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35,000 years of recurrent visits 
inside Nerja cave (Andalusia, 
Spain) based on charcoals and soot 
micro‑layers analyses
Mª Ángeles Medina‑Alcaide 1,2*, Ségolène Vandevelde 3, Anita Quiles 4, 
Edwige Pons‑Branchu 3, Iñaki Intxaurbe 5, José Luis Sanchidrián 2, Hélène Valladas 3, 
Damien Deldicque 6, Catherine Ferrier 1, Eva Rodríguez 2 & Diego Garate 7

Charcoal and micro-layers of soot trapped in speleothems from the inner galleries of Nerja Cave were 
analysed through an interdisciplinary study. The absolute dating of the prehistoric subterranean 
activity of the cave and the identification of different phases of visits to the deep parts are presented 
and discussed. The charcoal analysis includes anthracological analysis and SEM–EDX. The soot 
analysis includes optical microscopy, Raman spectroscopy and TEM–EDX, and the microcounting of 
soot microlayers. The 14C dating of 53 charcoals identified 12 phases of prehistoric visits to the cave 
between 41,218 and 3299 cal. BP, putting back the origin of human occupation of this emblematic 
cave by 10,000 years. The interdisciplinary analysis of the soot microlayers allowed us to perform a 
high-precision zoom on the last three visitation phases identified by Bayesian analysis (8003–2998 cal. 
BP.), demonstrating that these phases contain at least 64 distinct incursions, with an average of one 
visit every 35 years for the Neolithic period. Spatial analysis showed that not all areas of the cave were 
used in the same periods, highlighting the repetition of visits to certain specific sectors of the Lower 
Galleries of the cave. Lastly, the anthracological data indicate a cross-cultural and unique use of Pinus 
tp. sylvestris-nigra wood for lighting activities over an extended period between the Gravettian and 
Upper Magdalenian.

Deep karst visits during the Paleolithic are known by remains such as rock art, fire remains or even human 
constructions such as the one found at Bruniquel cave1. It is however difficult to determine if these remains 
were left by single visits or recurrent ones, as they are often found on the soil surface in caves, devoid of a time-
stratigraphic context to provide chronological support. Here, by the 14C dating of more than 60 samples of lighting 
and fire remains (charcoals and soot layers) and two abstract rock art representations, we are able to present a 
robust Bayesian model that constrains the periods of occupation for the internal prehistoric activity in Nerja 
cave. Using the multi-analytical identification and micro-counting of soot layers trapped in a stalagmite, we also 
provide the minimum number of visits and their recurrence.

Nerja Cave (Malaga, Andalusia, Spain) is one of the main sites for the study of prehistoric groups in the 
Western Mediterranean. An extensive archaeological and palaeontological sequence has been recovered in its 
entrance rooms, including remains from the Gravettian, Solutrean, Magdalenian, Epipalaeolithic, Neolithic and 
Chalcolithic chrono-cultures. From the discovery of the cave (1959) to the present day, this sedimentary deposit 
has been examined by different research teams, resulting in extensive scientific and cutting-edge knowledge 
(including numerous radiocarbon dates) about the prehistoric inhabitants of Southwest Europe2–6.
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The interior spaces of the cave are structured by a large endokarst volume of more than 4.8 km of topographic 
development, in which there are numerous slopes and complex speleological passages. Sunlight does not pen-
etrate these areas and artificial lighting is essential for access. These sectors have received less archaeological 
attention since the discovery of the cave, although they contain a unique wealth of heritage, including one of the 
most richest and oldest Palaeolithic Art sites in southern Spain7.

In recent years, the study of the Internal Archaeological Context (henceforth IAC)8,9 has been prioritized, 
through an intensive revision of the walls and floors of the internal galleries, as well as through the use of new 
technologies on site (DStretch software, digital portable microscope, etc.) for the detection and preliminary 
analysis of different remains of prehistoric subterranean occupation, followed by their laboratory analysis. This 
has enabled a holistic and up-to-date understanding of the different uses and visits to the deep areas of the cave. 
Likewise, the number of cave motifs found has considerably increased and numerous traces of the different 
Pleistocene and Holocene visits to the interior of the cave have been discovered. These are linked to subterra-
nean activities of a heterogeneous nature, including the execution of Palaeolithic graphic manifestations7, the 
Palaeolithic modification of the endokarst geomorphology10 and the use of the cave for burial purposes during 
the Recent Prehistoric period11.

Most of the archaeological remains found on the floor of the internal areas of Nerja cave are pieces of charcoal 
from the woody fuel used for lighting the cave during prehistoric times. These residues correspond to the lighting 
of fires and fixed “lamps” but, above all, to the use of wooden torches12–15. As our previous experimental research 
indicates16, the charcoal from the torches is usually found scattered and isolated, with no other combustion resi-
due nearby, the result of its intermittent detachment during human transit carrying this lighting tool (like the 
breadcrumbs in the story of Hansel and Gretel). In this regard, these lighting residues (charcoals from prehistoric 
lighting systems) are remains from the different prehistoric visits. Their 14C dating allows the chronological 
determination of prehistoric underground activity, as well as knowledge of the unique or multiphasic nature of 
the prehistoric activity inside the cave.

In this paper we present the first high-precision Bayesian model for the chronological, multi-phase, absolute-
scale characterisation of different prehistoric visits to the deep sectors of Nerja cave. The paper includes 68 radio-
carbon datings (48 of them unpublished) carried out by two different laboratories, in USA (Beta Analytic) and 
in France (Laboratoire des Sciences du Climat et de l’Environnement, first on the Tandétron then on Artémis, 
LMC14). Before their inclusion in the Bayesian model, the dates were subjected to a “validation filter”3 based on 
analytical and physico-chemical criteria, in order to robustify the model. In addition, the results have been linked 
to other chronometers, in particular, to 7 new 14C datings on carbonates from a stalagmite with soot microlayers 
to provide the model with greater accuracy and resolution. In total, 35,000 years of human occupation in the 
deep karst and at least 64 different phases have been identified, so far the largest number of visits known for a 
prehistoric cave in Europe.

Materials and methods
The materials examined are combustion residues, mainly charcoal pieces and soot microlayers, from different 
lighting systems used during prehistoric times to enter the deep areas of the cave, as well as some of the tiny 
charcoal particles from the pigment of black marks located on the cave walls. Charcoal was identified through 
anthracological analysis including SEM–EDX. Soot microlayers, located inside a small stalagmite collected, were 
studied through optical microscopy observation and characterized with Raman spectroscopy and TEM–EDX 
analysis. The 14C dates obtained on these residues of charcoal and soot were then subjected to a Bayesian analy-
sis using Oxcal 4.4 (after performing a “validation test" on each sample) to identify the different phases of the 
visits inside the cave, the transition intervals and the duration of each visit. Finally, the visits of the Holocene 
phases obtained through Bayesian analysis were refined by micro-counting the numerous layers of soot inside 
the stalagmite. More detailed information on the methodology followed can be found in the Supplementary 
Information (S1).

Three types of sampling plan were employed depending on the nature and localization of the samples:

(a)	 Samples from the floor An aseptic collection technique was developed for charcoal lying on the floor, in 
interstices or cavities at surface or semi-surface level. All rooms with prehistoric human occupation were 
sampled. The number of samples per room was proportional to the number of charcoals located in each 
sector, with the aim of obtaining a representative chronological approximation on a global scale. Sampling 
began in an elevated room, the Cascade Room, in order to avoid dating samples linked to external sedimen-
tary deposits that may have migrated or percolated inside the cave through different taphonomic processes. 
The tourist remodelling of some areas of the cave was the main limitation for the sampling of some internal 
sectors. We therefore sampled only residues that had not undergone intense post-depositional movements. 
Thus, 66 charcoal pieces samples were selected from the floor. Of these samples, four came from the interior 
of concavities interpreted as possible "lamps" or "fixed combustion points”12–14 (Fig. 1B) (numbers 28, 43, 
65, 66, see Supplementary information S2), and 3 from the interior of possible fixed fires (numbers 60, 64, 
36, Supplementary information S2). Samples 11 and 14 relate to the possible wick of a lamp on a shell15. 
The other samples are scattered charcoal, without the presence of other combustion residues nearby; based 
on the dispersion of remains from previous experimental activities16, we relate these remains to the use of 
wood torches. Although the remains were generally found at surface level (Fig. 1C), we occasionally made 
small probes to locate residues a few centimetres deeper, especially for the detection of combustion residues 
located inside the fixed “lamps”.

(b)	 Samples from black marks tiny particles (< 2 mm) of charcoal pigment from 2 black marks present on the 
cave walls were micro-sampled, also with aseptic instrumentation (sample numbers 33, 34, see Supplemen-
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tary information (S2) (Fig. 1A). These black marks correspond to the numbers 265 and 284 of the cave art 
catalogue7 and their dating was previously published by some of us17.

(c)	 Stalagmite with soot microlayers A 9 × 3.5 cm high stalagmite was collected in the Cataclysm room. For the 
study of its internal structure, the stalagmite was sectioned into four quarters. To characterize the soot, 
Raman analysis was performed on several of the black micro-levels present in its internal structure, as well 
as TEM–EDX analysis of a sample powder extracted by scraping with a scalpel from lower black microlayers 
of the stalagmite (Fig. 1D).

Results
The Bayesian model for the internal rooms of Nerja cave, through radiocarbon dating on charcoal, includes 53 
results, as 15 of them did not pass the validity analysis. There are several samples that were dated before their 
identification. Therefore, for these few samples, we cannot confirm that they correspond to organic residues of 
prehistoric underground activities (samples 1–10, 20–21, 67–68). Other samples were excluded because they 
were linked to the contemporary use of the cave (samples 1–10), as well as one date that shows a high deviation 
(sample 64), which could hinder the precise chronological identification of their respective phases.

In Supplementary information (S2) we have included the results of all 14C datings on charcoal (not only those 
implemented in the Bayesian model) and additional information about the nature and the localization of the 
samples inside the cave. Twenty-seven samples were characterised as “indeterminate charcoal”, 15 as “Pinus tp. 
sylvestris-nigra”, 1 as “Pinus tp. cf. pinea-pinaster”, 3 as “Pinus sp.” and 5 as “conifer”. The predominant charac-
terization as "indeterminate charcoal" is due to the high presence of charcoal with a strongly altered structure in 
relation to the presence of vitrification, the surface exposure of most of the remains (trampling, hyperfracturing, 
etc.) and the small size of some samples.

The Bayesian model suggests at least 12 distinct phases of visits to the interior of Nerja cave between 41,218 
and 3299 cal BP, with an agreement index (Aoverall) of 98 (see Supplementary information S4–S5 for more infor-
mation). These phases of visits to the interior of the cave correspond to the specific chronocultural periods for 
the prehistoric regional context and with transitional periods: Early Aurignacian (phase 1), Recent Aurignacian 
(phase 2), Gravettian (phase 3), Lower Solutrean (phase 4), Middle Solutrean (phase 5), Upper Solutrean (phase 

Figure 1.   Image composition of the materials. (A) Black mark (dating number 33). (B) Micro-charcoal inside 
fixed lamp (dating number 43). (C) Scattered charcoals (dating number 54). (D) GN16-08 stalagmite section. 
The red arrows point to one of the samples, analysed both by TEM–EDX and Raman micro-spectroscopy.
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6), transition between the Upper Solutrean and Lower Magdalenian, and Lower Magdalenian (phase 7), Middle 
Magdalenian (phase 8), Upper Magdalenian (phase 9), Early Neolithic (phase 10), Recent Neolithic (phase 11) 
and Copper Age (phase 12). For the start and end dates of each phase see Supplementary information S5, table 
rows “Boundary Start Phase” and “Boundary End Phase” (Fig. 2).

There are 12 possible transition intervals between the different phases. One of them, separating phases 9–10 
(between the Upper Magdalenian and the Early Neolithic), has a notable chronological amplitude (> 6000 years). 
At the same time, there are 8 transition periods that could correspond to 0 years (almost-continuous phases, 
taking into account the minimum values), in particular, those between phases 1–2 (both could be included in 
the Aurignacian, the former probably belonging to the ancient phase and the latter to the evolved stage), 4–5 
(between the Lower Solutrean and the Middle Solutrean), 5–6 (between the Solutrean and the Middle Solutrean), 
6–7 (around the Upper Solutrean and the transition between the Upper Solutrean and Lower Magdalenian), 
7–8 (between the Lower Magdalenian and Middle Magdalenian), 8–9 (between the Middle Magdalenian and 
Upper Magdalenian), 10–11 (between the Early Neolithic and Recent Neolithic), and 11–12 (between the Recent 
Neolithic and Chalcolithic). In these quasi-continuous periods the term “phase” is debatable. However, we have 
taken into account the average values for the identification of transitional periods, which in no case is 0. For 
Interval Transition Phases see (Supplementary information S5-, table rows “Interval Transition Phases”) (Fig. 2).

The chronology of the soot microlayers found in the GN16-08 stalagmite was determined by the analysis of 
CaCO3 layers deposited before and after them. The soot microlayers at the base of the stalagmite were deposited 
between 7562 and 6736 cal. BP (0% DCP); the soot microlayers from the upper level of the stalagmite were 
deposited between 6836 and 2998 cal. years BP assuming 0% of DCP (see Supplementary information S6 for 
more information).

In the Raman spectra carried out on the soot levels, the D and G bands typical of carbon bounds in poly-
cyclic carbonaceous materials can be recognised, together with a peak at 1085 characteristic of carbonates18,19. 
TEM–EDX observations revealed spherical carbon particles of soot aggregates similar to those found in Domica 
cave (Slovakia)20. In Nerja Cave, similar particles were observed inside a Palaeolithic fixed lamp in the upper 

Figure 2.   Curve plot with the different phases of visits to the interior of Nerja cave identified by a Bayesian 
model from charcoal (in red) and image of the different micro-layers of soot and micro-charcoal of the GN16-
08 stalagmite, which increase the minimum number of occupations to at least 64 for the last 3 Bayesian phases. 
The succession of soot films in the carbonates is represented as barcode diagrams. Bars represent soot films and 
dashed lines represent probable soot films. The long vertical grey line next to the barcode represents speleothem 
total thickness.
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galleries13, but soot residues were also located in another speleothem fragment inside the cave21,22. Microscopic 
observation revealed that clay deposits were only associated with the microcharcoal or soot levels, suggesting that 
clay was not brought in by percolation at different times of the stalagmite formation but that the human visits to 
the cave contributed to the suspension of clays that re-deposited in the stalagmite. Our interdisciplinary analyses 
(Optical Microscopy, Raman and TEM–EDX) confirm that the black levels observed in stalagmite GN16-08 
are the result of particulate emissions from wood combustion, mainly composed of concentric nanoparticles 
of soot26, sometimes including also microcharcoal and occasionally clay re-deposited during human occupa-
tions (see Supplementary information S7).

The fuliginochronological analysis23–25 of the internal structure of this stalagmite allowed us to identify a 
minimum of 64 occupations (a Minimum Number of Occupations—MNO that can be increased to 82 if we also 
count uncertain soot films and microcharcoal alignments. This second case will be included in brackets from 
now on) (see supplementary information S7 for more information) (Fig. 2). If we relate these data to the phases 
determined by Bayesian analysis, we can state that at least 58 (71) different occupations occurred in phases 10 
and 11 (Early Neolithic and Recent Neolithic) with no apparent hiatus between these two phases (a result that is 
consistent with the Bayesian model from charcoal), and at least 6 (8) visits in phase 12 (Copper Age).

Based on the duration in years of each phase  (Internal duration) obtained by the Bayesian model (Supplemen-
tary information S5), and correlating these data with the microcount of the soot microlayers and their respective 
CaCO3 dating, we suggest that between the Early Neolithic and the Recent Neolithic (phases 10 and 11) there 
was an average of one visit inside the cave every 35 years (if we consider the average chronological values; it is 
also possible that these Holocene visits occurred continuously over a certain period of time). This level of preci-
sion by the study of underground prehistoric activity is pioneering and clearly shows the potential of the applied 
methodology, and the importance of Nerja cave as a site for the study of the use of caves during prehistoric times.

The spatial distribution of the studied samples (Fig. 3) indicates that the Lower Galleries of Nerja cave (Cas-
cade Room and Cataclysm Room) are the sectors with the sectors with the highest number of distinct visits; 
they evidence 12 phases, between 41,336 to 4604 cal. BP, including the last three phases of the Bayesian model 
(Early Neolithic, Recent Neolithic and Copper Age) which can be broken down into at least 64 distinct visits 
according to the soot micro-layers. These are the sectors closest to the present and prehistoric entrances, which 
are currently prepared for tourist visits. However, without the recent modifications (stairs, walkways, widening 
of narrow passages, etc.) the topography of these galleries may have been very complicated, with very difficult 
obstacles (vertical passages, holes, ledges, narrow passages, etc.) and a speleological development of more than 
1 km with continuous topographical features. Most of the dated samples from this area were located in various 
peripheral sectors with Palaeolithic art from the Cataclysm Room, with the exception of two samples from phases 
11 (Recent Neolithic) and 12 (Copper Age), which were collected in the Cascade Room, next to a Pecten sp. shell 
that might have functioned as a mobile lamp15.

The 64 incursions detected through the fuliginochronological study also correspond to visits to the Lower 
Galleries of the cave, and in particular to a peripheral and elevated room known as “Plataforma Raspador”, which 
is a platform of about 47 m2 where there are projections of red pigmentation on the west wall. In addition to the 
64 phases relating to the Holocene chronology, the Bayesian phases 8–6 (Upper Solutrean, transition between 
the Upper Solutrean and Lower Magdalenian, Lower Magdalenian, and Middle Magdalenian) have been found 
in this particular sector of the cave. Therefore, the recurrence of visitation phases can be traced back to specific 
areas of the cave.

The Upper Galleries of the cave host the deepest areas of the cavity (a distance of between 1 and 4.8 km from 
the entrance), and are separated from the Lower Galleries by a very difficult speleological obstacle (a vertical 
wall of more than 30 m that can only be climbed by a steep and dangerous path, with narrow passages and small 
ascents of 7 m or less). These extremely difficult areas to access were visited since the beginning of Phase 4, from 
the Lower Solutrean, around 26,188 cal BP. All successive phases of visits up to Recent Prehistoric times are 
recorded here, with the exception of phases 8–9 relating to the Middle Magdalenian and Upper Magdalenian, 
respectively. In addition, other dates were obtained in these deep sectors (including chronologies from the 
Mousterian, as well as the Epipalaeolithic), although they did not pass the validity filter and thus remain, for the 
time being, unconfirmed phases for the internal occupation of the cave.

Phases 5 and 6, corresponding to the Middle Solutrean and Upper Solutrean periods (25–21,000 cal BP), 
appear to be the periods in which the anthropization of the cave was the most expansive in terms of spatial exten-
sion, ranging from the entrance rooms to the Immensity Room (more than 3 km from the outside). Furthermore, 
this incursion into the deep underground environment is the oldest known to date. In contrast, the least spatially 
developed periods of prehistoric visits to the interior of the cave took place in the early (< 3: Aurignacian and 
Gravettian) and late Upper Palaeolithic (8–9: Middle and Upper Magdalenian) phases, which are limited to the 
Lower Galleries (Cataclysm Room).

Discussion
Currently, Nerja Cave is the Palaeolithic Art cave in Europe where the greatest number of phases of distinct pre-
historic visits to internal areas have been recorded, making it a unique and exceptional place for understanding 
the recurrent use of the subterranean environment during prehistoric times.

The Bayesian analysis, including 14C dating from charcoal, confirmed the hypothesis of the existence of at 
least 12 distinct visitation phases between the Aurignacian and the Copper Age (41,218–3299 cal BP). The study 
of the soot levels present in a Holocene stalagmite made it possible to reach a higher degree of precision for the 
last three phases, relating to the Early Neolithic, Middle-Final Neolithic and Copper Age (8003–3299 cal BP), 
increasing the minimum number of incursions to 64 for this period. In total, at least 73 phases of distinct visits 
to the interior of the cave between the Upper Palaeolithic and Recent Prehistory have been recorded.
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Furthermore, this work extends the origin of the prehistoric occupation of the Nerja cave by 10,000 years. The 
archaeological and chronometric analysis of the sedimentary deposits present in the entrance areas of the cave 
confirmed an extensive period of use of the cave between 30,000 and 4000 years, encompassing the Gravettian, 
Lower Solutrean, Middle-Upper Solutrean, Upper Magdalenian, Epipalaeolithic, Mesolithic, Early Neolithic, 
Middle-Recent Neolithic and Chalcolithic chronocultures2–6. Our study of the internal areas of the cave allowed 
us to extend the periods of occupation recorded in the cave, identifying for the first time two phases of visits 
relating to the Aurignacian period, namely phases 1 and 2 (Early Aurignacian and Recent Aurignacian), the 
former corresponding to the Early Aurignacian and the latter to the Evolved Aurignacian.

The oldest date included in the Bayesian analysis (dating 66) is difficult to classify in a specific technocom-
plex, since in the stratigraphic sequences of the external rooms of the cave there are no such old dates, and at 
the regional level there is no consensus for the end of the Middle Paleolithic and the beginning of the Upper 
Paleolithic28–32. Therefore, and with the data available today, we could relate this date to some transitional moment 
between the Middle and Upper Paleolithic. As for the dating 65, this could fit with the recent Aurignacian. This 
is a period that has already been detected in the east of the Iberian Peninsula with occupations that include the 
characteristic industry and personal ornamentation33–39. This second dating would be one of the few evidences 
of recent Aurignacian in the south of the Iberian Peninsula, coeval with the recently published dates obtained 
in a sector near the prehistoric entrance of the Ardales cave40 (Supplementary information S8).

Cross dating (14C and U/Th) of CaCO3 layers covering red dots established that these pictorial elements could 
be made before 25,370–25,000 cal BP (terminus ante quem)41, that is, at some time between phases 1–5 defined 

Figure 3.   Planimetry of Nerja cave with the location of the analysed samples (modified from Medina-Alcaide 
201927). Circles indicate the charcoal samples dated by 14C, and the red flag marks the place of the stalagmite 
GN16-08 with the micro-levels of soot. The colour of the circles corresponds to the Bayesian phases from 
charcoal dating. In the lower right part of the image, the number of phases is represented by means of circle 
graphs for each room of the cave. Specific information about each sample can be found in “Supplementary 
Materials”. The numbers in the circles correspond to the number of samples.
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by the Bayesian model (Early Aurignacian -phase 1-, Recent Aurignacian -phase 2-, Gravettian -phase 3-, Lower 
Solutrean -phase 4- and Middle Solutrean -phase 5). Thus, at least part of the red-coloured paleolithic art found 
in the Lower Galleries, mostly composed of simple signs (such as dots, and probably also, paired lines, lines…) 
could be made between these first occupation phases.

Likewise, certain palaeolithic figures that accompany these simple signs in the Lower Galleries of the cave are 
thought to correspond to this pre-Magdalenian chronology from a chronostylistic point of view. For example, the 
figures of hinds in these galleries that have a trilinear convention and/or an exaggerated projection of the necks 
of some animals link better with phases 3–4 (Gravettian, Lower Solutrean and Middle Solutrean). Furthermore, 
the horses with the “duck–beak” convention present in this part of the cave could be linked to phase 4 (Middle 
Solutrean), based on the direct dating of a similar motif in La Pileta cave (Andalusia, Spain)42 and the preferential 
location of these motifs on the plaquettes from this period in the Parpalló cave (Valencia, Spain)43.

The occupation phases 6–7 (Upper Solutrean—transition between the Upper Solutrean and Lower Magda-
lenian), could be related to motifs ascribed to the Advanced Solutrian from a stylistic and formal perspective7. 
Likewise, occupation phase 7 (Lower Magdalenian) could be related to the execution of the black marks; in fact, 
of the five dates that are grouped together in this period, two correspond to direct dating dates of this type of 
parietal marks17.

Additionally, for the first time in Nerja Cave, the presence of visits that can be chronologically placed in 
the Lower Magdalenian (phase 7) and Middle Magdalenian (phase 8) has been confirmed. In the sedimentary 
sequences of the entrance rooms of this cave, this episode coincides with an erosive process that probably 
dismantled part of the archaeological sequence, explaining its absence2,5. Thus, we suggest that the new dates 
presented in this work, relating to the Lower Magdalenian period, support a continuity of occupation in Nerja 
cave, and therefore in the south of the Iberian Peninsula, between the Solutrian and Magdalenian periods. In this 
respect, it is worth highlighting the suitability of the chronological study of the Internal Archaeological Context 
to strengthen and extend the sequence of use of the caves, as the archaeological remains are generally located 
beyond the reach of erosive processes that most often take place in the external areas of caves.

Most of the radiocarbon datings presented in this work are related to the different visits to the interior of the 
cave. Only dates n.33 and n.34 correspond to direct results from the pigment of certain palaeolithic motifs, in 
particular non-figurative black marks (phase 7-Lower Magdalenian). Therefore, the results of this work alone 
cannot be used to date the Palaeolithic Art of the interior of Nerja cave. However, we consider that these data 
can be used to build arguments about the chronology of the different uses of the cave (only one of them being 
the execution of the graphic manifestations), together with other chronometric, archaeological and/or stylis-
tic data. For example, the absence of carbons of Aurignacian, Gravettian or Middle and Upper Magdalenian 
chronology in the Upper Galleries of the cave suggests that most probably the visits to these areas (including 
the one(s) linked to the artistic execution) do not correspond to these periods, and that therefore, the pictorial 
activity at this site could be related to some time(s) between the Early Solutrian and the Lower Magdalenian, 
as suggested by the indirect (and direct, in the case of the Lower Magdalenian) dating obtained in this area. In 
this argument, we must also consider that charcoal from these phases may not have been found, for example, 
due to taphonomic processes, because the activity was limited in these areas or that the remains may have been 
destroyed by later occupations.

The Occupation phase 9 (Upper Magdalenian) does not seem to be linked to the execution of Palaeolithic art 
inside the cave, at least according to the chrono-stylistic data currently available for the cave’s rock art. Following 
some chrono-stylistic parallels, the pisciform pictures of the Upper Galleries have been attributed to the Upper 
Magdalenian7, but the chronocultural ascription of this pictorial group is controversial and is still an open ques-
tion today22,44. For the Upper Magdalenian, although we did not find clear evidence of rock art in the internal 
rooms of Nerja cave, portable figurative art was found in the archaeological deposits in the entrance rooms45.

Finally, phases 10–12 (Early Neolithic, Recent Neolithic and Copper Age) could be related to the burial activi-
ties documented for these periods. These activities include the deposition of human skeletal remains, ceramics 
and/or personal ornaments11,46. In this paper, we provide new chronological data on these incursions, which run 
from the Early Neolithic to the Copper Age, as well as information on their topographical distribution, preferably 
linked to the Lower Galleries, although two specific explorations of the upper parts of the cave were also identified 
(samples 12, 19). In other words, the visits concerning Recent Prehistory are not restricted to burial activities in 
the Lower Galleries, but are also due to exploratory actions, not to mention the execution of cave art linked to 
these dates and present in one of the external rooms (specifically, the schematic anthropomorphs in the Torca 
room). Furthermore, the confirmation, through the analysis of the micro-levels of soot present in the stalagmite, 
of at least 64 visits constitutes a real novelty for the understanding of the use of the subterranean environment 
during Recent Prehistory. In particular, between the Early Neolithic and the Recent Neolithic (phases 10 and 
11) there was an average of one visit inside the cave every 35 years (considering average chronological values of 
95.4% confidence intervals).

Dates 67 and 68, relating to an antiquity greater than 40,000 years old, are controversial dates, which deserve 
to be analysed in depth, as they imply significant interpretative changes for the Prehistory of the southern Iberian 
Peninsula. These samples were found at two different points in the Upper Galleries (in the Pisciform and Her-
cules rooms), in sectors located more than 1 km from the entrance and extremely difficult to access. Anthropic 
occupation of the subterranean environment existed since at least the Middle Pleistocene (ca. 176,000 years BP), 
as attested by evidence located more than 300 m from the entrance in the Bruniquel cave (Aveyron, France). 
Evidence includes the use of lighting systems, necessary for subterranean appropriation, by Neanderthal groups, 
the geomorphological modification of space and the construction of structures using speleothems1. The evidence 
from Nerja would be a significant novelty, as it would certify the ability of another ancient human species (Homo 
neanderthalensis), not only to frequent areas in total darkness and far from the entrance (as in the case of the 
Bruniquel cave), but also to overcome extremely difficult speleological obstacles inside caves.
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These dates were among the first we made and were not subjected to anthracological analysis prior to dating, 
i.e. they were not subjected to microscopic study to confirm their anthropic origin. However, we do have δ13C 
analysis of both samples (Supplementary information S2), one of which (dating 68), falls within the range for 
carbonised organic matter (− 29 to 21‰). As this parameter is generally used to assess fractionation during 14C 
measurement, it is difficult, without an independent analysis apart from dating, to reach a conclusion. For all 
these reasons47–49, we consider this result insufficient to accept (for the moment) these revolutionary dates; we 
also consider it essential to undertake other interdisciplinary analyses to definitively confirm or reject the exist-
ence of Middle Palaeolithic visits inside Nerja cave (Supplementary information S3). We therefore began the 
chronometric analysis of the carbonates associated with the parietal art of Nerja17,22,41,44, which has offered novel 
methodological aspects on U/Th and 14C dating, despite no conclusive data on the Neanderthal chronology of 
any of the graphic motifs located inside the Nerja cave.

On the other hand, we do not rule out the possibility that in the future the number of phases of visits will be 
extended, for example with phases of occupation related to the last hunter-gatherers (Epipalaeolithic phases), 
already recorded in the stratigraphic sequence of the entrance rooms and common in the internal areas of other 
caves decorated with Palaeolithic art (some of them in areas very far from the entrance and/or with very com-
plicated access)50–54. Nevertheless, and in the same way as for the previous case referring to the beginning of the 
visits from the Middle Palaeolithic, and although we have two dates that could testify to Epipalaeolithic visits 
(n. 20, 21), for the moment, we prefer not to take this information into account, as it did not pass the validity 
test to which we subjected all the dates before the Bayesian study (for more information, see Supplementary 
information S1, S2 and S3). It should also be remembered that our samples come from a particular context with 
no stratigraphic data to support the dates. Furthermore, the application of the analysis of soot levels on carbonate 
deposits of Palaeolithic chronology could extend the minimum number of visits. Previous studies confirmed 
the existence of carbonate formations for Palaeolithic chronology in Nerja Cave41, in particular thin calcium 
carbonate films on some paintings, so it would be possible to apply this state-of-the-art methodology to the 
Pleistocene occupation period as well.

In terms of the anthracological data obtained, “Pinus tp. sylvestris-nigra” is the most frequent taxonomic 
identification (if we exclude the general characterisation of “indeterminate charcoals”), not only in the charcoal 
samples dated from inside the cave, but also in all the samples examined in relation to the fuel used for lighting 
in Nerja cave12,13. As already shown in previous studies, there is a repeated and almost exclusive use of this type 
of wood for cave raids and for lighting, especially during the Upper Palaeolithic. The environmental conditioning 
factor does not seem to be the main reason for this choice, because other species were available in the surround-
ings of the caves55, and other reasons for this choice have been proposed, linked to functional purposes (due the 
benefits of these resinous woods for cave lighting) and even cultural ones56,57.

Furthermore, thanks to the 14C dating included in this work, following anthracological analysis, we have 
verified that the choice of Pinus tp. sylvestris-nigra wood for lighting-related activities in Nerja cave is not only a 
wood that is preferentially used compared to other types available in the environment (Pinus tp. pinea-pinaster, 
Juniperus sp.)12,54, but also that it is not exclusive to a specific Palaeolithic phase or cultural period, but is a 
multiphasic selection. Specifically, the choice of this woody resource for lighting was recorded in 8 of the 9 Pal-
aeolithic occupation phases documented in this work, between phases 2–9 (Gravettian—Upper Magdalenian) 
inclusive. Likewise, the repeated use over time of Pinus sylvestris for lighting has been previously proposed for 
the Chauvet cave, and for two different periods of occupation referring to the Aurignacian and Gravettian56,57. 
The anthracological data from this study further reinforce this idea of a preferential and cross-cultural choice of 
Pinus tp. sylvestris-nigra for lighting activities inside caves during the Upper Palaeolithic.

Conclusions
In this work we carried out an interdisciplinary and chronometric study of different combustion residues (char-
coal and microlayers of soot) located in the Internal Archaeological Context of Nerja cave. The charcoals are 
linked to the lighting systems used by prehistoric groups to enter the deep areas of the cave and were found 
mainly on the surface in the interior of the cave, although we also included in this work two samples of the car-
bonaceous pigment of two Palaeolithic signs. The 14C dating of 53 of these charcoals, following anthracological 
analysis and after passing an ad hoc validation test and a subsequent Bayesian analysis, identified 12 phases of 
prehistoric visits to the interior of the cave between 41,218 and 3299 cal BP, and enabled us to define the periods 
between phases and the duration of each phase. This has allowed us to extend the general chronological interval 
of the site, pushing back the origin of human occupation in Nerja cave by more than 10,000 years, as well as to 
identify chrono-cultures hitherto unknown in the cave, such as the Aurignacian, Lower Magdalenian and Middle 
Magdalenian, some of which are very little known for the context of the southern Iberian Peninsula.

The interdisciplinary analysis of the microlayers of soot present in a stalagmite of Holocene chronology 
allowed us not only to robustly characterise this type of remains but also to carry out a high-precision zoom 
on the last three phases of visits identified through Bayesian analysis, proving that these three phases contain 
a minimum of 64 distinct incursions. Based on this analysis, we propose that between the Early Neolithic and 
the Recent Neolithic (phases 10 and 11) there could have been a visit to the interior of the cave every 35 years 
on average (without excluding another rate of occupation for this interval). This level of chronological precision 
for prehistoric archaeology is truly ground-breaking.

The prehistoric subterranean activities of Nerja cave are not only heterogeneous in terms of chronological 
diversity, but also in terms of spatial extension, showing moments of advance and regression in relation to the 
surface and depth throughout the different phases of prehistoric use and visits to the interior of the cave. The 
topographic analysis of the charcoal dated and the soot microlayers shows that not all the spaces in the cave were 
used in the same periods, with the reiteration of visits to the Cataclysm Room (Lower Galleries) or the Raspador 
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Platform (where the stalagmite was collected with the recorded soot layers), and the more restricted occupation 
of the Upper and deeper Galleries of the cave being particularly noteworthy.

A representative set of radiocarbon dates such as those presented in this work, linked to the combustion 
residues located in the deep areas of cavities with Palaeolithic Art, can offer information on the chronology 
of the art, although not in a direct or conclusive manner. This type of chronological information is useful as a 
complement to other data (archaeological, geomorphological, etc.), especially when direct dating of rock art is 
difficult to carry out, as it is made of inorganic material or, as in the case of some of the black paleolithic graph-
ics of the Upper Galleries of Nerja cave, because the carbonised pigment is deeply embedded in the wall and 
impossible to sample using current techniques. The chronological determination of Palaeolithic art through 
indirect approaches is a complex task and it is essential to combine different methods and study strategies22,41.

The data from the anthracological analysis, prior to the dating of the charcoals, point to a specific and 
transcultural use of Pinus tp. sylvestris-nigra for activities linked to the lighting of the cave, at least between the 
Gravettian and Upper Magdalenian periods, and not linked to environmental restrictions. It can therefore be 
concluded that the choice of this type of wood for incursions into caves is a transcultural and multiphasic choice, 
at least during the time when this type of tree was available in the cave environment, and probably linked to the 
benefits of this type of resinous wood for lighting activities.

Overall, this work has demonstrated the potential of interdisciplinary and chronometric analysis of the Inter-
nal Archaeological Context, and in particular of charcoals and soot micro-levels linked to different prehistoric 
lighting systems, for a comprehensive understanding of the “lifespan” of a prehistoric cave.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files]. However, should any information that any researcher wishes to consult be missing, it will be 
made available through the corresponding author on reasonable request.
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S1: Methodology. 
 
 
The methodology of this study comprised the following phases: 
 
 
1. CHARCOAL ANALYSIS 
 
 
1.1.  Sampling: All charcoals selected for dating were sampled individually using 
sterilised collection tools and containers and aluminium folds to avoid contamination 
during sampling. Large fragments were divided in situ into two independent samples, one 
for anthracological analysis and the other for carbon dating. As anthracological analysis 
does not contaminate the sample (Vernet et al. 1979, Badal et al. 2003, Carrión et al. 
2018), it avoids adding additional “stress” to the charcoal from dating. Most of the 
paleolithic charcoals found inside the cave at the surface are highly fragile, and fall apart 
upon trying to obtain the three planes of anatomical analysis during anthracological 
analysis. Part of the sample is therefore lost during this examination in most cases. 

  
The sample pot selected for the charcoal was adapted as far as possible to the fragment, 
so as to avoid excessive movement of the sample inside the pot during transport. As 
already mentioned, these charcoals usually have a low cohesion and the slightest handling 
or transport causes them to crumble, which is a major drawback for anthracological and 
dendro-anthracological analysis. 
 
 
1.2.  Anthracological analysis: Anthracological analyses were conducted to 
determine the taxonomy of the wood charcoal. To identify the anatomical and biometric 
properties of the wood specimens, clean cuts were made on each fragment to obtain 
transversal, tangential and radial sections. The classification of each specimen and the 
alterations were determined by comparison with various reference sources and papers 
(Schweingruber 1990, Vernet et al. 2001, García et al. 2003). A light microscope was 
used with light reflected to a light-dark reflection field at magnifications ranging from 
40 to 1000x. To carry out a more detailed observation of the sample and reach higher 
magnifications, we used a scanning electron microscope (SEM). Most of the observations 
were performed at the Central Service for Research Support (SCAI) at the University of 
Cordoba (UCO) using a model JEOL JSM 7800F, after gold-plating metallisation of the 
surface of the samples to obtain better quality images. The samples were placed in several 
cylindrical SEM sample carriers and were affixed to conductive carbon tape. 

 
Anthracological identification prior to 14C dating of wood charcoals does not alter the 
dating and is essential to know which woody species or genus is being dated, to identify 
the contamination of the sample with organic modern material, to detect charcoals linked 
to stratigraphic intrusions (in the case of stratigraphic sequences), as well as to use the 
date obtained to follow the history and presence of the plant in each region, and to 
determine which part of the wood was used (branches have less old-wood effect than  the 
core of a timber) (Vernet et al. 1979, Badal et al. 2003, Carrión et al. 2018). 
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In the context of our study (Inner Archaeological Context of the cave), where most of the 
wood charcoals are found on the surface and have no stratigraphic relationship with other 
archaeological remains, the selection of taxa for dating that are presumably consistent at 
the paleoclimatic level with the assumed chronology of the art present in the cave will 
provide, with a high probability, a chronology linked to that cultural phase. The selection 
of taxa inconsistent with the dates of the art representations, on the other hand, will make 
it possible to determine different times of human presence in the cave, and even to 
determine the visualisation of the art by groups other than the artists.  
 
In the endokarst there are numerous substances that may have a macroscopic appearance 
similar to that of charcoal (guano, decomposing organic matter, etc.). For this reason, 
micromorphological identification of the sample is essential to know what we are dating 
and its possible relation with the anthropic frequentation of the cave. Sampling by a 
specialist in Anthracology will considerably minimise errors in this respect. In addition, 
taphonomic analysis of the charcoal can alert us to possible post-depositional fungal 
contamination of the charcoal sample, for example, related to endokarst microbiota. In 
this situation, it is advisable to choose a different sample for dating or to instruct the 
laboratory to intensify the pre-treatment of the sample. If it cannot withstand an 
aggressive humic acid pre-treatment (depending on the consistency and size of each 
sample), it is recommended to take the result in ante quem terms. 
 

1.3. Chemical pre-treatments and 14C-AMS dating: 14C-AMS dating was carried 
out in two different laboratories: LSCE (Laboratory for Sciences of Climate and 
Environment, CEA-CNRS-UVSQ, France), and Beta Analytic (USA). The ABA pre-
treatment protocol was applied in the two labs. Specifically, in the LSCE laboratory 
before the graphitised sample is measured with a mass spectrometer, it is observed 
through a binocular magnifier to eliminate any visible foreign element. Next, a chemical 
treatment is applied to remove any contamination with foreign carbons that could lead to 
erroneous results. The mechanism is the following: a series of treatments with 
hydrochloric acid (0.5N) to eliminate carbonates, along with a basic treatment with 
sodium hydroxide (0.1N) to eliminate humic and fulvic acids (in other words, the bacteria 
and plant material from the soil). Hydrochloric acid is also used to eliminate the carbon 
gas absorbed during the treatment with the base. This was all carried out at  approximately 
80ºC. However, depending on the consistency of the sample, its condition, and the 
behaviour with the reagents, the treatment may be more or less aggressive (Valladas et 
al. 1999). The sample is then transformed to graphite (Cottereau et al. 2007) before 
analysis by AMS (LMC14 - Artemis National French facility). 

In the Beta Analytic Laboratory, “before radiocarbon dating, the sample is first gently 
crushed then dispersed in deionized water. It is then washed with hot HCl acid to 
eliminate carbonates followed by an alkali wash (NaOH) to remove secondary organic 
acids. The alkali wash is followed by a final acid rinse to neutralize the solution before 
drying. Chemical concentrations, temperatures, exposure times, and number of 
repetitions depend on the sample submitted. Each chemical solution is neutralized prior 
to application of the next. During these serial rinses, mechanical contaminants such as 
associated sediments and rootlets are eliminated” (https://www.radiocarbon.com, 
consulted 23/02/20). For more information on the conversion of sample Carbon to 



MEDINA-ALCAIDE M.A. et al. 35,000 years of recurrent visits inside Nerja cave (Andalusia, Spain) based on 
charcoals and soot micro-layers analyses. Scientific Reports - Nature #OpenAccess 

4 
 
 

Graphite and other methodological aspects followed by this laboratory, please consult the 
 

following link: https://radiocarbon-1bfd8.kxcdn.com/PDF/AMS-Methodology.pdf 
 

  
  
1.4. Bayesian analysis and prerequisites.  
  
1.4.1. Validity test: the conditions that a radiocarbon date should fulfil to be considered  
valid for Bayesian analysis are the following:  
  
- Analytical prerequisite: It is assumed that the dating procedure undertaken by the  
laboratory was correctly performed (as regards pre-treatment, measurement of  
radiocarbon content, etc.), and that the result was validated. Due to the existence of  
consecutive dates, and with the intention of obtaining a chronology as precise as possible  
for each phase, we set 1.8% as the maximum standard deviation. We considered it more  
appropriate to express the maximum error as a percentage rather than as a fixed digit,  
since we are working with an extensive chronological range, covering the Pleistocene and  
the Holocene.  
  
- Physicochemical prerequisite: the ability of the material to be dated to produce an  
appropriate radiocarbon value to achieve our objective, i.e. the sample must be of organic  
origin and related to residues of prehistoric occupations within the cave. A microscopic  
examination (anthracological analysis for charcoal) was therefore carried out before  
dating, in order to know the nature of the samples to be dated and determine whether they  
do indeed correspond to prehistoric residues. The dating carried out by Beta Analytic also  
uses δ 13C analysis to approximate the nature of the samples (by IRMS). However, given  
the lack of consensus on the ability of this analysis to provide definitive data in this regard  
(Jouve 2013, Fontugne et al. 2014, Audiard et al. 2018), we did not consider these results  
to be conclusive, although they should be considered together with the results of other  
analyses.  
  
1.4.2. High precision Bayesian analysis: to model the radiocarbon results included in  
this work, we used the online software ©Oxcal 4.4 to accomplish two tasks: calibrating  
the radiocarbon dates in calendar years using the IntCal20 calibration curve (Reimer et  
al. 2020), thus making all the chronological information handled homogeneous;  
identifying and constraining the different phases of internal human occupation in the  
cave, using Bayesian statistics. This determination facilitated a chronological comparison  
(developed in the discussion section) between the anthropization of the different spaces  
in the cave (access chambers and interior chambers), as well as a chronology for the  
Palaeolithic art (based on the techno-stylistic information and the direct and indirect  
dating available), to obtain dates related to prehistoric human presence inside the cave.  
  
The Bayesian analysis integrates the archaeological information (“prior”) as a priori to  
the physical measurement (a priori hypothesis = standardised probability + ensuing  
hypothesis). The relative time (“prior”) expressed in archaeological data is related to the  
independent physical measurement (dating) through the law of probability, modelling a  
posteriori the temporal distribution gathering of all available chronological information  
on the analysed sample. If the index of agreement between the model and the  
chronological (a priori) data is greater than or equal to 60%, this implies that the model  
could be true and that there is no basis for rejecting it (Bronk Ramsey 2009a, Quiles et  
al. 2014).   
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The different phases were defined according to the presence of archaeological materials 
(and not through the radiocarbon dating results) of each of the proposed phases in the 
stratigraphic deposits of the entrance rooms of the cave, or, failing that, to the presence 
of this type of cultural material in the regional context. For this purpose, using OxCal4.4, 
we sequenced these suggested Phases, limited by Boundaries determining the temporal 
distributions associated with the changes of phase. We also used the Outlier Charcoal 
model (Bronk Ramsey 2009b) to properly down-weight outlier samples, taking into 
account the long life of this material. This allowed us first to confirm the plausibility of 
the model, then to determine the start date (beginning of the boundary) and the end date 
(end of the boundary) for the different phases of human presence within the cave. The 
duration of each phase was calculated with the Span and Interval command. Span 
calculates the duration between the earliest and latest dating and Interval between the 
boundary start and boundary end of each phase. We also used the Interval command to 
calculate the transition period between phases (Bronk Ramsey, 1995, 2001; Bronk 
Ramsey and Lee 2013, Morrell 2019). Finally, the humic fraction dating was included in 
the model using the Before formula (see Supplementary information S3 for the plot used). 
 
 
2. SOOT MICRO-LAYER STUDY:  
 
2.1. Fuliginochronological analysis. 
 
The use of fire for lighting is necessary for deep cave exploration (Medina-Alcaide et al. 
2021), and lighting systems are responsible for soot production. Speleothems are archives 
that form in caves and are likely to record this soot (see Vandevelde et al. 2018 and 
references therein for various examples from around the world); their 
fuliginochronological analysis allows human visits to the site to be recorded in their 
chronological order. These chronologies can be materialised in the form of barcodes, 
where soot films are represented as solid lines, and uncertain (hardly observable) soot 
films or microcharcoal alignments are indicated as dotted lines (Figures 1; S6-7) in order 
to determine the minimum number of occupations over a given period, and to identify 
occupation phases (separated by stops in the use of the site or characterised by changes 
in the rhythm of occupation – Vandevelde et al. 2018, Vandevelde 2021). These carbonate 
archives are also directly datable (see Vandevelde et al. 2020 and references therein), as 
shown by numerous studies and in particular the recent work carried out at Nerja cave 
(Pons-Branchu et al. 2022), enabling these occupation chronicles to be placed in calendar 
time. 
 
It turns out that stalagmite GN16/08 in the Nerja cave records soot deposits. The 
identification of the black deposits as soot was confirmed by Raman spectroscopy (Figure 
3, S6) and TEM analysis (Figures 4-5, S6), see below. The fuliginochronological analysis 
(presented below) made it possible to reconstruct the chronicle of occupations over two 
phases, which were directly dated by radiocarbon (cf. Supplementary information S4). 
 
For the fuliginochronological analysis of this stalagmite, a polished section and the 
corresponding thin section made in the growth axis of the sample were observed under 
optical microscopy. The microscopy analysis and images were done with the equipment 
of the ArchéoScopie Platform of the MSH Mondes (USR 3225 CNRS, Nanterre, France). 
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Raw data collection was performed using the LnSeq module of the Datawald platform 
(GL Conception; details in Vandevelde et al. 2017). 
 
 
2.2. Soot characterization: 
 
2.2.1. Raman micro-spectroscopy analysis: The identification of black layers as 
carbonaceous matter was confirmed unequivocally by Raman micro-spectroscopy 
performed on the central soot bundle of an unpolished section of GN16/08 at the 
Laboratoire de Géologie de l’ENS (École Normale supérieure, Paris, France). A 
Renishaw® inVia Raman microspectrometer was used with a Cobolt 514 nm laser. Data 
acquisition was performed with 5 % laser intensity (2.5 mW) and a 20 s time exposure. 
Figure 3, S6 shows two broad peaks around 1350 and 1600 cm-1 that correspond to D 
(defect) and G (graphite) bands of polycyclic aromatic materials (Sadezky et al. 2005, 
Deldicque et al. 2016). These are typical signals of solid products of the carbonization 
process. The spectrum shape is typical of soot. The third peak recorded at 1085 cm-1 is 
characteristic of calcite (Martínez-Ramírez et al. 2003, Bonneau et al. 2012). The 
concomitant presence of these three peaks shows that the polycyclic aromatic material is 
well cemented in the carbonate matrix that it stains (Vandevelde et al. 2017). 
 
2.2.2. Transmission electron microscopy-Energy Dispersive X-ray spectroscopy 
(TEM-EDX) analysis: TEM-EDX allows the characterization of the anatomical structure 
of solid samples at nanometric scale and the production of analytical maps. This tool was 
previously used to characterize soot layers of speleothems from the Dominica cave in 
Slovakia (Pawlyta and Hercman 2016). Our sample, a powder extracted by scraping from 
one black level of the stalagmite with a scalpel, was prepared following Pawlyta and 
Hercman (2016) from characterization of the soot micro-level inside the GN16/08 
stalagmite: after acid dissolution with 1M HCl, the sample was rinsed with distilled water, 
and finally filtrated to obtain nano-sized particles to be analyzed using TEM-EDX 
(Figures 4-5, S6). TEM-EDX analyses were performed at the University of Malaga, using 
a FEI Talos F200X equipment. The TEM images show spherical nanoparticles with an 
onion-like (concentric) nanostructure confirming that the carbonaceous material 
identified by Raman spectroscopy is soot. 
 
2.3. Stalagmite radiocarbon dating: The CaCO3 samples from the stalagmite were 
hydrolyzed with H3PO4 to obtain CO2 and then converted to graphite as described by 
Tisnerat et al. (2001) and Dumoulin et al. (2017). They were measured at the Artemis 
AMS-French National facility (CEA Saclay, LMC14; Moreau et al. 2020). The 14C 
measurements were corrected for isotopic fractionation according to the δ13C values 
measured on the AMS, following international recommendations (Mook and Van Der 
Plicht 1999). 
 
Previous studies at Nerja cave showed that the dead carbon proportion is low, in most 
cases close to 0 % and always between 0 to 10% for CaCO3 samples from several sectors 
of the cave (Sanchidrián et al. 2017, Valladas et al. 2017, Pons-Branchu et al. 2022). 
Radiocarbon data were corrected for 10% of dead carbon and then calibrated using OxCal 
4.4 (Bronk Ramsey 2006) and the Intcal20 data (Reimer et al. 2020) assuming 0 or 10% 
of dead carbon. 
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S2: Compilation of the 14C-AMS dating (uncal. BP)  from Inner Archaeological Context of the Nerja cave. 
 

Nº LABORATORY REF. GALLERY CHAMBER NATURE δ13C (o/oo) BP. CULTURE REFERENCE 
1. GifA13395/SacA36457 Upper Cocina-Pisc. not analysed   Modern     Modern / historic Unpublished 
2. GifA13137/SacA33776 Upper Cocina-Pisc. not analysed   Modern Modern / historic Unpublished 
3. GifA13140/SacA33767 Upper Cocina-Pisc. not analysed   Modern Modern / historic Unpublished 
4. GifA13142/SacA33760 Upper Cocina-Pisc. not analysed   Modern Modern / historic Unpublished 
5. Beta-382316 Upper Cataclismo not analysed -13.3 Modern Modern / historic Unpublished 
6. Beta-438093 Upper Hércules not analysed -25.2  123 ± 50 Modern / historic Unpublished 
7. Beta-444197 Upper Lanza not analysed -25.6 160 ± 30 Modern / historic Unpublished 
8. GifA13135/SacA33763 Upper Cocina-Pisc. not analysed   280 ± 35 Modern / historic Unpublished 
9. GifA13141/SacA33768 Upper Cocina-Pisc. not analysed   500 ± 80 Modern / historic Unpublished 

10. GifA13138/SacA33765 Upper Cocina-Pisc. not analysed   1640 ± 60 Modern / historic Unpublished 
11.  GifA13397/SacA36458 Lower Cascada Pinus sp.   3590 ± 35 Chalcolithic Medina et al. 2015 
12. 2 Beta-396387 Upper Hércules Pinus cf. tp. pinea-pinaster -23.4 4410 ± 30 Chalcolithic Unpublished 
13.  Beta-277743 Lower Cataclismo Indeterminate charcoal -29 4710 ± 40 Chalcolithic Unpublished 
14.  Beta-347462 Lower Cascada Pinus sp. -25.7 5160 ± 30 Recent Neolithic Medina et al. 2015 
15.  GifA13408/SacA36468 Lower Cataclismo Indeterminate charcoal   5450 ± 30 Recent Neolithic Unpublished 
16.  Beta-270018 Lower Cataclismo Indeterminate charcoal -23 5770 ± 40 Recent Neolithic Aguilera et al. 2015 
17.  Beta-270019 Lower Cataclismo Indeterminate charcoal -24.4 6040 ± 40 Ancient Neolithic Aguilera et al. 2015
18.  Beta-271213 Lower Cataclismo Indeterminate charcoal -21.7 6230 ± 40 Ancient Neolithic Aguilera et al. 2015 
19.  Beta-396385 Upper Ciervo Conifer -27.1 6730 ± 30 Ancient Neolithic Unpublished 
20.  Beta-382314 Upper Ciervo not analysed -24.4 8530 ± 30 Epipaleolithic  Unpublished 
21. Beta-298422 Upper Hércules not analysed -28.6 9660 ± 50 Epipaleolithic  Unpublished 
22.  GifA15161/SacA43842 Lower Cataclismo Pinus tp. sylvestris-nigra   12880 ± 60 Upper Magdalenian Unpublished 
23.  Beta-298418 Lower Cataclismo Indeterminate charcoal -24.3 12890 ± 60 Upper Magdalenian Medina et al. 2015 
24.  GifA13407/SacA36467 Lower Cataclismo Indeterminate charcoal   13120 ± 110 Middle Magdalenian Unpublished 
25.  GifA15926/SacA44820 Lower Cataclismo Pinus tp. sylvestris-nigra   13270 ± 70 Middle Magdalenian Unpublished 
26.  Beta-342842 Lower Cataclismo Pinus cf. tp. sylvestris-nigra  -24.7 13380 ± 60 Middle Magdalenian Medina et al. 2015 
27.  Beta-342844 Lower Cataclismo Indeterminate charcoal -24.6 13490 ± 50 Middle Magdalenian Medina et al. 2015 
28.  Beta-342843 Lower Cataclismo Indeterminate charcoal -22.8 13920 ± 60 Middle Magdalenian Medina et al. 2015 
29.  GifA13139/SacA33766 Lower Cataclismo Indeterminate charcoal   14110 ± 60 Middle Magdalenian Unpublished 
30.  Beta-438092 Lower Cataclismo Indeterminate charcoal -22.8 14320 ±60 Middle Magdalenian Unpublished 
31.  Beta-270020 Upper Subida Indeterminate charcoal   14320 ± 90 Middle Magdalenian Medina et al. 2015 
32.  Beta-396386 Upper Cataclismo Indeterminate charcoal -24 15290 ± 50 Lower Magdalenian Unpublished 
33.  GifA15158/SacA43839 Upper Cocina-Pisc. Conifer   15650 ± 300 Lower Magdalenian Sanchidrián et al. 2017 
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34.  GifA13398/SacA36459 Upper Cocina-Pisc. Pinus tp. sylvestris-nigra   15790 ± 460 Lower Magdalenian Sanchidrián et al. 2017 
35.  Beta-396388 Upper Hércules Indeterminate charcoal -23.8 16160 ± 50 Lower Magdalenian Unpublished 
36.  Beta-438096 Upper Subida Indeterminate charcoal -24.9 16270 ± 60 Lower Magdalenian Unpublished 
37.  GifA15165/SacA43843 Upper Cocina-Pisc. charcoal/humic fraction   16840 ±110 Upper Solutrean Unpublished 
38.  GifA15162/SacA43844 Upper Cocina-Pisc. charcoal/humic fraction   17310 ± 380 Upper Solutrean Unpublished 
39.  GifA15156/SacA43837 Upper Cocina-Pisc. Pinus sp.   17680 ± 100 Upper Solutrean Unpublished 
40.  Beta-396390 Upper Hércules Pinus tp. sylvestris-nigra -23.8 17720 ± 70 Upper Solutrean Unpublished 
41.  Beta-298421 Upper Hércules Pinus tp. sylvestris-nigra -24.3 17900 ± 90 Upper Solutrean Unpublished 
42.  Beta-438329 Upper Inmensidad Pinus tp. sylvestris-nigra -24.1 18350 ± 70 Upper Solutrean Unpublished 
43.  Beta-438097 Upper Ciervo Pinus tp. sylvestris-nigra -22.8 18540 ± 60 Upper Solutrean Unpublished 
44.  GifA15159/SacA43840 Upper Cocina-Pisc. charcoal/humic fraction   19440 ± 200 Middle Solutrean Unpublished 
45.  GifA438095 Upper Subida Indeterminate charcoal   19390 ± 70 Middle Solutrean Unpublished 
46.  Beta-396392 Upper Cocina-Pisc. Conifer -23.4 19620 ± 70 Middle Solutrean Unpublished 
47.  Beta-438091 Upper Inmensidad Indeterminate charcoal -23.8 19700 ± 80 Middle Solutrean Unpublished 
48.  GifA98191 Upper Ciervo Indeterminate charcoal   19900 ± 210 Middle Solutrean Sanchidrián et al. 2001 
49.  Beta-396389 Upper Hércules Pinus tp. sylvestris-nigra -24.9 20050 ± 80 Middle Solutrean Unpublished 
50.  Beta-396394 Upper Hércules Conifer -24.1 20430 ± 70 Middle Solutrean Unpublished 
51.  Beta-438090 Upper Inmensidad Pinus tp. sylvestris-nigra -25.7 20720 ± 70 Middle Solutrean Unpublished 
52.  Beta-271212 Lower Cataclismo Indeterminate charcoal -24 20980 ± 100 Middle Solutrean Romero et al. 2012 
53.  Beta-438094 Lower Cataclismo Indeterminate charcoal -26.3 21370 ± 90 Lower Solutrean Unpublished 
54.  GifA15160/SacA43841 Upper Cocina-Pisc. Conifer   21580 ± 150 Lower Solutrean Unpublished 
55.  Beta-347457 Lower Cataclismo Pinus tp. sylvestris-nigra -23.5 21900 ± 90 Lower Solutrean Medina et al. 2015 
56.  GifA15927/SacA44821 Lower Cataclismo Pinus tp. sylvestris-nigra   23350 ± 190 Gravettian Unpublished 
57.  Beta-271211 Lower Cataclismo Pinus tp. sylvestris-nigra -23.9 23800 ± 140 Gravettian Medina et al. 2015 
58.  Beta-298419 Lower Cataclismo Pinus cf. tp. sylvestris-nigra  -24.8 23880 ± 130 Gravettian Medina et al. 2015 
59.  GifA15925SacA44819 Lower Cataclismo Indeterminate charcoal   24090 ± 160 Gravettian Unpublished 
60.  Beta-277744 Lower Cataclismo Indeterminate charcoal -23.2 24130 ± 140 Gravettian Medina et al. 2015 
61.  GifA13410/SacA36470 Lower Cataclismo Indeterminate charcoal   24220 ± 180 Gravettian Unpublished 
62.  GifA13406/SacA36466 Lower Cataclismo Indeterminate charcoal   24370 ± 170 Gravettian Unpublished 
63.  GifA13409/SacA36469 Lower Cataclismo Indeterminate charcoal   24430 ± 180 Gravettian Unpublished 
64. Indeterminate charcoal  
65.  Beta-306992 Lower Cataclismo Pinus cf. tp. sylvestris-nigra  -23.2  29650 ± 160 Aurignacian Medina et al. 2015 
66.  Beta-277745 Lower Cataclismo Indeterminate charcoal -24 35320 ± 360 Aurignacian Medina et al. 2015 
67.  Beta-298423 Lower Hércules not analysed -29.7 42490 ± 630 Transitional UP/MP Unpublished 
68.  Beta-298425 Lower Cocina-Pisc. not analysed -23.1 >43500 Mousterian Unpublished 
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Table 1, S2 – Compilation of the 14C-AMS dating (uncal. BP) from Inner Archaeological Context of the Nerja cave, with indication of the 
room of provenance within the cave, the nature of the remains, δ13C value, dating result (uncal. BP), chronoculture to which it is thought to which 
correspond in the regional context and bibliographical reference (if already published). In red the dating excluded in the Bayesian model due to 
lack of anthracological characterisation prior to dating (we are not sure if what has been dated corresponds to residues from a pre-historic visit to 
the interior of the cavity, or if it is another endokarst organic residue), in grey the datings of the humic fraction (but included in the Bayesian 
analysis with the “Before” formula), and in green the datings excluded because they have a precision range >1.8%%. Directly dated black marks 
in the wall are shown in italics. 
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S3: Detailed explanation of why some samples are not included in the Bayesian analysis. 

Following our "validation test" (supplementary information S1.4), samples 1-10 were 
excluded as being related to contemporary use of the cavity and outside our prehistoric study 
objective. In addition, they were dated before anthracological identification, so we are not 
sure if the sample corresponds to combustion residues or if it is another endokarstic organic 
residue.  

Sample 20-21 were excluded because they were dated prior to anthracological identification 
of the sample, so we are unsure whether they are anthropogenic residues from a prehistoric 
internal visit or another endokarst organic residue. The δ13C analysis (Supplementary 
Information -S2) of the samples falls within the range corresponding to carbonised organic 
matter (-29-21‰). Dating by Beta Analytic also uses the δ13C analysis to approximate the 
nature of the samples (by IRMS). However, as this parameter is generally used to assess 
fractionation during 14C measurement, it is difficult, without independent analysis apart 
from dating, to reach a conclusion. For all these reasons, we consider this result insufficient 
to accept (for the moment) these unpublished dates for the internal frequentation of the cave.  

Sample 64 has been discarded for having a low level of precision and a deviation range of 
more than 1.8%. In order to obtain the most precise chronology possible for each phase, we 
set this percentage as the maximum standard deviation. We consider it more appropriate to 
express the maximum error as a percentage than as a fixed digit, since we are working with 
an extensive chronological range, spanning the Pleistocene and Holocene. 

Samples 67-68 were among the first samples we made and were not subjected to 
anthracological analysis prior to dating, i.e., they were not subjected to microscopic study to 
confirm their anthropogenic origin. However, we do have δ13C analyses of both samples 
(Supplementary Information -S7), one of which (dating 68), falls within the range 
corresponding to carbonised organic matter (-29-21 ‰). As we have indicated above for 
dates 20-21, we consider this result insufficient to definitively confirm or reject the origen 
antropics visits inside the Nerja cave (Supplementary Information -S3). For this reason, we 
began the chronometric analysis of the carbonates associated with the parietal art of Nerja 
(Sanchidrián et al. 2017, Valladas et al. 2017, Pons-Branchu et al. 2020, 2022,), which has 
offered novel methodological aspects on the U/Th and 14C dating, despite not having 
conclusive data on the Neanderthal chronology of any of the graphic motifs located in the 
interior of the Nerja cave. Furthermore, on the dating 68 the laboratory indicated the 
following: "The 14C activity was extremely low and almost identical to the background 
signal. In these cases, the indeterminate errors associated with the background add 
unmeasurable uncertainty to the result. Always, the result must be considered along with 
other lines of evidence. The most conservative interpretation of the age is infinite". 
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S4: Plot used in Bayesian analysis (Oxcal 4.4). 
 
Plot() 
 { 
  Outlier_Model("Charcoal",Exp(1,-10,0),U(0,3),"t"); 
  Sequence() 
  { 
   Boundary("Start Phase 1") 
   { 
    color="green"; 
   }; 
   Phase("1") 
   { 
    R_Date("Beta-277745", 35320, 360) 
    { 
     Outlier("Charcoal",1); 
    }; 
    Span("Span of dates F1"); 
    Interval("Duration F1"); 
   }; 
   Boundary("End Phase 1") 
   { 
    color="blue"; 
   }; 
   Interval("Transition Phase 1/2"); 
   Boundary("Start Phase 2") 
   { 
    color="blue"; 
   }; 
   Phase("2") 
   { 
    R_Date("Beta-306992", 29650, 160) 
    { 
     Outlier("Charcoal",1); 
    }; 
    Span("Span of dates  F2"); 
    Interval("Duration F2"); 
   }; 
   Boundary("End Phase 2") 
   { 
    color="blue"; 
   }; 
   Interval("Transition Phase 2/3"); 
   Boundary("Start Phase 3") 
   { 
    color="blue"; 
   }; 
   Phase("3") 
   { 
    R_Date("GifA13409/SacA36469", 24430, 180) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA13406/SacA36466", 24370, 170) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA13410/SacA36470", 24220, 180) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-277744", 24130, 140) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA15925SacA44819", 24090, 160) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-298419", 23881, 130) 
    { 
     Outlier("Charcoal",1); 
    }; 
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    R_Date("Beta-271211", 23800, 140) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA15927/SacA44821", 23350, 190) 
    { 
     Outlier("Charcoal",1); 
    }; 
    Span("Span of dates F3"); 
    Interval("Duration F3"); 
   }; 
   Boundary("End Phase 3") 
   { 
    color="blue"; 
   }; 
   Interval("Transition Phase 3/4"); 
   Boundary("Start Phase 4") 
   { 
    color="blue"; 
   }; 
   Phase("4") 
   { 
    R_Date("Beta-347457", 21900, 90) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA15160/SacA43841", 21580, 150) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-438094", 21370, 90) 
    { 
     Outlier("Charcoal",1); 
    }; 
    Span("Span of dates F4"); 
    Interval("Duration F4"); 
   }; 
   Boundary("End Phase 4") 
   { 
    color="blue"; 
   }; 
   Interval("Transition Phase 4/5"); 
   Boundary("Start Phase 5") 
   { 
    color="blue"; 
   }; 
   Phase("5") 
   { 
    R_Date("Beta-271212", 20980, 100) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-438090", 20720, 70) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-396394", 20430, 70) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-396389", 20050, 80) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-438091", 19700, 80) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-396392", 19620, 70) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA438095", 19390, 70) 
    { 
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     Outlier("Charcoal",1); 
    }; 
    Before (R_Date("GifA15159", 19440 , 200)) 
    { 
     Outlier("Charcoal",1); 
    }; 
    Span("Span of dates F5"); 
    Interval("Duration F5"); 
   }; 
   Boundary("End Phase 5") 
   { 
    color="blue"; 
   }; 
   Interval("Transition Phase 5/6"); 
   Boundary("Start Phase 6") 
   { 
    color="blue"; 
   }; 
   Phase("6") 
   { 
    R_Date("Beta-438097", 18540, 70) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-438329", 18350, 70) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-298421", 17900, 90) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-396390", 17720, 70) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA15156/SacA43837", 17680, 100) 
    { 
     Outlier("Charcoal",1); 
    }; 
    Before (R_Date("GifA15162/SacA43844", 17310, 380)) 
    { 
     Outlier("Charcoal",1); 
    }; 
    Span("Span of dates F6"); 
    Interval("Duration F6"); 
   }; 
   Boundary("End Phase 6") 
   { 
    color="blue"; 
   }; 
   Interval("Transition Phase 6/7"); 
   Boundary("Start Phase 7") 
   { 
    color="blue"; 
   }; 
   Phase("7") 
   { 
    Before (R_Date("GifA15165/SacA43843", 16840, 110)) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-438096", 16270, 60) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-396388", 16160, 50) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA13398/SacA36459", 15790, 460) 
    { 
     Outlier("Charcoal",1); 
    }; 
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    R_Date("GifA15158/SacA43839", 15650, 300) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-396386", 15290, 50) 
    { 
     Outlier("Charcoal",1); 
    }; 
    Span("Span of dates F7"); 
    Interval("Duration F7"); 
   }; 
   Boundary("End Phase 7") 
   { 
    color="blue"; 
   }; 
   Interval("Transition Phase 7/8"); 
   Boundary("Start Phase 8") 
   { 
    color="blue"; 
   }; 
   Phase("8") 
   { 
    R_Date("Beta-270020", 14320, 90) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-438092", 14320, 60) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA13139/SacA33766", 14110, 60) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-342843", 13920, 60) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-342844", 13490, 50) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta - 342842", 13380, 60) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA15926/SacA44820", 13270, 70) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA13407/SacA36467", 13120, 110) 
    { 
     Outlier("Charcoal",1); 
    }; 
    Span("Span of dates F8"); 
    Interval("Duration F8"); 
   }; 
   Boundary("End Phase 8") 
   { 
    color="blue"; 
   }; 
   Interval("Transition Phase 8/9"); 
   Boundary("Start Phase 9") 
   { 
    color="blue"; 
   }; 
   Phase("9") 
   { 
    R_Date("Beta-298418", 12890, 60) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA15161/SacA43842", 12880, 60) 
    { 
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     Outlier("Charcoal",1); 
    }; 
    Span("Span of dates F9"); 
    Interval("Duration F9"); 
   }; 
   Boundary("End Phase 9") 
   { 
    color="blue"; 
   }; 
   Interval("Transition Phase 9/10"); 
   Boundary("Start Phase 10") 
   { 
    color="blue"; 
   }; 
   Phase("10") 
   { 
    R_Date("Beta-396385", 6730, 30) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-271213", 6230, 40) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-270019", 6040, 40) 
    { 
     Outlier("Charcoal",1); 
    }; 
    Span("Span of dates F10"); 
    Interval("Duration F10"); 
   }; 
   Boundary("End Phase 10") 
   { 
    color="blue"; 
   }; 
   Interval("Transition Phase 10/11"); 
   Boundary("Start Phase 11") 
   { 
    color="blue"; 
   }; 
   Phase("11") 
   { 
    R_Date("Beta-270018", 5770, 40) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA13408/SacA36468", 5450, 30) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-347462", 5160, 30) 
    { 
     Outlier("Charcoal",1); 
    }; 
    Span("Span of dates F11"); 
    Interval("Duration F11 "); 
   }; 
   Boundary("End Phase 11") 
   { 
    color="blue"; 
   }; 
   Interval("Transition Phase 11/12"); 
   Boundary("Start Phase 12") 
   { 
    color="blue"; 
   }; 
   Phase("12") 
   { 
    R_Date("Beta-277743", 4710, 40) 
    { 
     Outlier("Charcoal",1); 
    }; 
    R_Date("Beta-396387", 4410, 30) 
    { 
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     Outlier("Charcoal",1); 
    }; 
    R_Date("GifA13397/SacA36458", 3590, 35) 
    { 
     Outlier("Charcoal",1); 
    }; 
    Span("Span of dates F12"); 
    Interval("Duration F12"); 
   }; 
   Boundary("End Phase 12") 
   { 
    color="green"; 
   }; 
  }; 
 }; 
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S5: Calibrated ages (INTCAL20 cal. BP), modelled ages (Oxcal 4.4.), start-finish dates of each phase, number of years per phase and per 
interval between phases. 
 

SAMPLE 
BOUNDARY START PHASE  
BOUNDARY END PHASE  

INTERVAL DURATION PHASE  (YEARS) 
INTERVAL TRANSITION (YEARS) 

UNMODELLED (CAL. BP, INTCAL20) MODELLED (CAL. BP, INTCAL20) 
Indices 

Amodel=100 
Aoverall=98 

  from to % μ from to % μ Acomb A L P C 
 Outlier_Model Charcoal         -558 3 95.4 -122         90.5 

 Exp(1,-10,0) -3.19 -0.05 95.4 -105.042       -105.104         100 
 U(0,3) 2,21E-12 3 95.4 1.515 3,60E-12 2.595 95.4 166.195   100     38.6 

 Sequence                           
 Boundary Start Phase 1         44385 39318 95.4 41218         94.9 
 Phase 1                           
 R_Date Beta-277745 41142 39729 95.4 40452 41101 39361 95.4 40231   97.7     97.1 
 Span of dates F1         0 5 95.4 3         100 
 Interval Duration F1         0 6538 95.4 2401         97.9 
 Boundary End Phase 1         40906 35648 95.4 38818         98 
 Interval Transition Phase 1/2         0 5794 95.4 3016         99.3 
 Boundary Start Phase 2         39138 33742 95.4 35802         98.3 
 Phase 2                           
 R_Date Beta-306992 34497 33867 95.4 34202 34497 33554 95.4 34077   99.9     95.2 
 Span of dates F2         0 5 95.4 3         100 
 Interval Duration F2         0 8112 95.4 3637         98.3 
 Boundary End Phase 2         34325 29059 95.4 32165         98.2 
 Interval Transition Phase 2/3         223 5781 95.4 3539         99 
 Boundary Start Phase 3         29310 27889 95.4 28626         91.6 
 Phase 3                           
 R_Date GifA13409/SacA36469 29122 28139 95.4 28649 28861 27691 95.4 28320   86.3     91.3 
 R_Date GifA13406/SacA36466 29036 28042 95.4 28567 28805 27690 95.4 28289   91.5     91.3 
 R_Date GifA13410/SacA36470 28793 27877 95.4 28379 28704 27658 95.4 28185   100.1     93 
 R_Date Beta-277744 28673 27885 95.4 28291 28627 27652 95.4 28136   101.2     93.2 
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 R_Date GifA15925SacA44819 28660 27845 95.4 28254 28617 27630 95.4 28107   102.5     93.7 
 R_Date Beta-298419 28432 27743 95.4 28042 28416 27531 95.4 27945   100.9     95.5 
 R_Date Beta-271211 28353 27695 95.4 27971 28340 27474 95.4 27887   99.3     96.1 
 R_Date GifA15927/SacA44821 27813 27276 95.4 27549 28019 27211 95.4 27627   83.6     97.6 
 Span of dates F3         214 1427 95.4 857         97.8 
 Interval Duration F3         130 2169 95.4 1181         97.4 
 Boundary End Phase 3         27935 26811 95.4 27445         98 
 Interval Transition Phase 3/4         288 1999 95.4 1258         98.7 
 Boundary Start Phase 4         27019 25585 95.4 26188         87.7 
 Phase 4                           
 R_Date Beta-347457 26370 25930 95.4 26148 26321 25541 95.4 25936   98.4     85.2 
 R_Date GifA15160/SacA43841 26259 25641 95.4 25880 26072 25428 95.4 25794   107.9     89.6 
 R_Date Beta-438094 25934 25366 95.4 25737 25928 25454 95.4 25714   101.2     92.5 
 Span of dates F4         0 583 95.4 267         95.8 
 Interval Duration F4         0 1519 95.4 628         94.7 
 Boundary End Phase 4         25881 25145 95.4 25560         93.1 
 Interval Transition Phase 4/5         0 818 95.4 334         98 
 Boundary Start Phase 5         25740 24602 95.4 25226         91 
 Phase 5                           
 R_Date Beta-271212 25636 25078 95.4 25339 25554 24229 95.4 25016   101.3     88 
 R_Date Beta-438090 25195 24712 95.4 24987 25209 24183 95.4 24820   98.9     89.9 
 R_Date Beta-396394 24854 24252 95.4 24540 24886 23891 95.4 24413   100.2     94.6 
 R_Date Beta-396389 24250 23850 95.4 24051 24265 23492 95.4 23939   100     93.9 
 R_Date Beta-438091 23875 23382 95.4 23665 23866 23191 95.4 23584   103.4     93.2 
 R_Date Beta-396392 23822 23356 95.4 23575 23813 23167 95.4 23505   99.9     94.5 
 R_Date GifA438095 23742 23078 95.4 23401 23735 23027 95.4 23410   98.9     95.3 
 Before ... -21823.2 95.4                     
 R_Date GifA15159 23809 23001 95.4 23424 23824 22700 95.4 23302   100.1     96.7 
 Span of dates F5         1114 2291 95.4 1719         96.4 
 Interval Duration F5         1366 2944 95.4 2129         97.9 
 Boundary End Phase 5         23620 22521 95.4 23097         97.4 
 Interval Transition Phase 5/6         0 1226 95.4 609         98.2 
 Boundary Start Phase 6         23150 21633 95.4 22488         91.3 
 Phase 6                           
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 R_Date Beta-438097 22632 22301 95.4 22449 22575 21519 95.4 22232   103.4     87 
 R_Date Beta-438329 22435 22136 95.4 22291 22436 21532 95.4 22126   99.7     88 
 R_Date Beta-298421 22027 21427 95.4 21743 22033 21248 95.4 21655   101.6     95.1 
 R_Date Beta-396390 21821 21164 95.4 21514 21816 21093 95.4 21482   101.9     96.7 
 R_Date GifA15156/SacA43837 21809 21016 95.4 21418 21843 21004 95.4 21446   97.3     97.5 
 Before ... -19956.8 95.4                     
 R_Date GifA15162/SacA43844 22055 20055 95.4 21011 22000 19848 95.4 20883   100.3     98.1 
 Span of dates F6         253 1434 95.4 911         96 
 Interval Duration F6         17 2345 95.4 1357         97 
 Boundary End Phase 6         21660 20500 95.4 21131         98.3 
 Interval Transition Phase 6/7         0 1433 95.4 697         97.9 
 Boundary Start Phase 7         21223 19596 95.4 20435         92.4 
 Phase 7                           
 Before ... -18608.8 95.4                     
 R_Date GifA15165/SacA43843 20608 20022 95.4 20346 20557 19319 95.4 20095   94.1     89.1 
 R_Date Beta-438096 19846 19500 95.4 19660 19863 19054 95.4 19533   100.2     92.1 
 R_Date Beta-396388 19614 19359 95.4 19503 19614 18880 95.4 19381   100     89.4 
 R_Date GifA13398/SacA36459 20280 18231 95.4 19198 20108 18205 95.4 19113   105.1     98.3 
 R_Date GifA15158/SacA43839 19585 18274 95.4 18986 19582 18197 95.4 18912   102.8     97.6 
 R_Date Beta-396386 18754 18302 95.4 18522 18758 18150 95.4 18489   100.3     93.2 
 Span of dates F7         711 1703 95.4 1168         99.2 
 Interval Duration F7         1318 3298 95.4 2284         97.7 
 Boundary End Phase 7         18678 17545 95.4 18151         98.1 
 Interval Transition Phase 7/8         0 1195 95.4 614         99.5 
 Boundary Start Phase 8         18161 16980 95.4 17537         93.4 
 Phase 8                           
 R_Date Beta-270020 17801 17116 95.4 17461 17752 16628 95.4 17225   105     90.6 
 R_Date Beta-438092 17789 17148 95.4 17445 17717 16625 95.4 17234   107.1     89 
 R_Date GifA13139/SacA33766 17355 17030 95.4 17185 17373 16544 95.4 17049   100.4     92.2 
 R_Date Beta-342843 17075 16674 95.4 16906 17078 16294 95.4 16785   99.9     93 
 R_Date Beta-342844 16440 16062 95.4 16260 16442 15779 95.4 16160   100.3     93.7 
 R_Date Beta-342842 16304 15893 95.4 16104 16292 15691 95.4 16018  101   94.4 
 R_Date GifA15926/SacA44820 16180 15724 95.4 15945 16175 15595 95.4 15890   101.1     95 
 R_Date GifA13407/SacA36467 16062 15359 95.4 15735 16125 15487 95.4 15803   91.5     95.9 
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 Span Span of dates F8         1140 2013 95.4 1571         98.2 
 Interval Duration F8         1307 2562 95.4 1896         99 
 Boundary End Phase 8         15960 15309 95.4 15641         94.6 
 Interval Transition Phase 8/9         0 517 95.4 216         99.9 
 Boundary Start Phase 9         15788 15061 95.4 15424         92.9 
 Phase 9                           
 R_Date Beta-298418 15614 15219 95.4 15413 15575 14870 95.4 15272   104.6     89.5 
 R_Date GifA15161/SacA43842 15604 15205 95.4 15401 15571 14866 95.4 15267   104.9     89.5 
 Span of dates F9         0 329 95.4 96         99.2 
 Interval Duration F9         0 2826 95.4 690         98.3 
 Boundary End Phase 9         15549 12627 95.4 14734         89.5 
 Interval Transition Phase 9/10         3576 8422 95.4 6732         96.1 
 Boundary Start Phase 10         9943 6727 95.4 8003         90.1 
 Phase 10                           
 R_Date Beta-396385 7665 7516 95.4 7595 7664 6831 95.4 7405   100     89.7 
 R_Date Beta-271213 7255 7003 95.4 7129 7253 6734 95.4 7031   99.5     90.3 
 R_Date Beta-270019 6994 6750 95.4 6885 7149 6569 95.4 6844   96.6     91.9 
 Span of dates F10         5 861 95.4 581         93.1 
 Interval Duration F10         3 3284 95.4 1311         95.7 
Boundary End Phase 10     6983 6249 95.4 6692     92.8 
 Interval Transition Phase 10/11         0 660 95.4 234         97.1 
 Boundary Start Phase 11         6831 5887 95.4 6458         82.9 
 Phase 11                           
 R_Date Beta-270018 6667 6452 95.4 6569 6652 5797 95.4 6324   96.9     78.5 
 R_Date GifA13408/SacA36468 6300 6199 95.4 6247 6301 5779 95.4 6125   99     87.7 
 R_Date Beta-347462 5994 5765 95.4 5921 5993 5662 95.4 5874   98.9     89.7 
 Span of dates F11         0 743 95.4 477         83.6 
 Interval Duration F11          11 1193 95.4 729         92.6 
 Boundary End Phase 11         5975 5395 95.4 5730         96.4 
 Interval Transition Phase 11/12         0 686 95.4 275         98 
 Boundary Start Phase 12         5875 4949 95.4 5455         91.8 
 Phase 12                           
 R_Date Beta-277743 5578 5321 95.4 5432 5576 4639 95.4 5234   104.4     86.7 
 R_Date Beta-396387 5264 4865 95.4 4994 5264 4424 95.4 4869   100.3     91.1 
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 R_Date GifA13397/SacA36458 4060 3729 95.4 3895 4065 3500 95.4 3818   99.1     93.8 
 Span of dates F12         889 1818 95.4 1430         91 
 Interval Duration F12         1151 3576 95.4 2156         97.6 
 Boundary End Phase 12         3968 1993 95.4 3299         98.4 
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S6: Carbonate dating results from stalagmite with soot micro-levels. 
 
The chronology of the soot layers found in the GN16/08 stalagmite were determined by the 
analysis of CaCO3 layers deposited before and after them. The soot layer at the base of the 
stalagmite was deposited between 7430 and 6740 cal BP (0% DCP); the soot layer from the 
upper level of the stalagmite was deposited between and 6840 and 3000 cal years BP 
assuming 0% of DCP year cal BP (Table 1, Figure 1, S5) 
 

Table 1, S6 – 14C results for stalagmite GN16/08 expressed as pMC percent of modern 
carbon and calibrated ages assuming 0 and 10% of dead carbon (DCP).  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1, S6 – Section of the stalagmite with micro-levels of soot, detail of the levels and 
indication of the location of the CaCO3 datings. 

N° SacA Depth �13 C pMC Years Cal BP Years Cal BP 
  mm from top     0% DCP 10% DCP 

SacA 57098 0.5 -3.5 106.827 ± 0.221 Post 1950 AD Post 1950 AD 
SacA 57099 4.5 -5 121.812 ± 0.241 Post 1950 AD Post 1950 AD 
SacA 57100 5.5 -5 69.402 ± 0.195 3168 - 2998 2115 - 1995 
SacA 57101 6.5 -3.8 47.818 ± 0.164 6836 - 6669 5907 - 5747 
SacA 57102 11.5 -2.1 47.502 ± 0.163 6897 - 6736 5985 - 5755 
SacA 57103 13.5 -3 44.686 ± 0.160 7429 - 7322 6485 - 6311 
SacA 57104 18.5 -4 44.244 ± 0.171 7562 - 7421 6600 - 6403 
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S7: Interdisciplinary analysis on soot micro-layers from stalagmite GN16/08. 
 

 
 
Figure 1, S7 – GN16/08. Polished section. Stitching of x50 magnification images. Reflected 
light. On the left side: data collected from polished section microscopic analysis and details 
obtained from thin section analysis (see Figure 2, S6 for correspondence between polished 
section and thin section observations). On the right side: Chronicle of occupations compiling 
all data. Data are presented as a barcode diagram, with bars representing soot films and 
dashed lines representing probable soot films or micro-charcoal alignments. The long 
vertical grey line next to the barcode represents speleothem total thickness (growth axis 
oriented from bottom to top). 
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Figure 2, S7 – Polished section of sample GN16/08 and correspondence with the areas 
studied in thin section (in the frames). Stitching of x20 and x100 magnification images. 
Joint use of reflected light and crossed polarised transmitted light (RL+XPL) that makes it 
possible both to distinguish the soot films and to observe the carbonate matrix. 
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Figure 3, S7 – Raman spectrum of the black layers of stalagmite GN16/08. The peaks at 
1350 and 1600 cm-1 are diagnostic of soot or chars and the peak at 1085 cm-1 is characteristic 
of carbonates. 514 nm laser. Power (2.5 mW). 20 s time exposure. 
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Figure 4, S7 - TEM image of spherical soot nanoparticles of the black layers of 
stalagmite GN16/08 
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Figure 5, S7 - TEM image of spherical soot nanoparticles of the black layers of 
stalagmite GN16/08 
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Figure 6, S7 – TEM-EDX images of spherical soot nanoparticles of the black layers of 
stalagmite GN16/08 (in blue the soot particles).  
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S8: Image of the geographic situation of the cave, with the location of the sites mentioned 
in the article and a photograph of the archaeological context inside the cave (the picture 

shows the access to the upper galleries). 
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