220 ± 180 24823–23841 
central-west us TP ALV18-1 24.6 ± 1.5        
central-west us TP       Sac-1561 21380 ± 810 27341–23876 
central-west ms TP ALV18-2 25.1 ± 1.5        
central-west ms TP       OxA-10303 22390 ± 280 27229–26049 
central-west ms EE ALV18-3 28.2 ± 1.7 ALV18-3 30.5 ± 3.0      
central-west ms EE ALV22-5 29.0 ± 1.7        
central-west ms SW ALV18-4 31.1 ± 1.8 ALV18-4 32.5 ± 3.6      
central-west ls SW ALV18-5 33.5 ± 2.1 ALV18-5 29.7 ± 4.5      
central-west tc SW          
central-west al SW       OxA-11318 29800 ± 2500 43132–29869 
central-west al SW ALV18-6 36.2 ± 2.3        
central-west al SW ALV18-7 34.4 ± 2.1 ALV18-7 36.9 ± 5.1 POR1801A 33.0 ± 3.2    
central-west al SW     POR1801B 28.7 + 2.3

− 2.2    

east cb SE       OxA-8422 23920 ± 220 28640–27727 
east cb SE       OxA-8423 24520 ± 240 29210–28080 
east cb SE       OxA-8421 24660 ± 260 29633–28233 
east gs SE ALV22-4 31.3 ± 2.4        
east tc SE ALV22-3 31.3 ± 1.9        
east tc SE ALV22-2 33.0 ± 2.0        
east tc-bs SE       OxA-10849 27100 ± 900 33915–29834 
east bs SE ALV22-1 34.2 ± 2.2         

a us = upper slope deposits; ms = intermediate slope deposits; ls = lower slope deposits; tc = transitional complex; al = alluvial complex; cb = child burial complex inset into upper gc deposits; gs = fine gravel and sand 
deposits; tc–bs = interface between the transitional complex (tc) and lowest slope deposits (bs); bs = lowest slope deposits. 

b The OSL and TT-OSL ages included in these comparisons have been calculated using the statistically favoured burial dose models (CAM or MAM-3), as determined from the maximum log likelihood (Lmax) test results 
(Arnold et al., 2009) (see main text and Table 2 and Table S4 for details). 

c Conventional uncalibrated14C age. 
d Calibrated14C age presented at 95.4% probability range. Calibration has been undertaken using OxCal 4.4 (Bronk Ramsey, 2009) and IntCal20 (Reimer et al., 2020). 
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ratios; Table S5) unless appropriate Dmax–adjusted dose response curve 
fittings are adopted (following the recommendations of Duval and Grün, 
2016) and additional background noise subtractions are incorporated. 
The combined U-series/ESR ages have therefore been calculated using 
the De4 values, which take into account these various practical consid
erations for samples that have low natural dose ranges. 

LA U-series analyses performed on a cross-section of each sample 
yield pseudo-bulk apparent U-series ages of 8.5 ± 0.5 ka and 5.2 ± 0.8 
ka for the dentine layers of POR1801A and POR1801B, respectively (2σ 
uncertainties) (Tables S6–7). These should be regarded as minimum age 
constraints for the dentine tissues, as U uptake may be significantly 
delayed after the death of an organism (Grün et al., 2014). The enamel 
layer LA U-series data yield a much older apparent U-series age of 72.9 
± 21.2 ka for POR1801A (Table S6), most likely indicating a recent 
uranium leaching overprint (see Supplementary Information for further 
information). In the case of sample POR1801B, it is not possible to 
calculate an apparent U-series age for the enamel layer, owing to the 
trace U concentrations obtained for all LA spots (Table S7). The low U 
concentrations measured using solution ICP-MS for the enamel layers 

(<0.5 ppm; Table 3) are close to, or below, the detection limits of the LA 
analyses, and indicate that the enamel LA data should be treated with 
caution. Moreover, these low U concentrations reveal that the enamel 
tissue carries very limited weight in the total dose rate calculation of 
samples POR1801A and POR1801B, thereby minimising any biases 
introduced by the choice of uranium uptake modelling (Grün and 
McDermott, 1994). 

The ages obtained by combining the U-series dose rate data and ESR 
burial dose results are summarised in Table 3. It is not possible to 
calculate a finite combined U-series/ESR age for sample POR1801A 
using the uranium series (US) model of Grün et al. (1988) as the enamel 
tissue has been affected by uranium leaching. However, a finite age of 
33.0 ± 3.2 ka can be obtained by applying the accelerating uptake (AU) 
model of Shao et al. (2012) to the enamel tissue and the US model to the 
dentine tissue. Interestingly, alternative calculations undertaken using 
the early uptake (EU), linear uptake (LU) and recent uptake (RU) 
parametric models all reveal statistically indistinguishable ages for 
POR1801A (32.3 ± 1.9 ka, 33.3 ± 2.0 ka and 34.3 ± 2.0 ka, respec
tively). These comparisons confirm that the final age calculation is 

Fig. 4. Bayesian age modelling results for the Lagar Velho east area stratigraphic sequence. The unmodelled age distributions for the OSL and TT-OSL (blue) and 14C 
(red) dating determinations (likelihoods) are shown as light shaded colour probability distribution functions (PDFs). The modelled posterior distributions for the 
dating determinations and stratigraphic unit boundaries are shown as dark shaded colour and grey PDFs, respectively. Unmodelled and modelled ages are shown on a 
calendar year timescale, and both are expressed in years before AD 1950. The white circles and associated error bars represent the mean ages and 1σ uncertainty 
ranges of the PDFs. The 68.3% and 95.4% ranges of the highest posterior probabilities are indicated by the horizontal bars underneath the PDFs. 
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largely insensitive to the choice of uranium uptake modelling, reflecting 
the fact that the total ESR dose rate is dominated by external contribu
tions from the sedimentary environment. The external gamma and beta 
dose rate components originating from the surrounding sediment ac
count for 80% and 11% of the combined dose rate, whereas the dose rate 
of the dental tissues (internal and external component from the enamel 
and dentine, respectively) accounts for <5% of the total dose rate. 

In contrast to POR1801A, it is possible to calculate a finite age of 
28.7+2.3

− 2.2 ka for sample POR1801B using the US model. This highlights 
the usefulness of undertaking replicate sampling over different regions 
of individual tooth samples to better evaluate the spatially complex 
uptake histories of dental tissues. The dose rate of sample POR1801B is 
similarly dominated by external gamma and beta sediment dose rate 
contributions (accounting for 95% of the total dose rate), with the dental 
tissues contributing negligibly to the final age calculation (Table 3). The 
limited influence of the enamel layer on the total dose rate reinforces our 
interpretation that the questionable LA U-series ratios obtained for this 
tissue do not significantly bias the calculated US-ESR age. This is also 
borne out by the statistically indistinguishable EU-ESR age obtained for 
POR1801B, which differs from the US-ESR age by < 1 ka (Table 3). 

The final AU/US-ESR age of POR1801A and US-ESR age of 
POR1801B are consistent with each other at 1σ, and they have therefore 
been combined to derive a mean age of 30.9 ± 2.7 ka for the fossil tooth 
(1σ uncertainty calculated by multiplying the average relative un
certainties of the replicate ages by the combined average age). 

6. Multi-technique dating comparisons 

The suitability of the combined single-grain OSL, single-grain TT- 

Fig. 5. Bayesian age modelling results for the Lagar Velho central-west area 
stratigraphic sequence. The unmodelled age distributions for the OSL and TT- 
OSL (blue), combined U-series/ESR (green) and 14C (red) dating de
terminations (likelihoods) are shown as light shaded colour probability distri
bution functions (PDFs). The modelled posterior distributions for the dating 
determinations and stratigraphic unit boundaries are shown as dark shaded 
colour and grey PDFs, respectively. Unmodelled and modelled ages are shown 
on a calendar year timescale, and both are expressed in years before AD 1950. 
The white circles and associated error bars represent the mean ages and 1σ 
uncertainty ranges of the PDFs. The 68.3% and 95.4% ranges of the highest 
posterior probabilities are indicated by the horizontal bars underneath 
the PDFs. 

Fig. 6. Bayesian-modelled age distributions for the individual geo
archaeological complexes (GCs) and archaeological complexes preserved in the 
east and central-west areas of Lagar Velho Rock Shelter. The probability density 
functions have been calculated from the modelled posterior probabilities of the 
upper and lower boundaries of each GC or archaeological complex (shown as 
grey posterior probability distributions in Figs. S9–10) using the date query in 
OxCal v4.4. The white circles and associated error bars represent the mean ages 
and 1σ uncertainty ranges of the posterior probability distributions. The 68.3% 
and 95.4% ranges of the highest posterior probabilities are indicated by the 
horizontal bars underneath the age distributions. The corresponding modelled 
age ranges shown on the right of the plot represent the 95.4% credible interval 
probabilities for the age of individual GCs or archaeological complexes 
(calculated using the date query). 
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OSL, AU/US-ESR and quality rated 14C chronological dataset is sup
ported by the stratigraphic consistency of the various ages for the four 
sectors (Fig. 3), as well as the overlapping replicate ages obtained for 
individual GCs in a given sampling sector (Table 4, S11). The consis
tency of the replicate OSL–TT-OSL ages for the SW and EE sectors is 
noteworthy as not all grains in these samples were seemingly exposed to 
sufficient daylight to reset their TT-OSL signals (Fig. 3a). Despite this 
complication, the TT-OSL ages obtained using the statistically favoured 
age models (MAM-3) are all in agreement with their OSL counterparts at 
1σ (Table 4, S11). These comparative results support the applicability of 
single-grain TT-OSL dating over Late Pleistocene timescales in some 
relatively complex sedimentary contexts, as long as appropriate statis
tical age models are considered. Similarly, the broad agreement between 
the replicate AU/US-ESR (30.9 ± 2.7 ka) and luminescence ages (34.4 
± 2.1 ka to 36.2 ± 2.3 ka) for the SW sector al deposits (Fig. 3a) supports 
the inclusion of Dmax–adjusted dose response curve fitting and back
ground/baseline subtracted signal integration for these relatively young 
fossil samples. The consistency of the luminescence and AU/US-ESR 
ages also implies that the deer mandible fossil and the host al deposits 
are coeval (i.e., the fossil has not been reworked from significantly older 
deposits found elsewhere in the area). 

We cannot exclude the possibility that the minor difference in the 
mean luminescence and AU/US-ESR ages (~3.5–5.3 ka) may have 
arisen, at least in part, from the difficulties of capturing the true gamma 
dose rate contributions of the fossil mandible in our dosimetric evalu
ations for enamel sample POR1801 A/B. The relative gamma dose rate 
contribution of the immediately surrounding fossil material (adjacent 
teeth and bone) is assumed to have been minimal given the limited size 
of the mandible fragment (Fig. S6a) and the fact that the U concentration 
of the mandibular materials are not significantly different from the U 
concentration measured for the host sediment using in situ field gamma 
spectrometry (Table 3). The latter is supported by the U concentration 
data obtained for the POR1801 A/B dentine fractions, a material of 
similar composition to the bone and reflecting the tooth material sur
rounding the enamel dating samples. The dentine fractions have an 
average U concentration of 3.1 ppm (ranging from 1.7 to 4.5 ppm), i.e. 
consistent with the U concentration measured for the surrounding 
sediment matrix using field gamma spectrometry (3.6 ± 0.4 ppm; 
Table 3). However, it is also worth considering that U uptake may be 
significantly delayed after the death of an organism (Grün et al., 2014) 
and that fossil bones typically contain insignificant Th and K concen
trations compared to host sediment matrices (Grün, 1989). Both of these 
factors may have contributed to minor differences in the time-averaged 
gamma dose rate contributions of the fossil mandible and the host 
sediment deposits, and may mean that the gamma dose rate measured 
for the host sediment using in situ field gamma spectrometry may 

slightly overestimate the true long-term gamma dose rate experienced 
by fossil sample POR1801. To confirm the suitability of our dose rate 
assumptions and further examine any potential spatial or time-averaged 
biases, it would be worth undertaking a more comprehensive evaluation 
of the mandible gamma dose rate contribution in future studies using 
Monte Carlo dosimetry simulation software such as DosiVox (Martin 
et al., 2015) in conjunction with more detailed U-series/ESR dose rate 
evaluations. 

The eight paired single-grain OSL–(semi-)independent age estimates 
are well-represented by a weighted linear regression function (R2 =

0.78) that is consistent with the 1:1 slope at 2σ (Fig. S9). The intercept of 
the weighted linear function also overlaps with unity, though this fitting 
parameter has a relatively large uncertainty as the combined dataset 
covers a limited age range. Importantly, the p-value of the correlation 
coefficient is 0.004, indicating statistically significant linear corre
spondence between the paired single-grain OSL–(semi-)independent 
ages at the >99% C.I. (Fig. S9). 

A X2 homogeneity test (Galbraith, 2003) was used to formally test 
whether the paired OSL–(semi-)independent ages of individual samples 
are consistent with a shared value at their 1σ and 2σ ranges. This test 
reveals that all eight paired OSL–TT-OSL, OSL–combined 
TT-OSL/U-series/ESR and OSL–14C ages agree with a common value at 
the 95.4% C.I. (Table S12). Application of a one-sample Student’s t-test 
confirms that the paired OSL–(semi-)independent age datasets do not 
exhibit any statistically significant differences at the 95.4% C.I. 
(Table S12). In sum, multiple statistical evaluations support the reli
ability of the paired ages and the combined comparative datasets ob
tained in this study, providing confidence in the new multi-technique 
chronological framework established at Lagar Velho. 

7. Bayesian chronostratigraphy 

The stratigraphic consistency of the chronological datasets is further 
borne out by the suitability of the Bayesian modelling results for the east 
and central-west areas of Lagar Velho Rock Shelter (Figs. 4 and 5; 
Tables S9–10; see discussions of modelling convergence integrals and 
absence of statistical outliers in the Supplementary Information). The 
modelled ages of individual GCs and archaeological complexes (calcu
lated from the modelled posterior probabilities of the upper and lower 
boundaries of each depositional event using the OxCal date query) reveal 
that the east area sedimentary succession spans 34,790 cal. BP to 28,280 
cal. BP (all modelled ages quoted herein represent the 95.4% credible 
intervals) (Fig. 6; Table S9). The modelling results for the central-west 
area succession reveals a similar basal age beginning at 35,750 cal. 
BP, with discontinuous sedimentation continuing until 23,440 cal. BP 
(Fig. 6; Table S10). The combined modelled age ranges for the lowest 

Table 5 
Probability matrix showing the relative ordering of Bayesian modelled ages for the various geoarchaeological complexes (GCs) preserved in the east and west-central 
areas of Lagar Velho Rock Shelter. The ordering probabilities for all paired depositional event permutations have been calculated from the modelled boundary ages of 
each GC and archaeological complex using the OxCal order query (Bronk Ramsey, 2009). The values shown in the matrix represent the probability that the modelled 
age distribution for a given GC1 (shown vertically in column 1) is younger than that for each of the other GCs at the site (GC2; shown horizontally across row 1). 
Probabilities >0.95 are taken to indicate a statistically significant chronostratigraphic ordering relationship between GC1 and GC2. Ordering relationships that cannot 
be differentiated with statistically significant probability (i.e., at >95% C.I.) are taken to indicate potentially coeval GC1 and GC2 modelled age distributions.  

P(GC1 < GC2) GC2 

GC1 us 
Solutrean 

us 
Gravettian 

ms child burial gs ls tc bs al 

us Solutrean – 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
us Gravettian 0.03 – 0.99 1.00 1.00 1.00 1.00 1.00 1.00 
ms 0.00 0.01 – 0.86 0.96 0.97 1.00 1.00 1.00 
child burial 0.00 0.00 0.14 – 0.98 0.93 1.00 1.00 1.00 
gs 0.00 0.00 0.04 0.02 – 0.68 0.94 0.97 1.00 
ls 0.00 0.00 0.03 0.07 0.32 – 0.74 0.85 0.97 
tc 0.00 0.00 0.00 0.00 0.06 0.26 – 0.71 0.95 
bs 0.00 0.00 0.00 0.00 0.03 0.15 0.29 – 0.77 
al 0.00 0.00 0.00 0.00 0.00 0.03 0.05 0.23 –  
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GCs (al and bs) reveal that alluvial deposition dominated in the central- 
west area prior to 31,440 cal. BP and brecciated slopewash accumula
tions dominated in the east area prior to 30,060 cal. BP. The strati
graphic successions in both areas record temporally overlapping 
transitions to alternating gravity-derived sediments and alluvial input 
(tc) between 32,950 and 30,120 cal. BP, though the timing of the tc 
deposits in the central-west area model is currently only indirectly 
constrained from the assigned GC stratigraphic ordering relationships 

and bracketing ages on surrounding deposits. The combined ages for the 
uppermost GCs (gs, ls, ms, us) reveal slopewash and gravity-driven ac
cumulations dominated in both the east and central-west areas from 
32,870 to 28,360 cal. BP onwards. The age of the child burial complex, 
which is inset into the upper part of the gs deposit in the east area, is 
refined to 29,410–28,280 cal. BP (Fig. 6; Tables S9–10). 

Application of the OxCal difference query (Bronk Ramsey, 2009) to 
the posterior boundary age ranges of each modelled depositional event 
reveals an absence of any single statistically significant temporal hia
tuses between successive GCs in the depositional sequences. A potential 
sedimentary hiatus between the ls and ms deposits has been suggested in 
the SC sector (not studied here) based on evidence for a weakly devel
oped A soil horizon in the uppermost ls layers (Zilhão and Trinkaus, 
2002). However, the modelling results for the central-west area imply 
that this period of soil development was relatively short-lived in com
parison to the size of the existing dating uncertainties. Additional 14C 
and OSL sample collection may be useful for further refining the tem
poral dynamics of the ls-ms interface. 

The modelled ages for individual depositional events were examined 
using the order query (Bronk Ramsey, 2009) to investigate the chrono
logical relationships of the various GCs preserved in the east and 
west-central areas. The matrix of relative ordering for all paired depo
sitional event permutations (Table 5) shows that statistically significant 
ordering relationships can be ascertained for most of the GCs across the 
two areas (i.e., those permutations in Table 5 with ordering probability 
assessments >95%). However, there are two notable exceptions. First, 
the bs deposits in the east area and the al deposits in the central-west 
area are considered pene-contemporaneous according to their order 
probabilities (i.e., bs v al ordering cannot be differentiated with statis
tically significant probability >95%; Table 5). The lack of clear ordering 
supports the interpretation that the bs and al deposits could represent 
heteropic equivalents of each other related to lateral variations in sub
aerial and alluvial deposition (Zilhão and Trinkaus, 2002). Second, the 
ordering of the ms and ls deposits in the central-west area, and the gs 
deposits and the child burial complex in the east, cannot be fully 
differentiated with >95% probability (Table 5). Consequently, the child 
burial complex and the broader Gravettian archaeological sequence may 
be considered as temporally overlapping based on current dating evi
dence. However, it is worth emphasising that the child burial took place 
over a much shorter period (hours or days) than the more protracted and 
recurrent ls–ms Gravettian occupations, hence these two events should 
not be interpreted as occurring simultaneously over the full duration of 
the modelled age ranges. Interestingly, the marginal ordering proba
bilities suggest a potential age succession of ls > gs > child > ms 
(Table S5 Fig. 6), though further stratigraphic analysis and correlations 
are imperative for establishing more definitive ordering relationships 
between these events. Additionally, there are some uncertainties in the 
ordering assessments of tc vis à vis gs, ls and bs, which largely reflect the 
absence of direct dating on tc deposits in the central-west area. 
Regardless, the chronostratigraphic relationships of tc can be directly 
constrained as tc > ls and gs < tc < bs from the sedimentary profiles 
preserved in the SE and SW sectors (Zilhão and Trinkaus, 2002; Fig. S1). 

8. Discussion – upper Palaeolithic occupation dynamics of Lagar 
Velho 

The new chronological assessments of Lagar Velho enable us to place 
the human occupation sequence in a firmer regional climatic and 
archaeological context (Fig. 7). The Bayesian modelled ages for the 
various episodes of Upper Palaeolithic human activity span 31.6–23.4 ka 
cal. BP (calculated by applying the date query to the modelled upper and 
lower boundary distributions of individual GCs or grouped GCs with 
shared cultural associations). The Lagar Velho archaeological and 
palaeoanthropological record therefore covers a significant period of 
global environmental and cultural change taking place within the last 
glacial cycle, particularly the transition from the more favourable 

Fig. 7. Bayesian modelled age ranges for Upper Palaeolithic human activity at 
Lagar Velho, shown against the Greenland Ice Core Chronology 2005 (GICC05) 
δ18O temperature record (Rasmussen et al., 2014) (with original GICC05 b2k 
timescale converted to cal. BP to enable direct comparisons with our modelled 
age probability distributions). The timing of Greenland Interstadials (GI) 2.1 to 
8 are shown as vertical grey shaded bands (Rasmussen et al., 2014). The timing 
of Heinrich Stadials (HS) 2 to 4 are shown as vertical yellow shaded bands 
(Sánchez Goñi and Harrison, 2010). The Marine Isotope Stage (MIS) boundary 
ages correspond to those derived from the globally distributed benthic stack 
δ18O records of Lisiecki and Raymo (2005). The Last Glacial Maximum (LGM) 
age range (sensu lato) is based on global sea level low-stand assessments of Clark 
et al. (2009). The probability distribution functions have been calculated from 
the modelled posterior probabilities of the upper and lower boundaries of in
dividual geoarchaeological complexes (GCs) or grouped GCs that contain 
similar cultural complexes using the date query in OxCal v4.4. The white circles 
and associated error bars represent the mean ages and 1σ uncertainty ranges of 
the posterior probability distributions. The 68.3% and 95.4% ranges of the 
highest posterior probabilities are indicated by the horizontal bars underneath 
the age distributions. The corresponding modelled age ranges shown on the left 
of the plot represent the 95.4% credible interval probabilities for individual GCs 
or grouped GCs that contain similar cultural complexes (calculated using the 
date query). 
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(though relatively cool) conditions of Marine Isotope Stage (MIS) 3 to 
the colder and drier conditions of MIS 2 at ~29 ka (Lisiecki and Raymo, 
2005), and including the pronounced climatic downturn that affected 
much of the Iberian Peninsula ~26 ka (e.g., Domínguez-Villar et al., 
2015; Wolf et al., 2021) at the onset of the Last Glacial Maximum (LGM) 
(26.5–19.0 ka sensu lato; Clark et al., 2009). This longer term climatic 
deterioration was also punctuated by a series of dramatic, shorter term 
climate fluctuations associated with abrupt warming and subsequent 
cooling cycles in Greenland (Dansgaard–Oeschger cycles; comprising 
Greenland Interstadials, GI, and Greenland Stadials, GS; Rasmussen 
et al., 2014), including several distinct cold periods associated with 
ice-rafted debris formation in the North Atlantic (Heinrich Stadials) 
(Sánchez Goñi and Harrison, 2010). 

The timing of the Late Gravettian, Terminal Gravettian (equivalently 
termed the Proto-Solutrean in some contexts; Straus, 2015) and Middle 
Solutrean techno-complex succession at Lagar Velho correlates with 
both long- and short-term climate trends, as shown in Fig. 7. Specif
ically, the Late Gravettian occupation (spanning the ms and uppermost ls 
deposits) began 31.6 ka cal. BP, coinciding with the end of HS3 (31.3 ka 
cal. BP), and continued until the emergence of HS2 at 26.0 ka cal. BP. 
The child burial complex is chronologically aligned with the Late 
Gravettian occupation phase between 29.4 and 28.3 ka cal. BP, which 
corresponds to the MIS 3/2 transition and potentially occurred within 
the GI4 climatic amelioration. The modelled age of 26.5–24.5 ka cal. BP 
for the Terminal Gravettian or Proto-Solutrean (us deposit) falls exclu
sively within HS2 (26.5–24.3 ka cal. BP) towards the beginning of the 
LGM, while the Middle Solutrean occupation at 25.2–23.4 ka (us de
posit) also overlaps with HS2 and extends almost to the end of GS3 (23.3 
ka) within the LGM. The emergent material cultures associated with HS2 
are particularly noteworthy as they are aligned with widespread cold 
and arid conditions across Iberia (e.g., Cacho et al., 2001; Vegas et al., 
2010; Domínguez-Villar et al., 2013; González-Sampériz et al., 2020; 
Pérez-Díaz and López-Sáez, 2021). In sum, the combined Gravettian 
occupation (including the Terminal Gravettian or Proto-Solutrean) 
spans four GI/GS periods and two HS cycles, supporting the ecological 
adaptability of populations in the Estremadura region of Portugal during 
the contrasting climate regimes of late MIS 3 and early MIS 2. 

The age ranges obtained for the various Upper Palaeolithic techno- 
complexes at Lagar Velho are consistent with those obtained else
where in Southern Iberia and therefore reinforce current knowledge of 
regional occupation dynamics. A recent Bayesian modelling synthesis 
study of Gravettian sites from the Estremadura, Algarve and Côa Valley 
regions of Portugal, for instance, reveals that the Gravettian–Proto-So
lutrean boundary occurred between 27.4 and 26.3 ka cal. BP (Bicho 
et al., 2015), in broad agreement with the Late Gravettian occupation 
termination age of 26.0 ka cal. BP obtained at Lagar Velho. Cascalheira 
and Bicho (2013) argued that the Proto-Solutrean of central and 
southern Portugal spanned 27.0–24.0 ka cal. BP from a review of four
teen sites, which is consistent with our revised Terminal Gravettian age 
of 26.5–24.5 ka cal. BP for Lagar Velho. A meta-analysis modelled age of 
25.5–24.2 ka cal. BP has also been obtained for the Middle Solutrean 
occupations of southern Iberia (Cascalheira and Bicho, 2015), over
lapping with the updated Middle Solutrean age of 25.2–23.4 ka at Lagar 
Velho. 

Our latest dating results for Lagar Velho, combined with the pub
lished chronological syntheses of regional occupations, highlight the 
significance of central and southern Portugal as refugia for Upper 
Palaeolithic populations during the LGM when much of northern and 
central Europe was experiencing extreme cold, aridity and expanded 
glacial coverage (Straus, 2015, 2018). Intriguingly, the concentration of 
Solutrean populations around the Estremadura region of central-western 
Portugal during HS2 coincides with the recently documented Peña 
Capón human occupation sequence spanning 26.1–23.8 ka cal. BP in the 
central Iberian interior (Alcaraz-Castaño et al., 2021); a region that was 
traditionally thought to have been inhospitably arid, with pronounced 
loess deposition during HS2 (Wolf et al., 2018, 2021). The broadly 

contemporaneous occupation histories of these two regions are rein
forced by evidence for shared provenance of lithic raw materials be
tween several Côa Valley and northern Meseta sites (e.g. Aubry et al., 
2012; 2015). These findings suggest that central Portugal – with its 
favourable climate, abundant coastal resources, widespread sheltered 
karstic environments, and well-connected, natural migratory corridors 
(particularly the Tagus Basin) – is of key significance not only for un
derstanding the long-term survival of European human populations 
during the extremes of MIS 2, but also for providing insights into the 
broader connectivity of populations across the Iberian Peninsula during 
the LGM. 

9. Conclusion 

Our chronological evaluation of Lagar Velho Rock Shelter demon
strates the usefulness of undertaking multi-technique dating compari
sons that target complementary dating materials, and the worth of 
including sample purity and quality assurance assessments for published 
14C datasets. Stratigraphically consistent ages (n = 26) are obtained for 
the archaeological infill sequence using four different dating methods, 
providing a robust interpretive framework and underscoring the sig
nificant role that single-grain OSL and combined U-series/ESR dating 
can play in refining early Upper Palaeolithic histories of Iberia. The 
Lagar Velho sediment bleaching characteristics are generally well-suited 
for OSL dating. Single-grain TT-OSL and combined U-series/ESR dating 
are both applicable over Late Pleistocene timescales at this site when 
adopting appropriate age model selection, net signal integration and 
dose-response curve fitting procedures. Standard ABA 14C pre-treatment 
appears suitable for removing contaminants from the subset of bone and 
charcoal samples that pass minimum analytical quality criteria. 

Bayesian modelling of the combined chronological dataset reveals a 
site accumulation history spanning a duration of at least 12.3 ka and 
provides improved age constraints on all GCs; particularly the al, bs, tc, 
gs and ls deposits that were previously undated or imprecisely con
strained. Comparison of the modelled GC ages in the east and west- 
central areas enables improved temporal correlation of depositional 
events across stratigraphically disconnected sectors of the site. This 
analysis reveals that the child burial complex and the Late Gravettian 
archaeological sequence can be ascribed to an overlapping time period 
based on current dating evidence, albeit they represent events of 
different duration. 

The new dating assessments confirm the chronological significance 
of Lagar Velho for assessing early Upper Palaeolithic cultural transitions 
in Iberia. The site records three periods of human activity during con
trasting climate regimes of late MIS 3 and early MIS2: namely, the Late 
Gravettian 31.6–26.0 ka, the Terminal Gravettian 26.5–24.5 ka, and the 
Middle Solutrean 25.2–23.4 ka. The timing of these occupations, and 
their apparent correspondence with short- and long-term climate cycles, 
underscores the ecological and cultural adaptability of local pop
ulations, and highlights the significance of central western Portugal for 
supporting regional human populations during HS2 and the broader 
LGM. 
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Demuro, M., Arnold, L.J., González-Urquijo, J., Lazuen, T., Frochoso, M., 2023. 
Chronological constraint of Neanderthal cultural and environmental changes in 
southwestern Europe. MIS 5–MIS 3 dating of the Axlor site (Biscay, Spain). J. Quat. 
Sci. 38, 890–920. 

d’Errico, F., Vanhaeren, M., 2015. Upper palaeolithic mortuary practices: reflection of 
ethnic affiliation, social complexity, and cultural turnover. In: Renfrew, C., Boyd, M. 
J., Morley, I. (Eds.), Death Rituals, Social Order and the Archaeology of Immortality 
in the Ancient World. Cambridge University Press, pp. 45–62. 

Domínguez-Villar, D., Carrasco, R.M., Pedraza, J., Cheng, H., Edwards, R.L., 
Willenbring, J.K., 2013. Early maximum extent of paleoglaciers from Mediterranean 
mountains during the last glaciation. Sci. Rep. 3, 2034. 

Domínguez-Villar, D., Lojen, S., Krklec, K., Baker, A., Fairchild, I.J., 2015. Is global 
warming affecting cave temperature? Experimental and model data from a 
paradigmatic case study. Clim. Dynam. 45, 569–581. 

Duarte, C., Mauricio, J., Pettitt, P.B., Souto, P., Trinkaus, E., van der Plicht, H., Zilhão, J., 
1999. The early Upper Paleolithic human skeleton from the Abrigo do Lagar Velho 
(Portugal) and modern human emergence in Iberia. Proc. Natl. Acad. Sci. USA 96, 
7604–7609. 

Duval, M., Grün, R., 2016. Are published ESR dose assessments on fossil tooth enamel 
reliable? Quat. Geochronol. 31, 19–27. 

Duval, M., Arnold, L.J., 2013. Field gamma dose-rate assessment in natural sedimentary 
contexts using LaBr3(Ce) and NaI(Tl) probes: a comparison between the "threshold" 
and "windows" techniques. Appl. Radiat. Isot. 74, 36–45. 

Duval, M., Arnold, L., Guilarte, V., Demuro, M., Santonja, M., Pérez-Gonzalez, A., 2017. 
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Hambach, U., Zech, R., Zöller, L., Faust, D., 2021. Evidence for strong relations 
between the upper Tagus loess formation (central Iberia) and the marine atmosphere 
off the Iberian margin during the last glacial period. Quat. Res. 101, 84–113. 

Wood, R.E., Barroso-Ruíz, C., Caparrós, M., Jordá Pardo, J.F., Santos, B.G., Higham, T.F. 
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