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Abstract

Micro-archaeological data from sites located in central and eastern Europe show that, in comparison with other Upper Paleo-
lithic hunter-gatherers, Gravettian foragers used fire more intensively and for a wider range of purposes. At these sites, this
shift in pyrotechnology overlaps with the onset of periglacial conditions. Gravettian occupations of non-periglacial regions
have been poorly investigated with micro-archaeological methods, and it remains to be further demonstrated whether these
foragers also made a similar intensive and multipurpose use of fire. To further investigate this topic, we studied the sequence
preserved at the cave of Fuente del Salin, in Cantabria, where previous excavations unearthed potential fire residues of
Gravettian age. Using micromorphology, pu-X-ray fluorescence, and Scanning Electron Microscopy we reconstructed multiple
phases of human visits to the site. Our results show that, during the main Gravettian occupation, foragers made intensive use
of fire, as indicated by abundant heated bones and seashells, charcoals, amorphous char, fat-derived char, and in situ remains
of potential stacked open hearths as well as burnt grass beddings. The intensive burning, systematic reuse of combustion
features, and multiple purposes of the fires at Fuente del Salin are comparable with Gravettian sites from central and eastern
Europe, indicating that these fire-use behaviors probably do not reflect a regional adaptation to periglacial environments but
a cultural trait of the Gravettian tradition across Europe.
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Introduction focusing on how the technology behind making and exploit-

ing fire, also known as pyrotechnology, evolved into other

The ability to use fire at will is a hallmark of the genus
Homo. For this reason, most studies have focused on iden-
tifying the earliest evidence of this behavior (Berna et al.
2012; Hlubik et al. 2017). More recently, researchers started
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aspects of material culture (Bentsen 2014; Bentsen and Wurz
2019; Murphree and Aldeias 2022). Murphree and Aldeias
(2022) proposed that Gravettian foragers changed the inten-
sity, form, and function of modern human fire use, suggest-
ing that Gravettian populations, compared to early periods
in the Upper Paleolithic, used a wider range of combustion
feature types, including fire installations, baked clay, and
loess objects, particularly in the Middle Danube region. Fur-
thermore, the elaboration of potentially symbolic elements
such as anthropomorphic figurines is linked to a remarkable
behavioral change in Anatomically Modern Humans (AMH)
(Vandiver et al. 1989).

However, research on Gravettian fire use has been biased
toward sites west of the Pyrenees, where the period over-
lapped with the onset of periglacial environments (Barbieri
et al. 2021; Maier 2017; Murphree and Aldeias 2022). At
Dolni Véstonice I-II (Czech Republic), Gravettian groups
experienced significant climatic oscillations driven by
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Dansgaard-Oeschger events. Charcoal and pollen analyses
indicate the presence of cold-tolerant conifers and deciduous
trees, which facilitated semi-permanent occupations due to
relatively high primary productivity (Beresford-Jones et al.
2011). Nonetheless, narrow tree rings suggest unfavorable
growth conditions, underscoring the challenges these groups
faced (Opravil 1952). Similarly, Grub-Kranawetberg (Aus-
tria) was characterized by cold, dry tundra-steppe ecosys-
tems that supported megafauna like mammoths, with fire
playing a crucial role in human survival under extreme con-
ditions (Bosch et al. 2011). At Sagvar Lyukas Hill (Hun-
gary), palacoecological data indicate human occupation dur-
ing the cold phases of the Last Glacial Maximum (LGM),
with environmental shifts over tundra patches (Bosken et al.
2018). Ptredmosti (Moravia), situated near warm springs and
animal migration routes, exemplifies how Gravettian groups
strategically inhabited regions despite harsh conditions,
demonstrating their resilience and adaptability to fluctuat-
ing climates (Musil 2010).

Therefore, it remains difficult to demonstrate whether this
change in pyrotechnology can be truly regarded as a cultural
trait characteristic of the Gravettian tradition or, conversely,
as an environmental adaptation. To tackle this, Gravettian
fire use needs to be better investigated in other regions that
did not experience periglacial environments, such as Can-
tabria. In this region, the environmental conditions dur-
ing the Gravettian were in general cold and dry, with wide
regional variations, but not as harsh as in northern and cen-
tral Europe. Most of the archaeological sites in the region are
located close to the coast. Aside from rare remains of steppe
bison, faunal evidence from Morin cave suggests temperate
conditions (Bradtmoller 2015). Cave sites like Aitzbitarte
III (Altuna et al. 2013) and EI Mir6n (Marin-Arroyo et al.
2023) highlight predominantly open and cold environments
with scattered pines, junipers, and birches. Contrarily, the
open-air site of Ametzagaina (Calvo et al. 2011) indicates a
milder climate, with a more significant presence of decidu-
ous trees like Alnus and Corylus.

Although hearths have been reported from multiple
Gravettian sites throughout Iberia (Aubry 1998; Badal et al.
2019; Bradtmoller 2015; Brugal 2006; Fullola et al. 2012;
Gaspar et al. 2016; Gutiérrez-Zugasti et al. 2012; Lucena
et al. 2012; Sanchez-Martinez et al. 2021; Sellami 2009;
Villaverde et al. 2021; Yravedra et al. 2017), only a hand-
ful of them has been investigated with micro-archaeological
methods to confirm their anthropo- and pyrogenic nature
(Angelucci et al. 2018). Furthermore, only Badal et al.
(2019), Villaverde et al. (2021), and Yravedra et al. (2017)
in Spain, and Sellami (2009) in Portugal, explored in-depth
the pyrotechnology of Gravettian foragers.

The cave of Fuente del Salin, in Cantabria, is world-
wide renowned for its rock paintings, consisting of nega-
tive and positive handprints (Alonso Gutiérrez 2018;
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Fernandez-Navarro et al. 2022; Gonzalez-Morales and
Moure Romanillo 2008; Moure Romanillo et al. 1985). The
site also preserved a Gravettian deposit dating between 26
to 29 ka calibrated Before Present (ka cal BP), and consist-
ing of a dark layer, interpreted by the excavators as a hearth
(Gonzalez-Morales and Moure Romanillo 2008). Previous
research at the site focused on the cave paintings, personal
ornaments, and the technology used to create them (Alonso
Gutiérrez 2018; Cuenca-Solana et al. 2013; Fernandez-Nav-
arro et al. 2022; Gonzalez-Morales and Moure Romanillo
2008; Moure Romanillo et al. 1985). Furthermore, the study
of bone and shell assemblages allowed to reconstruct the
diversity of subsistence solutions exploited by Gravettian
foragers, such as deer hunting, river fishing, and sea shell
harvesting, which were favored by the proximity of the cave
to coastal and estuarian environments (Blanco-Lapaz et al.
2023; Gonzéalez-Echegaray 2020; Gutiérrez-Zugasti et al.
2012). Contrarily, the potential fire residues preserved at
the site remained uninvestigated. In this study, we present
micromorphological, micro-X Ray Fluorescence (u-XRF),
and Scanning Electron Microscopy (SEM-EDX) data, to
reconstruct fire use at the site and discuss the implications
of our results for the study of Gravettian pyrotechnology.
Furthermore, we analyzed the whole stratigraphy of the site
to have a full diachronic overview of the sequence, and to
better tease apart forager behaviors from geogenic processes.

Material and methods
Fuente del Salin
Cave Geology

Fuente del Salin is located 15 m above current sea level at its
modern entrance, in the town of Val de San Vicente (north-
ern Cantabria), near the Tina Menor estuary and at 3 km
from the current coastline (Fig. 1a). The cave, formed under
phreatic conditions, comprises two galleries connected by
a sub-vertical passage (Fig. 1b-c). The modern entrance to
the cave is located at the end of the lower gallery, which,
unlike the upper dry passages, is currently situated in the
epiphreatic zone, allowing only seldom access to the site.
The original entrance, located at the end of the upper gallery,
is estimated to have measured 1.84 m in height and 3.02 m
in width, and situated at 7.48 m from the excavation, was
blocked by a large ceiling collapse, shortly after 29 ka cal BP
(Gonzalez-Morales and Moure Romanillo 2008).

The cave system is hosted within limestone beds and
calcarenites of Paleogene and Upper Cretaceous age. The
limestone beds exhibit low compaction and weather into
flakes, especially in the upper gallery where the archaeo-
logical excavation is located (Portero Garcia and Ramirez
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Fig. 1 a Elevation model of

the Cantabrian region with the
location of Fuente del Salin
cave. b Plane of the cave which
locates the excavation, rock art,
and the modern and paleolithic
entrances. A line indicates the
path from the modern entrance
to the Paleolithic entrance,
divided into red and blue sec-
tions. ¢ Longitudinal section of
the cave, displaying the topogra-
phy and representing the same
path as shown in (b), providing
an alternative view of the cave’s
structure. d Excavation inside
the cave. e Negative red hand-
prints inside the cave associated
with the Gravettian foragers
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del Pozo 1976). Sediment remnants along the cave walls and
ceilings indicate that the cave underwent multiple phases of
infilling and erosion.

Archaeological research

Cave paintings and surface archaeological materials in
Fuente del Salin were first discovered in 1985 (Roldan
et al. 1985; Moure Romanillo et al. 1985). In 1990-91 and
2000-03, archaeological surveys and excavations were con-
ducted at the back of the upper gallery, close to a series
of cave paintings and near the original entrance to the site
(Fig. 1e) (Morales and Romanillo 2000; Gonzalez-Morales
and Moure Romanillo 2008).

During these efforts, researchers dug a 2m x 1m trench
(Fig. 1d), comprising excavation squares K6 and L6, and
exposed a stratigraphic sequence in which they distinguished
three main units (Levels). The uppermost layer, Level 1,
was subdivided into an upper layer of dark clay which is
microlaminated at the bottom (Level 1.1), a speleothem crust
(Level 1.2), and a soft speleothem crust, which the excava-
tors classified as a gour (Level 1.3) (Gonzalez-Morales &
Moure Romanillo 2008). Level 1.1. showed rare, reworked
archaeological material, that likely eroded from a higher pas-
sage located at 4.95 m from the excavation to the northeast,
and approximately 7.30 m from the Paleolithic entrance to
the cave.

Level 2 exhibits alternating laminations of reddened clay
and charcoals with abundant fragments of fish bones and sea
shells, which the excavators interpreted as a potential hearth
(Gutiérrez-Zugasti et al. 2012, p. 419). Below this feature
and covering the cave floor, Level 3 was described as a clay
layer archaeologically sterile.

Bayesian modeling of radiocarbon ages from charcoal,
faunal bones, faunal tooth, and seashells in Level 2, besides
surface bones, allows to securely date human visits to Fuente
del Salin to the Gravettian and places the formation of this
layer between approximately 26 and 29 ka cal BP (Blanco-
Lapaz et al. 2023; Gonzalez-Morales & Moure Romanillo
2008). A charcoal sample from a rock art panel was dated to
22,2 ka cal BP. This sample, however, remained exposed and
might have been contaminated with younger carbon input.
The anthracological remains of Level 2 are currently under
study by Monica Ruiz Alonso (Consejo Superior de Inves-
tigaciones Cientificas, Madrid).

Micromorphology

To reconstruct site formation processes and investigate lat-
eral variability in the composition and thickness of Level 2,
we collected block samples for archaeological soil and sedi-
ment micromorphology analysis. The samples were taken
from two stratigraphic profiles exposed during previous
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excavations inside Fuente del Salin, to cover the whole
stratigraphic sequences: L6 east and K6 west (Fig. 2). A
total of six blocks were retrieved (MM-1.1, MM-1.2, and
MM-1.3 from K6 west and MM-2.1, MM-2.2, and MM-2.3
from L6 east), which were dried, impregnated with a resin
mixture (70% epoxy resin, 30% styrene, and 5 mL of cata-
lyst), cut and polished into six thin sections of 10X 5 cm.
The thin sections were scanned on a flatbed scanner at 1200
dpi in reflection mode. After, the slides were studied in Plain
Polarized Light (PPL), Cross-Polarized Light (XPL), and
Oblique Incident Light (OIL), using a petrographic micro-
scope (Nikon Optiphot DIC Phase Contrast Dark Field).

Terminology and description of micromorphological
features were made based on Stoops et al. (2010); Stoops
(2020). For specific anthropogenic input, we based our
interpretation on Karkanas and Goldberg (2018), Nicosia
and Stoops (2017), Goldberg et al. (2001) and Goldberg and
Macphail (2006).

p-XRF

We conducted p-XRF analysis (Fernandez-Palacios et al.
2023; Mentzer 2017) on the six impregnated block samples
collected from Fuente del Salin. A Bruker M4 Tornado was
used to map the following elements: Al, Ca, Cu, Fe, K, Mg,
Mn, Na, P, S, Si, Ti, and Zn. Data were acquired under 20
mbar pressure using both detectors, beam power of 30 W
(tube voltage of 50kV and tube current of 299 uA), a spot
size of ~20um, and a spacing of point of 8—60 um depend-
ing on the desired resolution. Dwell times per pixel of 10
ms up to 100 ms were used. Elemental maps were only ana-
lyzed qualitatively (presence/absence and spatial distribution
of elements). The u-XRF mappings were performed after
thin section production, therefore the resulting images are
slightly different from the corresponding thin section scans.

SEM-EDX

High-magnification imaging within targeted areas of block
samples was achieved using a Scanning Electron Microscope
equipped with an electron probe for X-ray microanalysis
(EPMA) (Wilson 2017). Only the block sample MM-1.2 was
analyzed, considering that we were interested in obtaining
high-magnification images in Level 1.3. The latter corre-
sponded initially to a soft speleothem crust, but after micro-
morphological observations, we realized it was a calcare-
ous tufa, which was expected to be composed of carbonates
and organic materials such as algae, mosses, and bacteria,
components that we could not study under the petrographic
microscope. Before the analysis, a sub-sample of MM-1.2
was cut, given the small size of the chamber of the equip-
ment used in this study, and covered with a thin layer of
gold, to improve conductivity and thus obtain better results.
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Fig.2 Stratigraphic profiles K6 west (a) and L6 east (b). White lines indicate the contacts between Levels, which are labeled on the left side of
the profile photos. Red rectangles depict the location of micromorphological samples

Results
Level 3

This unit is rich in fresh fossiliferous limestone grains,
iron nodules, quartz, and calcite sand, including needle-
fiber calcite, and clays (Figs. 31 and 41). It has a crumbly
microstructure, with dense spheroidal micritic carbonate
aggregates. During thin section analysis, we identified rare

potential archaeological materials, such as bones and char-
coals (Fig. 3i-1).

Level 2

This level is rich in comminuted organic matter, fat-derived
char (Fig. 5b), ashes in the form of rhombic and micritic
pseudomorphs of calcium oxalates (Karkanas 2021), as
well as poorly sorted and randomly oriented fragments
of bone (Figs. 4c-f-k and 5d-f), charcoal, seashells, and
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«Fig. 3 Stratigraphic sequence in the west profile of square K6. White
dashed lines show the contact between levels. a Scan of thin section
MM-1.1. b p-XRF elemental mapping of block sample MM-1.1. ¢
Photomicrograph in XPL from Level 1.1 depicting calcitic-crystal-
litic micromass with abundant well-sorted quartz grains, and sphe-
roidal micritic aggregates (red arrows). d Photomicrograph in XPL
from Level 1.2 showing dense micritic aggregates (red arrows) and
iron-rich clays coating the aggregates (green arrows). e Scanned thin
section MM-1.2, showing the contact between Levels 1.3 and 2. f
pu-XRF elemental mapping of block sample MM-1.2 displaying the
passage from the calcium-rich Level 1.3 (Ca in dark blue) and bone-
rich Level 2 (P in light blue). g Photomicrograph in PPL depicting
lamellar micritic and sparitic spongy fabrics characteristic of calcare-
ous tufa from Level 1.3. h Photomicrograph in PPL displaying ran-
domly oriented charcoals (green arrow) and heated bones (red arrow)
from Level 2. i Scan of thin section MM-1.3, illustrating the passage
from Levels 2 to 3. j u-XRF elemental mapping of the block sam-
ple MM-1.3 showing larger and more frequent bones (P in light blue)
and shells (Ca in dark blue) than MM-1.2, from Level 2, as well as
very rare bones in Level 3 (P in light blue). Images (i) and (j) are mir-
rored. k Photomicrograph in XPL showing a fish bone coated by cal-
cium carbonate in Level 2. 1 Photomicrograph in PPL showing bones
(green arrow) and char (red arrow) from Level 3

knapped lithic artifacts (Fig. 5¢). Heated bones (75%) were
identified based on their poor osteon preservation in XPL,
and a pale grey to dark-brown color in PPL (Figs. 4c-k and
5f) (Villagran et al. 2017a). Some of the bones exhibit
in situ fractures, indicative of trampling (Fig. 4c and 6a-b,
Online Resource 1e) (Miller et al. 2010; Nicholson 1992;
Rentzel et al. 2017). Bone fragments also show incipi-
ent tunneling due to bacterial and fungi activity (Bron-
nimann et al. 2018; Durand et al. 2010) and staining by
iron and manganese oxides (Online Resource le-f) (Sha-
hack-Gross et al. 1997). Faunal remains were not identi-
fied taxonomically with the micromorphological analysis;
however, based on the work of Blanco-Lapaz et al., (2023)
and Gonzalez-Echegaray (2020) they must belong to fish
(Fig. 3k), predominantly salmonids, and ungulates such as
red deer and Iberian ibex. Rare fragments of seashells and
bones exhibit partial replacement by secondary carbonates
(Online Resource 1b-c) and incipient dissolution (Online
Resource 1g-h).

Our micromorphological analysis revealed that Level 2
in the west profile of square K6 is extensively disturbed by
post-depositional processes, such as bioturbation, dump-
ing, rake-out (Fig. 6¢-e), trampling, and secondary carbon-
ate formation (Figs. 5, 7 and Online Resource 1a-b). In this
area, we found that Level 2 displays combustion features
like ashes, fresh and heated bones, charcoal, shells, and rubi-
fied clay aggregates in a chaotic arrangement. These features
have been associated with dumping and rake-out processes
(Banerjea et al. 2015; Mallol et al. 2013; Miller et al. 2010).

Level 2 exhibits better preservation in the east profile
of square L6, where we observed horizontal, stacked, and
microlaminated layers, which have thicknesses from 500 um
to 0.5 cm, and extend horizontally by up to 4 cm (Fig. 7a-g).

These laminations can be grouped into four separate
microfacies (MF). MF1 is composed of endokarstic sedi-
ment mixed with dumped materials, such as amorphous
organic matter, rubified clay aggregates, as well as fresh
and heated bones, which occasionally exhibit evidence of
trampling (Fig. 7cl, gl). MF2 is made from articulated,
cemented, and recrystallized ashes (Fig. 7c-d-g-h) (Canti
2003; Karkanas 2021; Villagran et al. 2017b). MF3 exhibits
exclusively heated and charred residues, such as ash, burnt
bones, charcoals, and fat-derived char (Fig. 7g-h) (Berna and
Goldberg 2007; Goldberg et al. 2009). In MF3 we also iden-
tified features comparable with the stringers that have been
reported from Middle Stone Age deposits at Sibudu, Bor-
der Cave, and other sites in South Africa, which were inter-
preted as grass beddings subsequently burned by foragers
during sanitization activities (Fig. 5a) (Goldberg et al. 2009;
Miller and Sievers 2012; Sievers et al. 2022; Wadley et al.
2020, 2011). MF3 occasionally displays high amounts of
iron (7.9%) and manganese (11.4), as evidenced by u-XRF
analysis of block sample MM-2.2 (Fig. 7a-b). MF4 is char-
acterized by endokarstic sediment without any organics or
human input. When this sequence of microlayers is present,
we identified preserved combustion structures, character-
ized by articulated ashes. Our micromorphological analysis
revealed that the MFs recur often in a specific order, with
the geogenic-rich MF1 at the bottom, the ash-rich MF2 in
the middle, the burnt-residues-rich MF3, and the endokarstic
sediment microlayer on top MF4 (Figs. 4e-f and 7).

Level 1.3

This unit is composed of a calcitic-crystallitic b-fabric,
with laminated micritic and microsparitic calcium carbon-
ate. These laminations display alternations between dense
and massive, to light and spongy microstructures, as well
as calcified colonies of bacteria. These features are associ-
ated to the seasonal growth of algae and are all diagnostic
for tufa deposits (Figs. 3e-g and 9a-d) (Ajuaba et al. 2021;
Canora et al. 2023; Chafetz and Folk 1984; Dabkowski 2014,
Simoes 2019; Oste et al. 2021; Pentecost 2005b; Perri et al.
2012; Suchy et al. 2019). In agreement with our micromor-
phological observations, SEM-EDX analysis revealed the
occurrence of stacked algae and mosses as well as abundant
calcified algae and bacteria filaments (Fig. 9e-f) (Auqué
et al. 2013; Capezzuoli et al. 2010; Das and Mohanti 2005;
Irion and Miiller 1968; Janssen et al. 1999; Manzo et al.
2012; Scholl and Taft 1964; Vazquez-Urbez et al. 2012).

Level 1.2
This unit consists of large calcitic-crystallitic and micritic

calcite, along with cryptocrystalline aggregates with sizes
from 400 pm to 7 mm in length (Fig. 3b and d). In PPL
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«Fig. 4 Stratigraphic sequence in the east profile of square L6. a Scan
of thin section MM-2.1 White lines differentiate discrete episodes
where charred organic matter was accumulated. Outside these lay-
ers, the sediments are anthropogenic, but with higher endokarstic
sedimentary particles. b u-XRF elemental mapping of block sam-
ple MM-2.1. ¢ Photomicrograph in PPL. Abundant charred organic
matter and a heated and trampled bone in the bottom of the micro-
layer. d Photomicrograph in XPL. Contact between the two micro-
layers (endokarstic with anthropogenic particles in the upper section
and charred organic matter in the lower section. e Scan of thin sec-
tion MM-2.2. White lines differentiate micro-layers which are rich
in calcium carbonate. f u-XRF elemental mapping of block sample
MM-2.2. Green dashed lines delimitate events of high bone deposi-
tion (light blue). g Photomicrograph in XPL. Microlayer composed of
endokarstic sediments. h Photomicrograph in XPL. Accumulation of
calcium carbonate related to ashes (red arrows). i Scan of thin section
MM-2.3. White lines differentiate a micro-layer rich in calcium and
anthropogenic sediment particles. The lower dashed lines indicate
the contact between Levels 2 and 3. j u-XRF elemental mapping of
block sample MM-2.3. The green dashed lines delimitate events of
high bone deposition (light blue). Images (i) and (j) are mirrored. k
Photomicrograph in PPL. Microlayer rich in charred anthropogenic
materials and calcium, related to ashes. 1 Photomicrograph in XPL.
The general groundmass of Level 3 with predominant endokarstic
sediments

the sedimentary matrix has colors ranging from Pale yel-
lowish to brownish, with inclusions of opaque grains. We
observed coatings of continuous oriented clays, in addition
to abundant coatings of iron oxide around the aggregates.
According to Gonzalez-Morales and Moure Romanillo
(2008), during the excavation, this deposit was identified
as a speleothem crust. Based on our micromorphological
results, we interpret it as a rimstone dam (Clifford and
Williams 2007; Goudie 2004). These dams correspond to
depositional calcite barriers that form pools in caves, par-
ticularly in the channels of surface/underground streams or
on flowstones. As suggested by Ford and Williams (2007),
these are common in calcareous tufa and hot springs.
These formations account for processes in which carbonate
precipitation is very rapid, especially at the edges, given
that the water films are usually thinner there. However, as
in the calcareous tufa, some organics can be added during
the depositional process. The Micro-XRF analysis showed
that the aggregates are mainly composed of calcium, and
phosphorus, as well as iron-rich clay minerals.

Inside the groundmass of the micritic aggregates, we
identified a few rounded micritic aggregates with concen-
tric laminations related to colonies of crystallized bacteria,
as in Level 1.3 (Fig. 9d). However, as we found just a few
of these tufa-related features, as well as a sedimentary
matrix dominated by calcium carbonate aggregates with
not too many detailed elements, we assume that this level
represents a shift in the local environmental conditions
within the cave. Similar observations of this feature were
made by Simdes (2019) in Mesolithic shell middens in a

karstic rockshelter in Asturias, associated with cementa-
tion processes of calcareous tufa.

The massive structure of the calcitic-crystallitic and cryp-
tocrystalline aggregates, as well as the abundant illuvial clay
coatings, suggests processes of phreatic cementation. Thus,
the local environmental conditions of the cave during the
formation of this layer did not allow the typical formation of
the calcareous tufa, reflecting alternating periods of super-
saturation of water, as well as a decrease of natural light
within the cave.

Level 1.1

This unit displays a microstructure dominated by dense
spheroidal micritic aggregates with simple packing voids.
The coarse fraction (> 50 pm) is composed of frequent and
well-sorted medium sand- to gravel-sized limestone frag-
ments, and rare anorthic iron-oxide nodules fine sand-sized
(Fig. 3a-b-c). The groundmass (< 50 um) appears calcitic-
crystallitic. It is made of needle-fiber calcite, quartz medium
silt, and clays, which appear stratified and horizontally bed-
ded in the bottom of the deposit (Fig. 3b-c). Most limestone
fragments appear partly dissolved (with rounded and wavy
edges), and exhibit fossils such as nummulites and bivalves,
together with silt to fine sand of quartz. The quartz sand is a
common coarse component of this unit, revealing that lime-
stone dissolution was one of the main processes responsible
for the formation of Level 1.1.

Discussion
Interpretation of units and site formation processes

A stratigraphic overview of site formation processes is pre-
sented on Fig. 10. Before diving into the interpretation and
discussion of the features observed in Level 2, we provide
a brief interpretation of Levels 1.1, 1.2, 1.3, and 3, which
help us to reconstruct the non-anthropogenic sedimentation
background at Fuente del Salin.

Geogenic sedimentation in Levels 1.1, 1.2, 1.3 and 3

Levels 3 and 1.1 originated from the dissolution and recrys-
tallization of the carbonate rocks hosting the cave. Unlike
Levels 1.1-1.3, in Level 3 we identified rare archaeological
materials, such as fragments of bones and charcoals (Fig. 31).
These findings might reflect previously unknown visits to
Fuente del Salin, predating the Gravettian occupation.
Water movement and weathering of the cave bedrock
were responsible for the formation of the layers deposited
after the Gravettian visits (Levels 1.1-1.3), which seem to
have accumulated under wetter conditions. From bottom to
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Fig.5 Anthropogenic depositional processes. a Photomicrograph
in XPL showing stringers (red arrow) alternating with ashy layers
(green arrow). Stringers have been reported from Middle Stone Age
deposits in South Africa, which are interpreted as grass beddings sub-
sequently burned by foragers during sanitization activities (Binneman
2000; Goldberg et al. 2009; Miller and Sievers 2012; Sievers 2013;
Sievers et al. 2022; Wadley et al. 2020, 2011; Walton 1951). b Pho-
tomicrograph in XPL-OIL displaying fat-derived char, derived from
the heating of faunal remains (red arrow). ¢ Photomicrograph in XPL

top, Level 1.3 corresponds to a calcareous tufa formed by
cyanobacteria, mosses, and algae (Fig. 9). These organisms
require light, as well as wet and warm environments to live
(Capezzuoli et al. 2014; Dabkowski 2014; Pentecost 1995,
2005a, b). We conclude that the ceiling collapse that marked

@ Springer

exhibiting a knapped lithic artifact composed of cryptocrystalline
chert (red arrow). d Photomicrograph in PPL from the upper central
section of MM-2.3, showing a singular discard event of burned and
fresh bones, most of them broken in situ (green arrows) capped by a
layer of charred organic materials from Level 2. e Photomicrograph
in XPL showing rubified clay aggregates in Level 2 (green arrows).
f Photomicrograph in XPL depicting a heated bone exhibiting orange
color and internal fractures due to the action of fire

the end of the Gravettian occupation at the site did not seal
completely the entrance used by Paleolithic foragers but left
the cave partly accessible. Level 1.2 consists of a rimstone
dam (Fig. 3a-b-d). Our micromorphological findings con-
trast with field descriptions made by the excavators, which
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assigned this feature to Level 1.3 (Morales and Romanillo
2000; Gonzalez-Morales and Moure Romanillo 2008). This
type of speleothem commonly forms above tufa (Clifford
and Williams 2007; Goudie 2004), and reflects a shift in the
local environmental conditions, in which there was a super-
saturation of water and a lack of light within the cave. In
the upper part and across Level 1.2, we identified a lamellar
accumulation of illuvial clays, including dusty clay capping,
clay coatings, and clay intercalations (Figs. 3b-d; Online
Resource 1d) (Mallol and Goldberg 2017; Stoops 2020).
These clays came either from the weathering of the lime-
stone bedrock or from the erosion of soils developed above
the cave (Karkanas and Goldberg 2013) and deposited when
a high amount of water drained through the porous rimstone
dam (Level 1.2) (Gerasimova and Savitskaya 2020; Gold-
berg 2000, 2001; Inglis et al. 2018; Kourampas et al. 2009;
Patania et al. 2019; Stephens et al. 2017).

Evidence of fire use and site maintenance in Level 2

Level 2 at Fuente del Salin resulted from three main anthro-
pogenic activities: fire use, waste dumping, and site mainte-
nance (Figs. 6 and 10). Although the high frequency of burnt
bones (75%), charcoal, and fat-derived chars indicate inten-
sive fire use by foragers, our thin section study revealed only
a few in situ combustion features within this unit (Mallol
et al. 2017; Mentzer 2014). In general, these combustion fea-
tures are similar to intact combustion structures as defined
by Mallol et al. (2017). These consist of up to 0.5 cm thick,
stacked, microlaminated layers, exhibiting a sequence of
endokarstic and anthropogenic sediment with some rubified
clay aggregates (MF1), covered with articulated, recrystal-
lized, and cemented ashes (MF2), carbonized comminuted
organic matter (MF3) and microlayers with only endokarstic
sediments (MF4) (Fig. 7). MF4 is associated with a brief
period of abandonment of the cave by Gravettian foragers,
as it lacks evidence of anthropogenic input. As the sampling
strategy did not cover the whole sequence horizontally, this
interpretation should be considered with caution.

We did not identify reddened substrate as part of the
combustion features, like the ones described by Mallol et al.
(2017). Instead, we observed some rubified clay aggregates
(Fig. 5e). This could be explained by several factors. First,
the endokarstic sediment at Fuente del Salin cave is primar-
ily composed of limestone sands, which, rather than red-
dening, undergo a chemical transformation from calcium
carbonate to calcium hydroxide (Aldeias et al. 2016; Canti
and Linford 2000; Toffolo and Boaretto 2014). Second,
although iron is present in the sediments, related to geo-
genic, biogenic, and anthropogenic sources, it is possible
that the fires at the site did not reach sufficiently high tem-
peratures. Third, other factors, such as the moisture content

and the low porosity of the endokarstic sediments, may have
also played an important role (Karkanas 2021).

The features we identified at Fuente del Salin are prob-
ably related to simple open hearths, in which combustion
is contained by the horizontal arrangement of the fuel,
and even by the rock walls of the cave. These fireplaces
might have been used for cooking, heating, and cleaning
habitational surfaces (Mallol et al. 2017). We also identified
“stringer-like” features (Homsey and Capo 2006; Karkanas
and Goldberg 2010, 2020), which might correspond to grass
beddings burned by foragers during sanitization activities
(Fig. 5a) (Binneman 2000; Goldberg et al. 2009; Miller and
Sievers 2012; Sievers 2013; Sievers et al. 2022; Wadley et al.
2020, 2011; Walton 1951).

Results of u-XRF elemental analysis revealed that cal-
cium (49%), manganese (11.4%), and iron (7.9%) are the
elements more abundant within the combustion features of
Level 2 (Figs. 7 and 8). Considerable amounts of manga-
nese are not present in the bedrock hosting Fuente del Salin.
Therefore, its occurrence in combustion features might be
related to hunter-gatherer activity. Heyes et al. (2016) argued
that Neanderthals foraged and used manganese dioxide to
reduce the autoignition temperature of wood and increase
the combustion rate of charcoal at Middle Paleolithic sites
in France. Recent experiments by Sorensen (2024) confirm
this model, showing that adding MnO, powder to tinder can
make it nearly twice as effective as untreated tinder, enhanc-
ing its ability to capture and propagate sparks more effi-
ciently. This technology could have significantly improved
the ability of Paleolithic human groups to produce fire
quickly and easily.

It is plausible that Gravettian foragers employed simi-
lar techniques to enhance fuel performance at Fuente del
Salin. However, the presence of iron and manganese oxides
in bone-rich layers has also been associated with bacterial
activity, as bones provide nutrients for manganese-oxidizing
bacteria (Shahack-Gross et al. 1997). Despite evidence that
Neanderthals and Upper Paleolithic humans were proficient
fire users, collected MnO,-rich rocks, and even scraped these
rocks to produce powder (Bodu et al. 2014; Pitarch Marti
et al. 2019; Soressi et al. 2008), the hypothesis that the high
concentrations of manganese oxides in Level 2 of Fuente
del Salin are linked to human activity should be treated with
caution.

Aside from combustion features, as a whole Level 2
exhibits micromorphological characteristics common in
deposits accumulated by dumping and trampling (Fig. 6),
such as heterogeneous microstructure, low compaction, high
porosity, random orientation of the components, and co-
occurrence of heated and unheated organic remains mixed
with low amounts of endokarstic sediment (Figs. 3e-i, 4)
(Grono et al. 2022, p. 14; Karkanas & Goldberg 2018, p.
107; Matthews et al. 1997).
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«Fig.6 Trampling: a Photomicrograph in PPL showing a trampled
bone (red arrow). b Photomicrograph in PPL depicting a trampled
bone broken in situ in Level 2 (green arrows indicate the fractures).
Dumping and raking-out: ¢ Photomicrograph in XPL displaying the
sedimentary matrix composed of heated bones (red arrows), charred
organics (green arrows), and altered ashes with a chaotic arrangement
and an open microstructure. d Scan of MM-1.3, depicting processes
of raking-out. Fresh and heated bones (red arrows), charcoal (green
arrows), shells (yellow arrows), and rubified clay aggregates (blue
arrows) are unsorted, unoriented, and randomly distributed (Banerjea
et al. 2015). e Photomicrograph in PPL displaying similar processes
as shown in (c). Compacted combustion features: Photomicrograph
(f) and scan of MM-2.1 (g) depict comprised and trampled microlay-
ers of charred organics

We documented evidence of trampling through Level
2, with this anthropogenic process resulting in different
micromorphological features. In the lower part of this unit,
trampling compacted combustion features and fractured
bones and shells, without displacing them (Fig. 4). We also
documented trampling surfaces, as evidenced by multiple
up to 2 cm thick layers made exclusively from heated and
unheated, stacked, sub-horizontal animal bones (MM-2.2
and 2.3 in Fig. 4f-j), some of which appear broken in situ.
Contrarily, in the upper part of Level 2, trampling and
other post-depositional processes caused the displacement
of fire residues (Fig. 3e-i). Such higher post-depositional
disturbance appears more evident in the west profile of
square K6. Site maintenance activities, such as raking-out
(Matthews 2005; Shillito and Matthews 2013) or sweeping
(Fondrillon 2007; Macphail 1994; Miller et al. 2010) were
possibly more intensive in this part of the site (Fig. 6),
because this cave area is slightly more spacious. Level 2
in this profile was also more intensively disturbed by bio-
turbation (Figs. 3e-i, Online Resource 1a) and secondary
carbonate formation, due to intensive biological activity
and water dropping near the original entrance to the cave.
High bioturbation in Level 2 was probably also due to
its high organic content, which attracted soil fauna and
insects that feed on organic remains (Mallol et al. 2017,
Schilt et al. 2017).

In the upper part of Level 2 most of the bones present
hypo-, quasi-, and coatings of micrite (some laminated) and
microsparite, along with calcite crystals in the shape of nee-
dle fibers (Figs. 3k, Online Resource 1c-f). These processes
were probably associated with the dissolution and recrys-
tallization of the limestone bedrock and the archaeological
shells and ashes (Durand et al. 2010; Villagran and Poch
2014).

In the central part of Level 2, we identified a discrete (1
cm thick) layer composed of endokarstic sediment (MF4)
(Fig. 4e-f-g). This is probably related to a phase of cave
abandonment by Gravettian foragers. Further precision
dating using alternative methods like archaeomagnetism
(Herrejon-Lagunilla et al. 2024) might help to establish the

duration of this phase and correlate it with local and regional
environmental fluctuations.

In summary, Level 2 was mostly accumulated by Gravet-
tian hunter-gatherers during intensive fire use alternating
with phases of ground surface clearing and site maintenance
(Aldeias and Bicho 2016; Goldberg et al. 2009; Miller et al.
2010; Miller and Sievers 2012).

Gravettian pyrotechnology: a cultural trait

The comparison of data presented in this paper and previous
studies shows that at Fuente del Salin, Gravettian foragers
lit fires to perform different tasks. High frequency of burnt
fish bones heated at temperatures between 525°C and 645°C
(Blanco-Lapaz et al. 2023; Gonzélez-Echegaray 2020; Vil-
lagran et al. 2017a) show that fires were primarily used
for cooking. However, we cannot exclude the possibility
of accidental heating of some of the bones. The “stringer-
like” features we identified in thin sections (Figs. 5a and 7g)
might reflect sanitization practices to clear living surfaces
of waste and pests (Binneman 2000; Goldberg et al. 2009;
Miller and Sievers 2012; Sievers 2013; Sievers et al. 2022;
Wadley et al. 2020, 2011; Walton 1951). The high concen-
tration of manganese oxides in pu-XRF spectra suggests that
Gravettian foragers might have used this element to improve
fuel performance at Fuente del Salin. The recurrent pres-
ence of stacked combustion features (Fig. 7c) alternating
with phases of raking and dumping (Figs. 3e-i, 4k and 6)
indicates that Gravettian hunter-gatherers frequently reused
fireplaces. The time interval between each hearth use was
probably short, considering that Level 2 accumulated in a
fraction of the 3 ky cal BP period of the calibration range
(Blanco-Lapaz et al. 2023; Gonzalez-Morales and Moure
Romanillo 2008).

Comparable observations concerning the intensity and
use of fire were previously reported from Gravettian sites
located in central and eastern Europe (Ajas et al. 2013; Alls-
worth-Jones et al. 2018; Anghelinu et al. 2018; Goldberg
et al. 2003; Haita, 2018; Miller 2015; Murphree and Aldeias
2022; Schiegl et al. 2003; Schilt et al. 2017; Vandiver et al.
1989; Villaverde et al. 2021) as well as a few sites in Iberia
(Villaverde et al. 2021). Our results from Fuente del Salin
further illustrate that these activities were carried out across
different climates and environments. We conclude that these
fire-use traits can be regarded as truly cultural and are likely
connected with other lifeway aspects of Gravettian hunter-
gatherers (Murphree and Aldeias 2022).

Paleodemographic studies revealed that, similarly to
the Aurignacian, Gravettian foragers had low population
density (4.3 to 0.3 forager/km?) (Bicho et al. 2017; Boc-
quet-Appel et al. 2005; Maier 2017; Schmidt and Zim-
mermann 2019). Despite moving within regions up to
900 km wide, these populations had somewhat restricted
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Fig.7 Combustion features.

a Scan of the thin section
MM-2.2. Yellow dashed

lines point to MFs. b u-XRF
elemental mapping of the

block sample corresponding to
MM-2.2 showing high amounts
of Magnesium concentrated

in the upper and lower sec-
tions. See Fig. 8. ¢ Photomi-
crograph in XPL depicting
microlaminated combustion
layers composed of Endokarstic
sediments with anthropogenic
input (MF1), articulated ashes
(MF2), burnt residues including
bones, shells, ashes, charcoal,
and fat-derived char (MF3).

d Photomicrograph in PPL
showing horizontal articulated
ashes (black lines) (Mentzer
2014) including some calcined
tissues. e—f Photomicrographs
in PPL and XPL depicting the
limit between MF3 and MF4
(endokarstic sediments without
anthropogenic particles). g
Photomicrograph in PPL dis-
playing a charred organic matter
layer (3) sandwiched between
ashes layers (2) and endokarstic
sediments (1). h Same as (f) but
in XPL
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Fig.8 Spectrum of the u-XRF elemental mapping of the block sample MM-2.2, from Level 2. Note the high concentration of Calcium (49%),

Tron (7.9%), and Manganese (11.4%)

social networks until 27 ka cal BP, as evidenced by their
limited gene flow and distinct mortuary practices (Posth
et al. 2023). The combined high levels of mobility and
multi-seasonal sedentism of Gravettian groups through-
out Europe are further supported by data from human
bones, lithic technology, raw materials, and botanical
remains (Aranguren et al. 2015; Bradtmoller et al. 2016;
Holt 2003; Koztowski 2015; Marreiros and Bicho 2013;
Moreau 2009; Moreau et al. 2016; Scheer 1993; Taller
et al. 2019; Trinkaus 2005; Vignoles et al. 2021). We
conclude that intensive burning, intensive reuse of com-
bustion features, and sanitization practices as observed
at several Gravettian sites throughout Europe, including
Fuente del Salin, likely reflect the settlement pattern of
these foragers.

These fire use practices align with known behaviors
and settlement dynamics that characterize most Gravet-
tian sites in Central Europe and Iberia, where semi-sed-
entary practices (Simonet 2017) can be linked to more
intensive fire use. As Gravettian foragers became less
mobile, they inhabited specific sites more frequently
and for extended periods. This reduced mobility allowed
them more time to gather and store wood with less effort,
resulting in the more intensive accumulation of fire resi-
dues at fewer sites. This triggered an increased need for
site maintenance, with Gravettians likely managing waste
not only through raking but also by using controlled burns
to eliminate pests.

Conclusions

In this study, we reconstructed the formation processes
of the archaeological sequence accumulated at Fuente
del Salin and discussed its implications for the study of
Gravettian fire use.

The earlier, potential evidence of forager visits to
Fuente del Salin comes from the lowermost Level 3, where
we documented rare bones and charcoals (Figs. 3i-1 and
10). Due to the lack of stone tools and absolute dates from
this layer, we are unable to verify whether these remains
were deposited by pre-Gravettian foragers. Between 29 and
26 ky cal BP, Gravettian hunter-gatherers occupied inten-
sively Fuente del Salin, as seen in Level 2. This change
in site use coincided with a shift towards a drier climate,
probably reflecting regional environments (Fernindez-
Garcia et al. 2023). Our micromorphological and p-XRF
results revealed that Level 2 was accumulated during two
distinct occupations, separated by a brief phase of aban-
donment (Figs. 4e-g). Further research is necessary to
investigate the cause of this discontinuity in the forager
presence at the site. Within Level 2, we identified two
main types of potential combustion features in situ. The
most frequent consists of stacked MFs of articulated and
recrystallized woody ashes, heated soil aggregates, and
burnt residues, which we interpreted as likely remnants of
stacked open hearths (Figs. 6 and 7) (Mallol et al. 2017).
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Fig.9 Calcareous tufa from Level 1.3. a Photomicrograph in PPL
displaying lamellar micritic, at the bottom, and sparitic spongy
microstructure, above. Note the infiltration of iron oxides and organic
matter in the horizontal plane voids. b Same as (a) but in XPL. c-d
Photomicrographs in PPL showing rounded micritic aggregates with
concentric laminations related to colonies of crystallized bacteria

Moreover, we documented “stringer-like” structures,
comparable to the charred grass bedding documented in
Middle Stone Age sites of South Africa (Figs. 5a and 7).

@ Springer

(Simoes 2019). e-f SEM photomicrographs. e Needle fiber calcite
crystals from the tufa deposit (red arrows) at 3.00 K X magnifica-
tion (Das and Mohanti 2005; Janssen et al. 1999; Manzo et al. 2012).
f Moss leaf with attached calcite crystals (red arrows) at 3.00 K X
magnification (Auqué et al. 2013; Vazquez-Urbez et al. 2012)

Features and components resulting from trampling, rak-
ing-out/sweeping, and dumping of fire residues are very
common throughout Level 2 (see MM-1.2 in Figs. 3e-1-h
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and 6, Online Resource 1a-b). Furthermore, our study sug-
gests that at Fuente del Salin the use of fire might have
been correlated with the use of Manganese to improve fuel
performance. However, this interpretation should be taken
with care and deserves more studies to improve the com-
prehension of the pyrotechnology of the Gravettian forag-
ers in northern Iberia. After 26 ky cal BP, a shift towards
higher amounts of karstic water (Level 1) and a ceiling
collapse probably discouraged hunter-gatherer stays at this
site, which remained abandoned, favoring the preservation
of its Gravettian record.

Intensity and mode of fire use as seen at Fuente del Salin
are comparable with multiple Gravettian sites located east
of the Pyrenees, as well as a few sites previously known
from Iberia (Villaverde et al. 2021). In central and eastern
Europe, in sites like Pavlov I, Dolni Véstonice I-II Czech
Republic), Grub-Kranawetburg (Austria) and Abri Pataud
(France), have been reported open flat hearths with evidence
of stacking of several combustion features, such as charcoal-
rich lenses, some of them separated by thin layers of loess,
indicating different phases of repeated use and abandonment
in the same heating location (Beresford-Jones et al. 2011;
Bosch et al. 2011; Svoboda 2013). At Krems-Wachtberg
(Austria) and Kostenki (Russia), hearths were described
with multiple phases of combustion, and several lenses over-
lapped burned materials (Simon et al. 2014), reflecting the
high intensity of fire use. Different features were observed
at both Hohles Fels and Geiflenklosterle (Germany), where
no clear evidence of in situ combustion was found. Never-
theless, combustion features like charcoal, burned bones,
ashes, and heated limestone, suggest dumping and other site
maintenance activities (Miller 2015; Schiegl et al. 2003). In
Iberia, the Spanish site of Cova de les Malledetes has evi-
dence of an increase in the thickness and diameter of hearths
between the Aurignacian and Gravettian periods (Villaverde
etal. 2021), as a result not only of a longer occupation of the
site, compared to the Aurignacian, but also an intensification
of the fire use during the Gravettian.

The fact that Gravettian sites across Europe exhibit com-
parable fire use and technologies, despite differences in
regional climates, seem to support the conclusion that these
behavioral traits are equally important constituents of the
Gravettian tradition. We argue that further studies on pyro-
technology at archaeological sites in non-periglacial regions
will help to reinforce this conclusion.
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tary material available at https://doi.org/10.1007/s12520-024-02126-x.
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