S. Vandevelde et al. 2025 — DOI : 10.1007/s10816-025-09709-5

Supplementary Information for
Late Mid-Pleistocene hominin fire control inferred from sooty speleothem
analysis

Ségoléne Vandevelde*, Edwige Pons-Branchu, Damien Deldicque, Abdou Niane, Cyrielle Mathias, Dany
Savard, Yves Perrette, Bruno Desachy, Ludovic Slimak, Kevin Bouchard

DOI: 10.1007/s10816-025-09709-5

Main text available at: https://doi.org/10.1007/s10816-025-09709-5.

This PDF file includes:

Supplementary text, figures and tables (Figures S1 to S15; Tables S1 to S7)
Supplementary Note 1 — Early traces of fire in western Europe
Supplementary Note 2 — Hominin designation
Supplementary Note 3 — Characterization of black deposits
Supplementary Note 4 — Construction of the soot film chronology
Supplementary Note 5 — U/Th dating
Supplementary Note 6 — Position of soot films and calculation of confidence scores
Supplementary Note 7 — LA-ICP-MS analysis
Supplementary Note 8 — Counting annual cycles
Supplementary Note 9 — UV Fluorescence
Supplementary Note 10 — Thermal alteration of archaeological material at the Orgnac 3 site
SI References


https://doi.org/10.1007/s10816-025-09709-5
https://doi.org/10.1007/s10816-025-09709-5

S. Vandevelde et al. 2025 — DOI : 10.1007/s10816-025-09709-5

Supplementary Note 1 — Early traces of fire in western Europe

Table S1. Early traces of fire in archaeological sites in western Europe. Data are visually presented in
Figure 1 (Main text). Yes*: but not in archaeological level where fire traces are documented.

Site Chronology Human Remains References
remains
1 Gruta da Aroeira, MIS 11 yes Byproducts of combustion (Montserrat Sanz et al. 2018, 2020)
X
2 Valdocarros II, ~245 ka, MIS 8/7 no Hearths, lipid biomarkers (Stancampiano et al., 2023)
levels I and I
3 La Solana del 750 ky or 408-300 no Built hearth? (Bister 2005)
Zamborino ky
4 Cueva Negradel 800 ky no Burnt bones, charcoal, (Walker et al. 2016a)
Estrecho del Rio combustion structures
Quipar
5 Bolomor, XIII, MIS 7 and 6 and Se yes Combustion structures (3 in layer  (Blasco 2006; Fernandes-Peris 2007a;
XL IV, II 1V), ashes, coals, heated lithics, 2  Blasco and Peris 2009; Fernandez Peris
built hearths (layer XIIT) et al. 2012; Arsuaga et al. 2012;
Safiudo et al. 2016)
6 Cansaladeta, MIS 11 (372+34  no Little evidence of fire: Heat (Oll¢ et al. 2016)
layers D,L, Cand ka - TL layer D)/ damage recorded on bones and
A MIS 14/15? (~600 lithic remains (TL dating on burnt
ka - biochronology chert in layer D) and micro-
layer L) charcoal concentrations in layers
L, C and A. But no combustion
areas or combustion structure,
neither macro-charcoals are
documented
7 Menez-Dregan, 9, MIS 12/11 and no Combustion structures (scattered ~ (Mercier et al. 2004; Monnier et al.
7,6', 5e, 5d, 5¢c,4c  MIS 9 and MIS 7 charcoal and heated lithics for 4c- 1994a, 2001; Ravon et al. 2022)
5, MIS7)
8 La Cotte de Saint  MIS 7/6 (238 +35  no Some scattered charcoal, heated ~ (Callow and Cornford 1986; Hérisson
Brelade, C-D ky TL) lithics, and burnt bones etal. 2013)
9 Gouberville, two ~ MIS 6 (187 +26 no Very little evidence of fire: a few  (Kolen 2000)
occupation levels  ky; 128 + 20 ky heated flints (on which TL dating
TL) has been applied)
10  LaRoche Gélétan MIS6(149+11ky no Built hearth (Cliquet et al. 2003; Cliquet and
TL) Lautridou 2009; Hérisson et al. 2013)
11 Port Pignot MIS 7/6 no Built hearth (Cliquet et al. 2003; Cliquet and
Lautridou 2009; Hérisson et al. 2013)
12 Grossoeuvre, two ~ MIS 7 (end) - MIS  no Very little evidence of fire: a few  (Cliquet et al. 2003)
occupation levels 5 (220 + 12 ky; 130 heated flints (on which TL dating
in a doline + 8 ky TL) has been applied)
13 Pontnewydd MIS 7 (200+£25 ka; no Very little evidence of fire: a few  (Aldhouse Green et al. 2012)
269 + 37 ka - TL) heated flints (on which TL dating
has been applied)
14 Beeches Pit,3b,5 MIS 11 no Combustion structures (Gowlett et al. 2005; Gowlett 2006;
and 6 Preece et al. 2006a)
15  Therdonne - N3 MIS 6 (178 £ 11 no Numerous burnt flints and rare (Locht et al. 2010; Hérisson et al.
ky) burnt faunal remains + several 2013)
areas rich in organic residues and
wood microcharcoal (remains of
combustion structures?)
16  Revelles, Les MIS 9 (291.6+28 no Very little evidence of fire: a few  (Coutard et al. 2019; Lamotte et al.
Terres-Sellier ka, 263.6 £26.2 ka heated flints (on which TL dating 2019)
—TL) has been applied)
17 Biache-Saint- MIS 7 (Ia 175 ky - yes Evidence of combustion: burnt (Truffeau and Sommé 1988; Guipert et

Vaast - E, Ila,
IIbase, D1

> MIS 6)

flint and faunal remains and
sometimes charcoal

al. 2011; Hérisson et al. 2013)
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Site Chronology Human Remains References
remains
18  Etricourt- MIS 9 (274 £ 32 no Very little evidence of fire: a few  (Hérisson et al. 2016; Coutard et al.
Manancourt, level  ka, 294 + 25 ka, heated flints (on which TL dating 2018)
HUD 288 +£26 ka—TL) has been applied)
19  LaGrande Vallée MIS 11-13 no Very little evidence of fire: a few  (Hérisson et al. 2012)
(possibly 10-15? heated flints (on which TL dating
Max: 350-600 ka) has been applied)
20 Abri Suard, level MIS6 (126 15ka yes Very little evidence of fire: a few  (Schvoerer et al. 1977; Coqueugnot et
51 -TL) heated flints (on which TL dating al. 1996; Couture-Veschambre et al.
has been applied) 2021)
21 Petit Bost layer 2~ MIS 9-8 no Very little evidence of fire: a few  (Bourguignon et al. 2008)
heated flints (on which TL dating
has been applied)
22 Combe Brune 2, MIS 7 (X,195+16 no Very little evidence of fire: a few  (Brenet et al. 2014)
V, VI, VIIband X ka - TL) and MIS 6 heated flints (on which TL dating
(V, 183 £20 ka; has been applied)
VI, 185 + 23 ka;
VIIb, 187 £ 21 ka -
TL)
23 Combe Brune 3 MIS 6 (156.4 + no Very little evidence of fire: a few  (Brenet et al. 2006; 2014)
11.7ky TL) heated flints (on which TL dating
has been applied)
24  Barbas, layers MIS7(C'4,239+ no Very little evidence of fire: a few  (Valladas et al. 1999; Boéda et al.
C'3base and C'4 44 ka - TL) and heated flints (on which TL dating  2000)
MIS 6 (C'3base, has been applied)
146 £29, 147+ 28
TL)
25  Cantalouette I, MIS 7 (222.9 + no Very little evidence of fire: a few  (Vieillevigne et al. 2008)
layer V 20.1 ka—TL) heated flints (on which TL dating
has been applied)
26  Cantalouette II, MIS 6 (165+13ka no Very little evidence of fire: a few  (Brenet et al. 2014)
base -TL) heated flints (on which TL dating
has been applied)
27 Pech-de-1'Azé 11 MIS 7/6 - 140-180 no Built hearth (Bordes 1971; Jacobs et al. 2016;
(layer 7, levelsb  ky Stratus 1989)
and c¢)
28  Vaufrey, layers MIS 7? (VIII) and  no VIII Localized charcoals and (Rigaud 1988a; Rigaud and Geneste
VII and IV MIS 6 (IV, 165 burnt bones (= remains of 1988)
13ka-TL) combustion structures?). No
structured hearth.
IV. very little evidence of fire: a
few heated flints (on which TL
dating has been applied)
29  Les Bosses MIS 8? (ca. 300 no Very little evidence of fire: a few  (Jarry et al. 2004)
ky) heated flints (on which TL dating
has been applied)
30  Bruniquel MIS 6 no Combustion structure (Jaubert et al. 2016)
31 Coupe-Gorge, MIS 7 or 6 yes Old excavations: hearth reported ~ (Gaillard 1979, citing L. Méroc's work
levels 3Z, 3Y from layer 3Z and 3Y, associated  in the 1950's)
with heated bones and lithics,
heated cobbles and charcoals
32 Caunedel'Arago  MIS 14 (ca. 560 yes* Chars + heated minerals (Deldicque et al. 2021)
ky)
33 Payre, G-F MIS 8 and MIS 7 yes Combustion structure, burnt (Moncel et al. 2008; Daujeard and
elements, occasional use of bone  Moncel 2010)
as fuel
34  Baude l'Aubesier, MIS 7-6 (169 +17 yes Combustion structure (Lebel et al. 2001, 2007; Lebel and

H1

ky, 191 £ 15 ky
TL)

Trinkaus 2002)
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Site Chronology Human Remains References
remains
35  Terra Amata MIS 11 or MIS 11- no Built hearth (Villa 1983, 1991; Falgueres et al.
9? (380 + 80 ky — 1988b; Lumley et al. 2016)
ESR), 239 + 40 ky
-TL)
36  Lazaret MIS 6 yes Combustion structure (Kolen 2000; Lumley et al. 2004)
37  Maastricht- MIS 7 (250 +£ 22 no Combustion structures (clusters (Roebroeks 1988; Stapert 2007;
Belvédeére (Unit 4) ky) of charcoal and heated flints) Hérisson et al. 2013)
38  Tonchesberg, MIS 6 no Very little evidence of fire: a few  (Schmidt et al. 2011)
level 2A heated flints (on which TL dating
has been applied)
39  Schoéningen 13 II-  MIS 11-9 and no Combustion structure(?) in which  (Burdukiewicz 2021; Schiegl and
4 + above more recent above charred pieces of wood have been Thieme 2007a)
Schoéningen 12? Schoéningen 12 preserved (Schoningen 12) +
charred wooden tools
(Schoningen 13 11-4) + heated
natural flint fragments do indicate
fire (natural or anthropogenic)
40  Bilzingsleben MIS 11-9 yes Burnt bones, burnt lithics, and (Mania 1991; Street et al. 2006)
charcoal, magnetic susceptibility
41 Ehringsdorf MIS 7 yes Charcoal and charred/burnt bones  (Behm-Blancke 1960; Hérisson et al.
2013; Schafer and Jager 1984; Steiner
1975; Street et al. 2006)
42 Campitello Quarry MIS 7 (end) no Use for tool shafting (birch bark ~ (Mazza et al. 2006)
tar on two flints)
43 Poggetti Vecchi MIS 7; 171 ky no Wooden tool making using fire (Aranguren et al. 2018; Benvenuti et al.
2017)
44 Moravsky MIS 6 no Charcoal and charred/burnt bones (Nerudova and Neruda, 2009)
Krumlov IV
45  Stranska skyla 1 MIS 17-16 no Some burnt flints and bones (Valoch 2003a; Burdukiewicz 2021)
46  Rozumice 3 (site  MIS 8 no Combustion structures (burnt (Foltyn et al. 2004, 2005)
C - layers 10, 7, 4) bones in hearths)
47  Veérteszollos MIS 11/9? yes Old discovery of remains of fire, (Vertes and Dobosi 1990a; Soukup and
charcoal, charred fragments of Mechurova 2018a)
animal bones (used as fuel?)
48  Medzhybizh MIS 11 no Heated and burnt bones, (Stepanchuk and Moigne 2016)

charcoals and heated sediments
(only mentioned)
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Supplementary Note 2 — Hominin designation

Seven human teeth were discovered at the Orgnac 3 site, all in the lower archaeological levels (AL 5a, 5b,
6). These include an upper right canine belonging to an adult, as well as six deciduous teeth (four molars and
two incisors). Two of the molars were attributed to a 9-year-old child, whereas the incisors probably belonged
to a 5-year-old child (Lumley 1976). The crowns of the teeth are much larger than those of Homo sapiens or
classic Neanderthals. The second deciduous molar is rather elongated, with five cusps. There is significant
mesio-distal elongation of the crown, a large, deep anterior fovea, and a large cervical bulge on the vestibular
side. The lower second decidual molars are comparable to those found at the Arago Cave, at Tautavel in
southern France (Arago I, V). M.-A. de Lumley (1982) linked the remains from Orgnac 3 to the Pre-
Neanderthals. In the absence of recent detailed analysis, however, it remains difficult to position these dental
remains precisely within a Middle Pleistocene evolutionary lineage. Further analysis of this material (ongoing
work by Chevalier, personal communication) should provide new insights.

In Europe, the anthropological question for the late Acheulean and the early Middle Paleolithic remains
uncertain. First, few fossils are associated with ancient deposits. Second, species attributions are sometimes
difficult given the fragmentation of most remains, particularly for differentiating early Neanderthal and Homo
heidelbergensis. The attribution names are thus heterogeneous in the literature; for example, human remains
found at sites in Europe dated between MIS 9 and MIS 6 are generally divided among Neanderthals (ancient,
classic), Pre-Neanderthals, Homo heidelbergensis, and Homo erectus. If we consider the available data, only
a few human remains have been discovered at MIS 9 and MIS 8 aged sites in Europe, as only the sites of
Orgnac 3 and Sedia Del Diavolo have a precise chronological framework (Mallegni 1986; Soriano and Villa
2017). From MIS 7 onward, the number of fossil remains increases considerably, with individuals attributed
to Neanderthals and early Neanderthals, at sites such as Tourville-la-Riviere (Faivre et al. 2014), Pontnewydd
(Compton and Stringer 2015; Green et al. 1981), Galeria Pesada (Trinkaus et al. 2003), and Casal de’Pazzi
(Manzi et al. 1990; Pereira 2017). Some remains have even been attributed to archaic Homo sapiens at
Apidima, Greece (Harvati et al. 2019).

Given the difficulty of assigning fossils in western Europe between MIS 9 and MIS 6, particularly with partial
or isolated discoveries, we have chosen to use "Late Mid-Pleistocene hominins" to characterize the
inhabitants of Orgnac 3 in this paper.
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Supplementary Note 3 — Characterization of the black deposits

To identify the nature of the bluish-black laminae observed in Org3-fspl, we performed EDX microprobe
analyses (coupled with SEM) on Org-fspl-s5a, a small section of the speleothem that we polished with
diamond gel (1 pm) on cloth polishing disk for elemental analysis (Figures Sland S2).

Analyses were performed at the MAPS Platform, MSH Mondes, Nanterre, France, using a Zeiss EVO 10
conventional SEM with variable pressure coupled to an EDX detector to conduct spectral and mapping
analysis.

The EDX analysis ruled out the hypothesis of metallic oxides being the cause of the black deposits, as the
only measurable elements were Ca, C, O, and Si (other elements were below the detection limit) (Figure S3).
It also revealed that the black deposits were well cemented within the carbonated fabric, as there was no
significant difference in composition between the black laminae and the "clean carbonates” on elemental
maps, which demonstrated a uniform distribution of elements (Figure S2). Similar findings were observed in
other analyses of sooty speleothems, where thin layers of soot were found to stain the carbonates rather than
thick layers of soot mixed with the carbonates (Bonneau et al. 2011; Gradzinski et al. 2007; Martinez-Pillado
et al. 2010, 2014). The absence of metallic oxides, the presence of particles appearing black and opaque in
microscopy in reflected and transmitted lights (c¢f. Supplementary Note 4), and their cementation in
carbonates, as observed in other studies, strongly indicate that the black films are composed of soot.

This identification was confirmed unequivocally through Raman microspectroscopy conducted on a black
lamina from Org3-fspl at the Laboratoire de Géologie de I'ENS (Ecole Normale supérieure, Paris, France).
A Renishaw® inVia Raman microspectrometer equipped with a Cobolt 514 nm laser was used. Data were
collected with a 5% laser intensity (2.5 mW) and a 30 s time exposure. All spectra obtained from the black
films displayed two broad peaks around 1360-1365 and 1600-1610 cm™! (as shown in Figures S4 and S5),
which correspond to the D (defect) and G (graphite) bands of carbon (D. Deldicque et al. 2016). These signals
are typical for solid products of the carbonization process. The comparable height and broad width of these
bands indicate that the material consists of carbon layers with numerous defects, characteristic of soot. The
third peak at 1085 cm™! is specific to calcite.

All of these findings indicate that these black laminae are composed of carbonates stained with soot, which
matches the deposits identified in previous studies (Bonneau et al. 2011; Gradzinski et al. 2007; Vandevelde
et al. 2017).
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Org3-fsp-1-s1 Org3-fsp-1-s2 Org3-fsp-1-s3 Org3-fsp-1-s4

Org3-fsp-1-s5a y Org3-fsp-1-s5b

Figure S1. Sections of the Orgnac 3 fuliginous speleothem (Org3-fsp1). Note the budding coralloid-like
structure of the speleothem. Sections 1 and 2 were cut along the growth axis, perpendicular to calcite
laminae to facilitate a chronological study of the sooty speleothem formation process.

8% CK
B 19%0K
B 2%SiK

71% CaK

Figure S2. EDX analysis of the Orgnac 3 speleothem (Org3-fspl). (a) Location of the region used for
elemental mapping; (b) polished section (1 um grain); and (c) synthetic map with measured elements (Ca,
0, C, Si; above detection limits) overlain on a SEM image of the analyzed area. Identification of black
deposits as soot films is suggested by the black color and the exclusion of the metallic oxides. Bar scale:

1 mm.
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Figure S3. EDX spectrum of the analyzed area (Figure S2). This area includes at least two obvious black
layers. Four distinct principal peaks (I> 0.5K) are visible in the EDX spectrum. From left to right: CK:
0.277keV, OK: 0.525 keV, CaKal: 3.692 keV, and CaKf: 4.013keV. The description of Si (for an energy
of about 1.739 keV) can be retained (although it is not statistically significant). Settings are kV: 20; Mag:
41; Takeoff: 33.02; Live time: 112.5376; Amp time (us): 3.84; Resolution (eV): 129.5; Det: Element-C2B.
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Figure S4. Raman spectrum recorded on a black layer from Org3-fspl (514 nm laser, 5% laser intensity;
2.5 mW, 30 s time exposure, 6 accumulations). The fluorescence signal was subtracted with a linear
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baseline or quadratic function when significant. The first peak at 1085 cm™' is characteristic of calcite. D
and G carbon bands, typical of carbon materials, are observed respectively around 1365 and 1610 cm ™.
Their shape (relative intensity and width) is typical for strongly defective carbonaceous materials and
confirms the identification of soot. Inset figure: the obtained spectrum on experimental soot (produced by
wood combustion) can serve as a reference to confirm soot identification. This spectrum also confirms the
very good preservation of soot (a signal that can still be identified at least 250 ky after its formation).
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1360
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Figure S5. A Raman spectrum (bottom spectrum) recorded from a black layer from Org3-fsp1,
characterized as soot according to the two Gaussian-shaped bands (D and G). A Raman spectrum recorded
on black particles from Org3-fsp1, characterized as microcharcoals, with multiple shoulders and, in
particular, the band at 1700 cm™! (see Deldicque et al. 2023). Note that some micro-charcoals are not
directly associated with soot bands. It can be due to polishing process, the sample's high porosity possibly
favoring the trapping of microcharcoal (coming from black bands) in asperities. They can also have been
displaced by percolation, since they are larger than the soot nanoparticles that stain the calcite forming soot
films marking fire events. On the contrary, soot particles that do not create “ghost soot films” resulting
from re-deposition during calcite growth, as shown by experiments — Vandevelde et al. 2023).
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Supplementary Note 4 — Construction of the soot-film chronology

Sample preparation and observation As per the protocol developed by Vandevelde et al. (2017), the
sections were polished with 500 FEPA (12.8 pm grain size) free grains for observation and a diamond gel
(up to 1 pm grain size) for characterization analyzes (Supplementary Note 3). A thin section was also
prepared by Christophe Nevado (Géosciences Montpellier) to observe the crystalline fabric of Org3-fspl-s1
after its study as a polished section. The large dimensions of the thin section (9 x 15 cm) allowed us to study
the sample in one piece, without the need for reassembling different areas or losing observation areas because
of the saw cuts.

We constructed the chronology by comparing the observation of Org3-fspl-s1 with other polished sections
to ensure the proper identification of each soot film or package of soot films. This section (Org3-fspl-sl)
was also studied as a thin section. Some films that were uncertain or unclear in thin section were clearly
identified in the polished section, such as the 13th film from the base of the speleothem. Therefore, it was
included as a certain soot film in the final chronology presented in Figure 3 (Main text). However, difficulties
in observing it in transmission light on the thin section prevented us from determining its position relative to
the calcite crystalline fabric (see below).

The entire chronology was constructed by combining data from microscopic photographs (Figures S6 and
S7). All observations were then verified and validated under the microscope.

Recording the position of soot films within the calcite crystalline fabric The Org3-fspl carbonated
formation exhibited laminated structure with three types of crystalline fabrics: sparite (large calcite crystals
>10 um), micro-sparite (calcite crystals between 5 and 10 pm), and micrite (small calcite crystals <5 pm).
Sparite was found exclusively in the fissures of the speleothem, indicating subsequent precipitation. Thin-
section observations allowed differentiating between (micro-)sparite and micrite (Figure S8).

The type of crystalline fabric depends on various factors (identified by Frisia et al. (2000) and references
therein). The microcrystalline fabric observed in Org3-fspl forms under near-equilibrium conditions (low
supersaturation of the parent solution) and during highly fluctuating flow rates of seepage water. The
presence of growth inhibitors, detrital and colloidal particles associated with major seepage events, can
promote the development of this fabric (Frisia et al. 2000). The visible lamination of speleothems is primarily
influenced by hydrological variations (Baker et al. 2008; Fairchild et al. 2000; Frisia and Borsato 2010).
Periods of excess water supply lead to the precipitation of calcite as (micro-)sparitic laminae, appearing dark
in reflected light (DCL — dark compact laminae); these represent high-flow periods with reduced water
residence time in the soil, epikarst, and karst. During drier phases, calcite precipitates as micritic laminae,
composed of smaller calcite crystals appearing white in reflected light (WPL — white porous laminae); this
indicates lower flow rates and increased water residence time (Fairchild et al. 2000; Genty and Deflandre
1998; Genty and Quinif 1996).

In transmission light, sparite appears translucent, and micrite appears dark. Soot is opaque and black in both
transmission and incident light. The combination of reflected and transmitted light enables the differentiation
of calcite doublets and soot films. Under these conditions, micro-sparite appears semi-translucent, micrite
appears whitish and/or opaque, and soot films are the only dark elements (Figs. S6 and S7). These observation
conditions enable the documentation of the relationship between soot films and the calcite micrite/micro-
sparite alternation.

In areas where the lamination is less clear, we focused on documenting the position of soot films in preserved
sections with the clearest position. To account for the various parameters and increased uncertainties, we
calculated confidence scores (cf- Supplementary Note 6).

Observations and microphotographs of the Org-fspl-s1 thin section were conducted using a Nikon Eclipse
E600 POL polarizing microscope coupled with a Leica Schott KL 1500 fiber-optic light source at the MAPS
Platform of MSH Mondes (USR 3225 CNRS, Nanterre, France).
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Figure S6. Combining data collected from different areas on Org3-fspl-s1. The barcodes next to the
pictures (%40 or x100 magnification, crossed-polarized transmitted light coupled with reflected light — XPL
+ RL) represent the soot-film succession documented at the locations indicated by the white squares. Each
line represents a soot film; dotted lines represent possible soot films. 1 mm scale in red. See Figure 3 in the
main text for the synthesis of barcode synchronization.
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Figure S7. Paleo-fire chronicle with succession of soot films recorded on the gray transect. The arrows on
the speleothem indicate the growth axes. The soot films are not uniformly distributed: five distinct zones of
soot film concentration have been documented. These five distinct zones of soot accumulation are indicated
by the white squares. Some soot films appear stacked on this figure. In Figure 3 (main text) the five soot
films packages are extended at different scales to show all the soot films.
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Figure S8. Observation of crystalline fabric and soot films in crossed-polarized transmitted light coupled
with reflected light (XPL + RL); m: micrite, s: (micro-)sparite, black arrows: soot films. We see,
particularly on the right side of figure, that the presence of soot can prevent the clear identification of the
crystalline fabric. To overcome this, we adjusted the observation settings by increasing the power of the
transmitted light or of the reflected light. The position of soot films in the micrite/micro-sparite alternation
is sometimes less clear than in this figure; we therefore calculated a confidence score to quantify the degree
of uncertainty in the data (Supplementary Note 6).
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Supplementary Note 5 — U-Th dating

Stratigraphic sampling for dating was performed on Org3-fspl-s2, a section adjacent and parallel to Section
1, which supported the reconstruction of the fire event chronology. This allowed us to sample sufficient
material (between 50 and 160 mg of calcite) without damaging the Org3-fsp1-s1 reference section while still
being able to study it in thin section. Using packages of soot films as reference horizons facilitated
establishing the correspondence between the two sections (Org3-fspl-s1 and Org3-fspl-s2) (Figure S9).

The thin section, made parallel to Org3-fsp1-s2, confirmed that no sampling was done in areas with observed
alterations. Alterations were limited in extent, and corrosion was only visible on the external part of the
speleothem and along cracks. Microorganisms may have played a role in the observed localized alteration
processes (Suchy et al. 2021).

Org3-fsp1-s2 Org3-fsp1-s1

Figure S9. Synchronization of Org3-fspl-s2 (left image) with Org3-fsp1-s1 (right image) by using soot
films as reference horizons (yellow lines), and transfer of the U-Th sampling locations (in red) to Section 1.
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Supplementary Note 6 — Position of soot films and calculation of confidence scores

Our observations of the Org3-fspl speleothem include some uncertainties, which we address using a
simplified form of many-valued logic (or Lukasiewicz logic). This non-classical logic entails using
intermediate values between false (0) and true (1) to express greater or lesser uncertainty. It can be seen as a
discretization of fuzzy logic, which allows for an infinite number of values between true and false (Bernadet
2011). In this case, these intermediate values, referred to as "truth fractions," are associated with uncertain
observations and are used to compute scores.

The first uncertainty in our data set is the presence of the observed soot film, which is either relatively easy
or challenging to observe (thin, short, fuzzy, or discontinuous). On the barcode diagrams (Figures 3 and S6)
the certain soot films are represented by solid lines, and the uncertain soot films are indicated by dotted lines.
An "existence score" (A score) can be assigned to each soot film to formalize this uncertainty and incorporate
it into further calculations. We have defined two “certainty” values:

e soot film =1 (exists)
e uncertain soot film = 122 (may exist, or not)

The second uncertainty concerns the location of each soot film vis-a-vis the calcite crystalline fabric. From
our observations, we set a “location accuracy score” (B score) with five “certainty”’-values indicating whether
the position is:

e certain = 1 (soot film is associated with micrite or sparite)
e almost certain = %10

e very probable = 4/5

e probable =34

e uncertain = 122 (complete uncertainty: soot film can be associated equally with micrite and
sparite)

To determine the reliability of each soot film's association with micrite or sparite, we multiplied the existence
score (A score) by the B score to derive a "confidence score." The mean value of the individual confidence
scores represents the confidence score for the entire data set.

In Table S1, the position of soot films in the calcite crystalline fabric is reported for 23 out of 27 films.
Among these films, the three at the top of the speleothem are associated with white porous calcite (WPC)
without clear laminations. The 13th film, in chronological order from the bottom, has an indeterminate
position depending on the areas where it is observed. These four films are equally likely to be associated with
micrite (WPL) or (micro-)sparite (DCL).

Observations of the location of soot films in the calcite crystalline fabric show that 48% of soot films were
associated with micritic laminae (WPL), whereas 52% were associated with sparitic deposits (DCL).
Considering all the soot films of the chronology, including those with unknown positions, the confidence
score was 5/6 (Table S2). However, when considering only the films with known positions (excluding the
four films with complete uncertainty), the confidence score increased to 9/10 (Table S3).
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Table S2. Calculation of Confidence Score about soot films position in calcite crystalline fabric. Taking
into account all the soot films of the chronology, including those for which we have no information about
their position regarding DCL or WPL.

Soot film Position of soot film in crystalline fabric of calcite
(in chronological Confidence score
order from bottom to A score (soot film Association with Association with B score (location (A score x B score)
top) existence score) WPL DCL accuracy score)
27 1 1/2 1/2 1/2 1/2
26 1/2 1/2 1/2 1/2 1/4
25 1 1/2 1/2 1/2 1/2
24 1 1 1 1
23 1/2 1 1 1/2
22 1 1 9/10 9/10
21 1 1 1 1
20 1 1 3/4 3/4
19 1 1 3/4 3/4
18 1 1 1 1
17 1 1 1 1
16 1 1 1 1
15 1/2 1 1 1/2
14 1 1 1 1
13 1/2 1/2 1/2 1/2 1/4
12 1 1 1 1
11 1 1 1 1
10 1 1 3/4 3/4
9 1 1 1 1
8 1 1 1 1
7 1 1 9/10 9/10
6 1 1 1 1
5 1 1 1 1
4 1 1 1 1
3 1 1 4/5 4/5
2 1 1 1 1
1 1 1 1 1
Total 13 14
N=27 48% 52% 36
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Table S3. Calculation of the confidence score for soot-film position within the calcite crystalline fabric.
The calculation accounts only for the soot films of the chronology for which we have information about
their position in relation to DCL or WPL (the four soot films lacking information were excluded).

Soot film Position of soot film in crystalline fabric of calcite
(in chronological Confidence score
order from bottom to A score (soot film Association with Association with B score (location (A score x B score)
top) existence score) WPL DCL accuracy score)

27 - - - - -
26 - - - - -
25 - - - - -
24 1 1 1 1
23 1/2 1 1 1/2
22 1 1 9/10 9/10
21 1 1 1 1
20 1 1 3/4 3/4
19 1 1 3/4 3/4
18 1 1 1 1
17 1 1 1 1
16 1 1 1 1
15 1/2 1 1 1/2
14 1 1 1 1
13 - - - - -
12 1 1 1 1
11 1 1 1 1
10 1 1 3/4 3/4
9 1 1 1 1

8 1 1 1 1
7 1 1 9/10 9/10
6 1 1 1 1

5 1 1 1 1
4 1 1 1 1

3 1 1 4/5 4/5
2 1 1 1 1

1 1 1 1 1

Total 11 12 9/10
N=23 48% 52%
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Supplementary Note 7 — LA-ICP-MS analysis

LA-ICP-MS analysis was conducted at LabMaTer (UQAC, Canada) using a RESOlution 193 nm laser
ablation system equipped with a double-volume cell (S155, Laurin Technic), coupled to an Agilent ICP-MS
(7900). A circular beam size of 33 um was used with a scan speed of 20 um/s, a fluence of 5 J/cm?, and a
pulsing rate at 25 Hz to produce data points approximately every 6—7 um. Calibration relied on two NIST-
glasses (610 & 612) and two USGS-basaltic glasses (GSD-1g & GSE-1g). Quality control monitoring
involved analyzing NIST-614 and 616, as well as two carbonate pressed pellets (USGS-MACS-3 and USGS-
GProbe-4) (see Figure S10). For the glasses and GProbe-4, calcium (**Ca) the internal standard, whereas
normalization was used for the line scan and MACS-3 given the absence of a fixed internal standard for
unknown-heterogeneous samples. Calcite stoichiometry (CaCQO3) dictated the normalization to 56% using
Ca0, AlxO;3, SiO2, MnO, FeO, and MgO to compensate for the 44% CO: that LA-ICP-MS cannot quantify.
In cases where small silicate inclusions were detected in the transects, we slightly modified the quantification
method to force normalization to 100%. The new IOLITE "3D-data reduction scheme" (described in Paul et
al.—2023) was used for this purpose.

1000000
oo 100000 GSD-1g
< GSE-1g
% 10000 NIST-610
= NIST-612
n NIST-614
g 1000 NIST-616
= MACS-3 y =0.9917x
> 100 Gprobe-4 2 _
00 R<=0.9998
=
< 10 Li, B, Na, Mg, Al, Si, P, K,
®] Ca, V, Mn, Fe, Ga, As, Rb,
; 1 Sr, Mo, Cs, Ba, La, Ce, Pr,

Eu, Tm, Lu, Pb, Th, U

0,1 1 10 100 1000 10000 100000 1000000

Measured concentrations (ug/g)

Figure S10. Quality assessment of LA-ICP-MS comparing the measured data of the reference material
with their working values. As underlined by Savard et al. (2023), discrepancies can arise from the
heterogeneity and/or the poor characterization of the material.

18


https://doi.org/10.1007/s10816-025-09709-5

S. Vandevelde et al. 2025 — DOI : 10.1007/s10816-025-09709-5

Supplementary Note 8 — Counting annual cycles

These data were used to construct annually resolved chronologies from the trace element data by converting
depth to time. The data were smoothed using a simple moving average with a window size of 10 to reduce
noise. We used the 'find peaks' algorithm from the scipy signal processing library to identify significant
concentrations of chemical elements in each scan. To estimate the annual cycles, we counted the total number
of positive peaks in scans 3 and 4. A key part of our methodology involved managing the overlap between
successive scans in the time series. We subtracted the number of peaks at the beginning of scan 4 (which was
less reliable because of the greater porosity) from the total number of peaks (i.e., Scan 3 + Scan 4 — Overlap
zone). Table S4 summarizes the peaks computed from the ¥Sr, 1**Ba, 2*Mg, and *8U ppm time series.

Positive peaks observed Sr88 Bal38 Mg24 U238
Scan 3 + Scan 4 1016 1123 1059 1223
Estimated overlap region 101 86 92 104

Scans 3 + Scan 4 — Overlap 915 1037 967 1119

Table S4. Positive peaks detected from each time series of Scan 3 and Scan 4. Peaks are detected post-
preprocessing using a simple moving average with a sliding window of size 10.

To ensure that real peaks were being counted and did not represent artifacts, we verified whether the small
peaks existed for one chemical element and also for the other chemical elements. We standardized the data
using 'StandardScaler' from 'Scikit-learn,' which is analogous to the application of z-score standardization, to
directly compare the concentration variations between the various elements (Figure S11). The resulting
graphs clearly illustrate the temporal correlation of concentration variations, confirming that sometimes-
unclear variations on a single element can be confirmed by comparing with other elements that exhibit annual
cyclicity. Observing multiple elements simultaneously helped to limit data uncertainty, which was estimated
at 4%—7% when using a single element like Sr to document annual cycles compared to an uncertainty of 2%
when studying at least three elements (Sr, Ba, and U) simultaneously (Nagra et al. 2017a).

Concentrations

1249
U238_ppm (Scan 3)
Mg24_ppm (Scan 3)
10 Bal38_ppm (Scan 3)
Sr88_ppm (Scan 3)

8

Concentrations Value

T T T T T T T
1250 1300 1350 1400 1450 1500 1550
Elapsed Time

Figure S11. Comparison of the standardized concentration of four elements (U, Mg, Ba, Sr) placed on the
same standardized scale using StandardScaler (z-score). The observation zone was extracted from the entire
cycle displayed in Figure S12.

Because of the high porosity of the Org3-fsp1 sample, there were gaps in the collected elemental data, which
may result in missing peaks in the sequence. The variations in U were slightly more numerous than those for
Mg, Sr, and Ba, suggesting possible artifact counting given the low concentration of measured U (and
therefore perhaps slightly noisier data). The Ba concentration was lower than that of Sr and Mg, resulting in
slightly higher peak numbers, likely for the same reasons. To estimate the number of annual cycles recorded
in the Org3-fspl speleothem, we averaged the data for all four elements. However, it should be noted that
the data for U (and Ba) may be slightly overestimated, whereas the data for the other elements may be
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underestimated because of missing peaks when considering only one element at a time. Consequently, the
uncertainty in the data for this type of speleothem is likely greater than the 2%—4% achieved by Nagra et al.
(2017). Nevertheless, our approach still provides a more accurate view of the speleothem's growth time than
relying solely on direct radiometric dating. Figure S11 illustrates the complete cycle for Sr (scans 3 and 4
without overlapping).

Sr88_ppm in Complete Cycle (Excluding Overlapping Part from Scan 4)

—— Sr88_ppm (Scan 3)
Sr88_ppm (Scan 4)

801

o
o

N
o

Sr88_ppm Value

201

0 560 10‘00 15‘00 20‘00 25’00
Elapsed Time

Figure S12. Complete cycle for Sr, excluding the overlapping section. The red lines indicate porosity.
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Supplementary Note 9 — UV fluorescence

UV fluorescence analysis was carried out on the Org3-fspl-s4 section. Fluorescence wavelength relates to
the composition of the dissolved organic matter (Baker et al. 1998; Perrette et al. 2005). The mean
fluorescence spectrum obtained from the Org3-fspl speleothem (Figure S13) showed a shoulder in the
fluorescence spectrum, which is associated with aromatic amino compounds. This shoulder is likely

indicative of organic compounds and microbial laminae within the speleothem.

intensity (a.u.)

ol
200 300 400 500 600 700 800D 900

1000

wavelength (nm)

Figure S13. Fluorescence spectrum of mean emissions with the simulation of protein-like (yellow) fulvic-
like (purple), humid-like (green) fluorophores, and Mn substituted into the calcite lattice (blue). Data was
acquired along transects over the full length of Org-fsp1-s4 speleothem.

The most probable source of fluorescence in stalagmites is dissolved organic matter. Annual fluorescent
laminae are formed as a result of the transfer of fluorescent material from the overlying soil to the stalagmite.
The seasonal variation in fluorescence intensity is influenced by the climatic conditions, such as monsoons
in Southeast Asia or the resumption of rainfall during autumn in temperate areas. These climate changes lead
to an increase in dissolved organic matter because of an increase in discharge (Baker et al. 2008). The
counting of these annual fluorescent laminae can be used to determine the duration of speleothem formation.
In this study, the unfiltered fluorescent intensity acquired from six scans on the Org-fsp1-s4 speleothem was
used for laminae counting (Figure S14). The count of fluorescent laminae was 914 + 10, which closely
aligned with the 915 cycles counted for variations in Sr concentration on the Org3-fspl-sl section. This

finding confirmed the annual cycle count based on trace elements.
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Figure S14. Unfiltered fluorescent intensity for the six scans acquired from the Org-fsp1-s4 speleothem,
used for laminae counting.
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Supplementary Note 10 — Thermal alteration of archaeological material at the Orgnac 3 site

Table SS. Number of burnt lithics within each archaeological level at Orgnac 3. ns = not studied;
*sampling among the lithic collection (made in the richest square meters and in the area of the Australia
limestone block, eg. C, D and E strips).

S. Vandevelde et al. 2025 — DOI : 10.1007/s10816-025-09709-5

Archaeological layer Burnt lithics (V) Total lithic pieces (N) %

2 2100 8213 25.6%
3 Ns ns ns

4a 503 2125% 23.7%
4b 799 3070%* 26.0%
Sa 493 1875% 26.3%
5b 1637 4910%* 33.3%
6 3023 12934 23.4%
7 93 760 12.2%

Figure S15. Examples of thermal alteration on flint. a) Thermal cupulae from level 4a; b) burnt chunks

from Level 4a; c, e, f) burnt flakes from Level 4a; d) burnt cortical flake from Level 4a; g) burnt Levallois

core from Level 2.
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Table S6. Number of burnt bones in the archacological levels of Orgnac 3. Data courtesy of Anne-Marie

Moigne.

Archaeological layer

Burnt bones (&)

Total bones (N)

%

1
2
3
4a
4b
S5a
5b
6

46
27
17
15
12
20
51
50

2375
2551
2057
406
563
854
1232
1663

1.94%
1.06%
0.83%
3.69%
2.13%
2.34%
4.14%
3.01%

Note: The percentages of heated bones are low in comparison to burnt lithics because of the material
considered for each analysis. The account for the lithic materials is based on all the lithics recovered from
the site, including the sieving products (by square meter and layer). This is not the case for faunal remains:
only coordinated elements were studied. Coordinated elements are generally the largest or determinable
elements. As fire fragments bones, it is very likely that burnt bones are over-represented in the assemblage
among the sieve remains, compared with the coordinated remains. However, J. Combier mentioned heated
bone concentrations (Combier, 1967).

Table S7. Observation and descriptions of combustion features for each level, made by J. Combier during
the excavations. Presence/absence and type of hearth identified by J. Combier (1967) and other
observations related to combustion features.

Level Hearth Other observation
1
2 Traces of ancient hearths
3 One ancient “faded” hearth Concentration of burnt lithic and
faunal remains
4a Low traces of ancient hearths
4b Numerous “faded” hearths High concentration of burnt
(“foyers délavés ™) bone and lithic remains (= 50
cm; E10 square); small block
delimiting the hearth?
S5a Traces of ancient hearths
5b Central hearth, bowl-shape (“en | Most of the heated lithic remains
cuvette”) found around the hearth
6 Burnt faunal remains (only 2m?
excavated)
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