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Abstract

Gruta da Companheira is a recently discovered cave site in the Algarve (southern Portugal), a region poor in Paleolithic
karstic sites and shaped by profoundly transformative geological processes, including tectonics. Here, we present a
multi-scalar dataset that integrates macro and microstratigraphy, excavation results, and Spatial Statistical Point
Pattern Analysis (SPPA) to reconstruct the processes that led to the accumulation and deep burial of the archaeological
sequence exposed to date.

Excavation data show that a normal fault crosses Gruta da Companheira, separating the newly discovered Chamber 3
from northwestern passages. Influenced by seismotectonic activity along larger tectonic structures, recurrent slip
movements caused the collapse of roofed passages north-west from Chamber 3, likely blocking a yet unconfirmed
hillside entrance. Multiphase sigmoidal veins and fault-related breccias support the hypothesis that this collapse and
subsequent infilling were triggered by extensional movements. The limestone blocks deriving from the seismotectonic
collapse rolled into Chamber 3, amidst which a mix of archaeological and carnivore activity remains was found. Relative
contributions of carnivores and hominins to the primary bone accumulation remain to be fully quantified. Before
complete sealing, Chamber 3 was directly connected with the external environments through a narrow subvertical
passage, opened by the partial cave collapse. These settings favored the movement of vadose water into the northern
area of this chamber, where lithic artifacts, bones, and sediments became extensively cemented by secondary
carbonates.

Our study highlights the impacts of major regional geological processes on the formation and deep burial of cave sites
in southern Portugal. The model concerns the upper Chamber 3 sequence, which remains under excavation, with less
reworked deposits likely below. Critically, the seismotectonic sealing that renders such sites invisible may also shelter
them from later erosion, suggesting the Paleolithic record of the region is both richer and better preserved than currently
visible.

1. Introduction

Paleolithic cave sites with preserved, stratified sequences are exceptionally scarce in southwesternmost Iberia,
particularly in the Algarve region of southern Portugal [1-4]. This scarcity contrasts sharply with the abundant and well-
documented cave records of northern, eastern, and central Iberia, where sites such as Atapuerca, El Castillo, El Sidrén,
Abric Romani, Bolomor, Gruta da Oliveira, and the Pinilla del Valle complex have provided fundamental evidence for
hominin evolution and settlement dynamics throughout the Pleistocene [5-28]. The disparity is especially striking given
the Algarve's strategic position at the Atlantic—Mediterranean interface and its access to diverse terrestrial and coastal
resources, conditions that would have favored recurrent human occupation during the Pleistocene [4, 29-32]. This
ecological contradiction suggests that the regional scarcity of Paleolithic caves may reflect preservation and visibility
biases rather than low population densities.

Evidence for Paleolithic occupation in the Algarve is not absent, but rather unevenly preserved and frequently difficult to
contextualize. Open-air assemblages documented on Miocene-aged plateaus and fluvial terraces demonstrate recurrent
human land use throughout the Pleistocene [3, 4, 33—35]. However, many of these occurrences consist of surface
scatters or heavily deflated deposits with limited temporal resolution. While the prominent open-air site of Vale Boi
documents sustained Upper Paleolithic occupation of the southwestern coast [36-41], Pleistocene cave evidence
remains exceptionally limited. Until recently, this record was represented exclusively by Gruta de Ibn Ammar, where
Middle Paleolithic lithics were recovered from cemented deposits that exemplify the complex taphonomic histories
characteristic of Algarve karst systems [3, 4, 34, 35, 42].
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This scarcity of stratified cave deposits has long been linked to the active geological evolution of the region. As early as
1942 [43] researchers proposed that the interplay of tectonic activity, massive roof collapse, and extensive brecciation
might have fundamentally shaped Pleistocene archaeological deposits. Subsequent speleo-archaeological research
reinforces this interpretation, suggesting that many potential Paleolithic cave archives may have been destroyed, deeply
buried, or rendered inaccessible through the combined effects of karstification, structural collapse, and geological
sealing [44]. Original anthropogenic accumulations may have been displaced into deeper endokarstic conduits or
preserved only as suspended brecciated remnants adhering to cave walls [1, 2, 45-47]. Ultimately, these intense
seismotectonic dynamics act as a powerful geological masking agent, obscuring a potentially rich Paleolithic
landscape.

Within this context, the recently identified Gruta da Companheira presents a rare opportunity to bypass this taphonomic
filter. Located approximately 2 km east of Ibn Ammar (Fig. 1a), and discovered accidentally during public construction
works, the site comprises a system of interconnected chambers hosting deep sedimentary deposits. Ongoing
excavations have revealed a well-preserved lithic assemblage technologically consistent with the Middle Paleolithic,
together with abundant faunal remains [44, 47, 48]. Its complete concealment beneath the modern surface exemplifies
how effectively geological masking can obscure Paleolithic cave sites.

This study aims to establish a high-resolution site formation model detailing the collapse, sealing, and deposition of the
topmost layers of Chamber 3 of Gruta da Companheira. To disentangle the anthropogenic signals from the intense
geological overprinting, we apply a multiscalar approach integrating sediment micromorphology and Spatial Point
Pattern Analysis (SPPA). Building on successful frameworks used to dissect palimpsests at other Paleolithic sites [15,
16, 49, 50], this integrated approach provides a high-resolution case study for the Algarve, where comparable stratified
cave contexts remain extremely rare. By decoding the mechanisms responsible for the preservation and concealment of
Companheira, this study establishes a predictive framework for understanding, and potentially overcoming, the scarcity
of Paleolithic cave archives in southwesternmost Iberia.

2. The site

Gruta da Companheira is a dolomitic karst system located on a 20 m-high hill near the Arade River in Portimao, southern
Portugal (Fig. 1a). The cavity is hosted within the Middle Jurassic Almadena formation [51, 52].

The site is located within the Algarve Basin, a region highly susceptible to tectonic and seismic activity positioned near
the African-Eurasian plate boundary [53]. This region is dominated by the N-S trending Portim&o Fault and the E-W
Espiche-Odiaxere system, which define local fracturing and drive speleogenesis [53]. Within this context, regional
seismic instability is known to trigger large-scale rockfalls and potentially cave collapses [36, 44]. Furthermore, the
regional hydrogeology is governed by a network of E-W faults and flexures, such as the Flexura de Algibre, which
hydraulically segment the terrain into distinct aquifer blocks [44]. The major Querenca-Silves aquifer feeds the nearby
Ibn Ammar karstic springs, providing the overarching hydrological context for the Companheira system. The possibility
that tectonic structures might have influenced the formation (and collapse) of this cave is further supported by
published cartographic data [51], which show that the hill hosting the site is crossed by a 500 m long and east-west
trending fault of unknown style (Fig. 1a).

The site was initially identified in the 1980s during road construction, when the cave was breached through two northern
openings. Subsequent investigations [44, 47] revealed a complex internal geometry, with a subvertical passage recently
unblocked from a debris cone, connecting the hilltop with Chamber 3 and the deeper Chambers 1 and 2 (Fig. 1b-c).

2.1. Archaeological excavations
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The investigation of the Companheira system began in 2019 with two test pits (1x1x0.5 m) opened in Chambers 1 and 2
(Fig. 1d). While the test unit in Chamber 1 yielded no archaeological finds, the excavation in Chamber 2 exposed a
sediment-filled context rich in lithic materials, including Levallois flakes, notches, and a hard-hammer striker [48]. Based
on these positive results, the excavation in Chamber 2 was expanded to 4 m? (2x2 m) in 2021, recovering an enlarged
assemblage of lithic artifacts, faunal remains, and marine shells. However, the sedimentary matrix, a chaotic mix of
calcareous sediments, terra rossa, and angular limestone blocks from roof collapse, suggested a complex formation
history. As demonstrated by Barbieri et al. [47], the sequence in Chamber 2 lies at the foot of a loose, active sediment
talus filling a steep passage upslope (Fig. 1d). Erosion of this talus is currently active, transporting sediment, fossils,
and artifacts downslope. This morphology indicates that the archaeological assemblage was likely not in situ but
reworked from higher chambers closer to the hilltop.

Despite this post-depositional disturbance, proteomic analysis of the faunal assemblage identified remains of bovines,
deer, rabbits, and ovicaprines [54]. Most notably, this analysis highlighted the presence of two fragments of long bones
belonging to either humans or non-human primates. Further DNA analysis is required to determine the precise
taxonomic affinity of these remains. If confirmed as human, they would represent the first such discovery in southern
Portugal; conversely, a non-human primate attribution would offer a unique window into Paleolithic ecological
interactions [47].

To resolve the stratigraphic source of these materials and investigate the potential for a hilltop access point, a
geophysical survey combining Electrical Resistivity Tomography (ERT) and Ground-Penetrating Radar (GPR) was
conducted by Barbieri et al. [47]. Their data identified a sub-vertical anomaly on the hilltop plateau, interpreted as a
potential access to the system. Guided by these results, our team initiated excavations at the hilltop in 2024. The
excavation at the exterior sector covered an area of 40 m?, exposing a sub-vertical passage that connects to the lower
system at a depth of 3 m (Fig. 1b-d).

Crucially, at approximately 5 m depth, the team identified the entrance (partially filled by a debris cone) to a previously
unknown cavity, designated Chamber 3. The cavity contains layered deposits composed of allochthonous terra rossa
and limestone rubble. Within these layers, stone tools and faunal remains were recorded. The archaeological excavation
conducted inside Chamber 3 covered 7.99 m2,

Excavations exposed six stratigraphic sequences available for geoarchaeological assessment (Figs. 1d; 2): the exterior
sedimentary profiles named Profile North Outside (PNO) and Profile West Outside (PWO) (Fig. 2a), and the internal
deposits of Chamber 3. The latter include the Profile North Inside (PNI) (Fig. 2b), Profile South (PS) and Profile East (PE),
which are confined by the cave walls, and the debris cone accumulation in Profile West (PW) (Fig. 2b).

3. Materials and methods

3.1. Excavation strategy and stratigraphy

Hilltop excavation utilized a backhoe loader for surface blocks, followed by manual removal of indurated breccias using
electric hammers. Stratigraphic units were excavated by décapage and numbered sequentially. All artifacts (>2 cm)
were 3D-recorded (total station, local grid), while clasts > 10 cm were mapped to record orientation. Volumetric control
(10 L buckets) was maintained in Chamber 3 and the debris cone (PW) but was unfeasible in the exterior excavation
area due to massive block/breccia dominance. All sediment was wet-sieved (4 and 1 mm mesh).

Documentation included LiDAR scanning (iPad Pro/Polycam) and photogrammetry (processed in Agisoft Metashape).
Spatial distribution and plotting were performed in R (ggplot2). Stratigraphic profiles were described recording depth,
boundary transitions [55], and coarse/fine (c/f) ratios [56]. Fine fractions were assessed for Munsell color and grain size
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[57]; gravel attributes included composition, frequency, size (ISO 14688-1:2002), shape [58], roundness [59], and sorting
[60].

The data presented in this study derive from the excavation campaigns conducted in 2024 and 2025. As excavations in
Chamber 3 are currently ongoing, the quantitative data represents the stratigraphic sequences exposed to date, serving
as a geoarchaeological baseline for establishing the site's sealing mechanisms and depositional pathways.

3.2. Micromorphology

The geoarchaeological sampling strategy aimed to cover a representative record of the stratigraphic sequence exposed
so far at the site. A total of 7 undisturbed sediment blocks were collected (Fig. 2) from which 16 petrographic thin
sections were produced. While the objective was comprehensive coverage, the specific lithological characteristics of the
karst deposits imposed certain constraints on sampling continuity.

In the exterior area (PNO; Fig. 2a), the presence of large limestone boulders and the instability of the brecciated fabric
prevented sampling of Layers 103, 103A, and 104B. Within Chamber 3 (PNI; Fig. 2b), no sample was collected from
Layer 4 because insufficient sediment was available in PS, as it lies against the cave wall. Sampling of Layer 3 was
precluded by its extreme cementation and the risk of destabilizing the profile during extraction; however, macroscopic
field observations indicate that this unit is stratigraphically analogous to the overlying Layer 2, differing primarily in
artifact density (Layer 3 being denser at 0.34 N/L compared to 0.20 N/L for Layer 2) and clast frequency. In PE sampling
was restricted due to the minimal sediment depth available against the confining bedrock walls. Similarly, the coarse
nature of the debris cone in PW (Fig. 2b) limited sampling as the units were dominated by a mixture of indurated
breccias, along with localized loose sediments and clast-supported limestone rubble.

Due to the variable degree of sediment induration, two extraction protocols were employed. Loose sedimentary units
were collected using standard plaster of Paris bandaging. Conversely, the strongly cemented and brecciated layers—
PNO (Layers 104A, 104C, 104D) and PNI (Layer 2)—required extraction using an electric circular saw.

In the laboratory, samples were oven-dried at 40°C for three days, impregnated with a mixture of polyester resin, styrene,
and hardener, and allowed to consolidate in a fume hood for approximately two weeks. Once hardened, the blocks were
sectioned into 50 x 75 mm chips and manufactured into 30 pm-thick thin sections. The finished slides were digitized
using a flatbed scanner (1200 dpi, reflection mode) and analyzed under a petrographic microscope at magnifications
ranging from 5x to 200x using Plane Polarized Light (PPL), Cross-Polarized Light (XPL), and Oblique Incident Light (OIL).
Micromorphological descriptions and terminology follow Stoops [60], as well as established criteria in the field [61-66)].

3.3. Spatial Statistical Point Pattern Analysis

The SPPA of the archaeological remains in Chamber 3 is used here to describe and quantify the assemblage's spatial
structure. This provides independent evidence for post-depositional displacement and diagenesis, complementing the
site's micromorphological and stratigraphic data.

Geoarchaeological analysis identified four diagenetically distinct categories of surface coverage on the finds: type A
("cave popcorn") (Fig. 3a-b), type B (calcitic breccia) (Fig. 3c-d), type C (mixed breccia and cave popcorn) (Fig. 3e-f), and
uncovered. This analysis addresses three questions (Q1-Q3): (Q1) whether cementation categories display a spatial
gradient; (Q2) whether faunal and lithic remains occupy distinct spatial domains; and (Q3) whether bones and lithics
exhibit different cementation profiles. Each hypothesis (H1-H3 in S1) is evaluated by comparing observed spatial
statistics with simulated expectations under defined null models.

The dataset comprises 1,012 total station-recorded finds (x—y-z coordinates) from Layers 2, 3, 4, and 104E (Layer 1
was excluded as late intrusive). Of these, 871 (86.1%) are faunal remains and 141 (13.9%) are lithics. Although Layer 4 is
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currently still under excavation and spatially limited to the southern area of the chamber, its remarkably high find density
(0.36 N/L; Table 1) provides a robust sample size that justifies its inclusion in the spatial models. Nevertheless, because
the available data represent only a subset of the layer, comparisons with other layers are provisional. The consistency of
the observed spatial patterns will be tested as excavation expands to include the currently unexcavated northern sector.
Layer 104E represents the NW entrance debris cone, where sediment and clasts entered the chamber and vadose
percolation was most intense. The formation model predicts type B breccia to concentrate here (H1a in section S1).
Including Layer 104E extends the observation window across the full NW-SE deposit to test the cementation gradient's
directionality. We performed both combined and layer-specific analyses. The combined analyses use all layers together
to evaluate the overall spatial structure of the assemblage. The layer-specific analyses allow us to assess whether the
observed spatial patterns are consistent through time or vary between depositional episodes. Layer 104E is retained in
all combined analyses but excluded from per-layer analyses due to its small sample size (n = 40) and distinct
depositional context.

Given the deposit's diagonal NW-SE structure, results are reported in plain view (xy) and vertical section (xz). The
observation window, defined as the convex hull of all finds combined with deposit-layer boundary references, yields a
7.99 m2 plan-view area. To allow direct comparison among layers and maintain a consistent analytical framework, all
tests were conducted within the same observation window. The incomplete excavation of Layer 4 and the restricted
spatial extent of Layer 104E are explicitly considered in the interpretation of the results. In particular, adaptive relative-
risk estimates are interpreted cautiously, as their locally varying bandwidths may be influenced by the empty space and
may yield less reliable intensity contrasts near the boundary of the excavated layer extent (S2). Analyses were executed
in R using the spatstat [67] and sparr [68] packages. Departure from complete spatial randomness (CSR) was assessed
via the Hopkins—Skellam test [69]. Spatial intensity and hotspots were estimated by kernel smoothing and tested using
a scan likelihood-ratio statistic [70, 71]. Spatial segregation was quantified using a Monte Carlo test [72] and the
nearest-neighbor equality function E(k), which measures the probability that the k-th nearest neighbour of a find shares
the same category [73]. Bone-lithic spatial association was assessed using the inhomogeneous cross-K function under
two null hypotheses (random labelling and independent processes). For Q3, material-cementation association was
tested via Pearson chi-square. Per-layer analyses (Layers 2-4) are in Table S1 and Figs S7a-S9b. Code and data are
available at the Open Science Framework (OSF) repository (DOI: 10.17605/0SF.I0/2X3VB). For the complete analytical
framework, formal hypotheses, and extended spatial plots associated with this methodology, see the Supplementary
Information (Figs S1-S9).

4. Results
4.1. Macro and micro stratigraphy

The stratigraphic sequence at Gruta da Companheira is divided into the exterior excavation area (PNO and PWO) and
the interior system (Chamber 3), which are physically connected via a conduit exposed during the 2024-2025
excavation campaigns. This vertical passage is structurally controlled by a bedrock fault that, prior to excavation, was
almost completely plugged by a steeply dipping debris cone. Excavation of the sub-vertical conduit revealed a central
junction providing access to three distinct areas of the cave system. To the East, the system opens into Chamber 3
(Fig. 4a-b). To the North, a passage slopes downward to Chamber 2, exhibiting the in situ cave roof and the underlying
debris cone that partially plugged the gallery (Fig. 4c). To the West, we documented a gallery obstructed by massive,
metric-sized limestone blocks (Fig. 4d). If this passage maintains a horizontal trajectory, it would intersect the break-in-
slope between hilltop and western hillside. There, on the ground surface, we observed an accumulation of limestone
boulders, possibly indicative of a collapsed entrance (Fig. 1c).
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The sedimentary sequence within Chamber 3 is exposed in four distinct profiles: PS, PE, PNI, and PW (Figs. 1d, 2b). The
following stratigraphic succession is described from bottom to top as observed across these exposures.

PS is largely defined by the cave wall which marks the southern boundary of the excavation; it is characterized by Layer
4, a poorly consolidated sandy terra rossa containing abundant archaeological materials (bones and stone tools). Layer
4 transitions laterally into Layer 3, a stratigraphic unit exhibiting significant spatial and textural variability across the
excavated area. Near PS, Layer 3 presents as a chaotic mixture of loose sediment, conglomerates, and breccia
fragments containing bones and stone tools. PE is delimited by the limestone bedrock wall which constrains the
sedimentary sequence. In contrast, the PNI highlights the eastward slope of the stratigraphic layers and exposes the
lateral continuation of Layer 3. In this northern exposure, the deposit appears visually and texturally distinct from its
southern counterpart, presenting instead as a brecciated terra rossa with angular gravels in a convoluted arrangement
(c/f90/10%) (Fig S10a).

Overlying this is Layer 2, an intermediate cemented deposit rich in coarse subangular limestone fragments and few
phosphatic carnivore coprolites (Figs. 5a, ¢; S10 b-d). Microstratigraphically, Layer 2 is characterized by extensive calcite
cementation, including isopachous crusts and localized stromatolitic textures (Fig. 5b), that completely occludes
porosity and embeds rounded terra rossa aggregates (Fig S10e-f) and reworked breccia fragments (Fig. 5d-f).
Furthermore, anthropogenic inclusions within this highly indurated matrix, such as charcoal, burnt, and unburnt bones,
frequently exhibit vertical orientations and poor internal preservation due to pervasive calcite infilling (Figs. 5d-g; S10g-i),
and incipient tunneling caused by bacterial and fungal activity (Fig S10j) [74, 75]. Additionally, embedded limestone
fragments within this unit frequently exhibit cracks and sigmoidal veins filled by terra rossa or calcitic cement (Fig S10k-
m). For extended microstratigraphic descriptions, see S4.

The sequence is topped by Layer 1, composed of clayish medium-to-coarse gravels (5YR 4/6) with a wavy basal
contact. In thin section, Layer 1 displays a matrix-supported, actively bioturbated loose terra rossa (Fig. 5h), reworked
breccia fragments with interstitial calcite cement (Fig. 5h), and complex recrystallized carbonate aggregates (Fig. 5i).
Crucially, Layer 1 exhibits the same characteristics as the exterior Layer 101, corresponding to loose terra rossa.

Finally, PW, located at the excavated entrance to Chamber 3, exposes the steeply dipping (~ 65°) debris cone that
prograde over the chamber's stratified sequence. Composed of large limestone blocks morphologically identical to the
exterior Layer 103, this cone descends from the vertical conduit (above Layer 1) down to the base of Layer 3.
Importantly, the stratigraphic contact between this debris cone and Layers 3 and 2 is diffuse and difficult to trace,
presenting as an interfingered transition zone characterized by distinct boulder orientations. Ultimately, this cone serves
as a transition to the basal exterior units, Layers 104D and 104E.

The exterior area exposes a sequence of indurated breccias and blocky deposits filling the bedrock depression shaped
by the east-west fault (Fig S11a-b). The sequence begins at the base with Layer 104E, a chaotic mixture of breccia
fragments and loose sediment at the excavated entrance. This is overlain by Layers 104D through 104A. Layer 104D is a
matrix-supported, cemented terra rossa with a sandy loam texture, exhibiting intense bioturbation (abundant fecal
pellets and mite excrements), and weathered, vertically oriented few bone fragments coated in sparitic calcite (Fig S11c-

e).

The overlying units (104C—-104A) display a progressive upward increase in coarse, subangular limestone. This sequence
marks a structural transition from a clast-supported chaotic breccia with a high degree of rotational misfit in Layer 104C
(Fig S11f) to a mosaic breccia in Layer 104A (Figs. 5j; S11h), where clast density increases to 60—75% and fragments
exhibit only minor translation [76—80]. Layer 104C is specifically distinguished by an interstitial silty-clay matrix featuring
syn-depositional bioturbation features (Fig S11g). Layer 104A exhibits both syn- and post-depositional cementation;
here, calcitic cement encases land snail shells (Fig S11h), and micro-layers composed of micrite and microsparite
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occlude inter-clast voids (Fig S11i), and coat subrounded terra rossa aggregates (Fig S11j). Notably, some of these
aggregates display internal rotational galaxy features (Figs. 5k; S11k) [63, 81, 82]. Finally, as also observed in Layer 2,
embedded fossiliferous limestone fragments within these units often exhibit cracks and sigmoidal veins filled by terra
rossa or calcitic cement [83, 84] (Figs. 5I).

These breccias are covered by Layer 103A (massive V-shaped limestone boulders) and Layer 103 (chaotic subangular
blocks) (Fig S12a). Above this lies Layer 102, a localized yellow clay (10YR 7/8) (Fig S12a-c). At the micro-scale

(Fig. 5m), Layer 102 is a matrix-supported deposit with a heavily cracked, blocky microstructure and calcitic crystallitic
b-fabric (Fig. 5n). Its coarse fraction is rich in subrounded, extensively recrystallized carbonate aggregates dominated
by microspar and sparite (Fig. 50). The sequence is finally capped by Layer 101, a massive yellowish-red (5YR 4/6) terra
rossa constituting the present-day surface (Fig S12c). Micromorphologically, Layer 101 is an actively bioturbated soil
with a granular microstructure, high secondary porosity, fresh roots, mite excrements (Fig S12d-e), a mica-rich silt
fraction (Fig S12f), and a lower frequency of carbonate nodules.

4.2. Archaeological assemblage and distribution

The spatial distribution of recovered materials reveals a sharp contrast in find density between the exterior and interior
sectors, heavily influenced by the site’s geomorphology (Table 1). The exterior sector (Layers 104A-D, 103,102, 101) is
largely devoid of macroscopic archaeological materials. As detailed in Table 1, only the basal Layer 104E yielded an
assemblage of 13 lithics and 27 faunal remains associated with the brecciated interface.
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Table 1
Stratigraphic units identified at Gruta da Companheira

sandy terra
rossa

(5YR 4/6)

Sector Unit Description  Observations Lithics Fauna Excavated Find Micromorphology
(n) (n) Volume Density Sample (MM)
(L) (N/L)
Exterior 104E Chaotic Basal interior- 13 27 510 0.08 -
breccia exterior unit
and loose (Debris cone)
sediment
104D- Indurated, Sealing the 0 0 10* - 104D (MM5),
A matrix and bedrock 104C (MM3),
clast- depression 104A (MM2).
supported
breccias
103A Bedrock V-shaped - - - - N/A
boulders geometry
103 Chaotic Local hilltop - - - - N/A
subangular  source
limestone
blocks with
few
interstitial
sediment
102 Localized Tongue-like 0 0 - - MM4
yellow cla contact
(10YR 7/8{
101 Yellowish Modern land 0 0 - - MM1
red (5YR surface
4/6) terra
rossa.
Interior 4 Loose Richin 30 241 760 0.36 -
sandy terra  archaeological
rossa materials and
localized in
the south area
of Chamber 3
3 Brecciated Convoluted 58 396 1,300 0.34 N/A
terra rossa arrangement:
with frequent
transitional bones covered
mix with breccia
2 Brecciated High coarse 40 207 1,210 0.20 MM6
terrarossa fraction
(80/20%)
1 Loose Yellowish red 12 36 390 0.12 MM7

Note: Fauna counts include unique bone and tooth specimens. Two carnivore coprolites were also recovered from
Layer 4. Excavated volumes are calculated based on recorded buckets (1 bucket =10 L).

*Volume for 104D-A corresponds to the specific removal of Layer 104B recorded in the bucket database.

In contrast, the interior sector (Chamber 3) yielded a high density of finds. As illustrated in Fig. 6a, the spatial
distribution of these materials is stratigraphically associated with the debris cone, which is visible as a dense

Page 9/23



accumulation of geogenic clasts (shown in grey) that overlays the sedimentary sequence. The vertical succession of
archaeological layers is visualized in Fig. 6b, showing distinct depositional units. Layer 4 has so far yielded 241 faunal
specimens and 30 lithic artifacts within a loose sandy terra rossa matrix. The underlying Layer 3 yielded 396 faunal
remains and 58 lithics. Layer 2 yielded 207 faunal remains and 40 lithics, while the uppermost Layer 1 contained a
reduced assemblage of 36 faunal remains and 12 lithics. Standardized volumetric analysis identifies Layer 4 and 3 as
the most concentrated units (0.36 N/L, and 0.34 N/L, respectively), Layer 2 (0.20 N/L), and Layer 1 (0.12 N/L).

Preliminary zooarchaeological assessment indicates high taxonomic diversity. The assemblage is dominated by equids,
represented by post-cranial elements and complete teeth, alongside remains of various cervid species. The presence of
ursids and smaller carnivores indicates the cave was utilized by both hominins and carnivores. Other notable taxa
include rhinoceros, as well as tortoise carapace fragments and crab remains. Although no charcoal has been recovered
from the sedimentary matrix to date, distinct combustion traces have been identified on some faunal specimens.

Technologically, the lithic assemblage is defined by a diverse raw material spectrum, including quartz, greywacke,
dolerite, and various chert types, some of which are distinct from known regional sources [32]. Techno-typological
analysis of the artifacts recovered from Chamber 3 confirms the presence of Middle Paleolithic diagnostic artifacts,
including the presence of Levallois flakes and cores on chert, greywacke, and dolerite, as well as the manufacture of
formal tools, evidenced by a retouched débordant flake. Diagnostic tools from the Upper Paleolithic or later periods were
not identified. The artifacts are remarkably well-preserved, exhibiting fresh edges with only minor macroscopic damage.
The assemblage includes small chips and knapping debitage, recovered through systematic wet-sieving. A distinctive
feature of this assemblage is the presence of elongated pebbles and slabs of greywacke and dolerite, some of which
bear bipolar percussion marks consistent with their use as wedges.

4.3. Spatial statistical point pattern analysis
4.3.1. Q1: Spatial distribution of cementation types

Around 85% of the archaeological remains are covered by brecciated sediment (types B and C) and/or popcorn coating
(type A). Cementation distribution is: type A (n =423, 41.8%); type B (n = 261, 25.8%); type C (n =160, 15.8%); uncovered
(n=168, 16.6%). The analysis of the pooled assemblage combining layers 2, 3 and 4 reveals that all four cementation
categories spatial distributions depart significantly from CSR in plain view (Hopkins—Skellam: type A A =0.094, type B A
=0.210, type C A = 0.054, uncovered A = 0.244; all p = 0.001, Table 2), indicating spatial clustering over uniform
distribution.

Kernel-smoothed intensity maps and spatial density lines reveal a structured mosaic distribution of the types of
cementation (Figs. 7c-d; S1). Type A (52.1 finds/m?) concentrates in the SE of the excavated area; type B (32.2 finds/m?)
predominates in the central-northern and NW sectors; type C (19.7 finds/m?) occupies intermediate zones. Uncovered
finds (20.7 finds/m?) form a single, sharply delimited southern concentration, yielding the only significant scan-test hot-
spot (LR =229.5, p =0.001; Table 2). The intensity of this hot spot may be accentuated by the current restriction of Layer
4 to the excavated southern sector and will require reassessment as excavation progresses. The cemented categories
produce no significant hot-spots (all p > 0.36; Fig. 7e), indicating broader distributions rather than focal points.

The categories are strongly segregated. The Monte Carlo test rejects random label exchange (T = 206.8, p = 0.01;

Table 2). The nearest-neighbour equality function E(k) function sits substantially above the theoretical expectations and
the simulation envelopes across all neighbour orders k = 1-20 (observed = 0.43 vs. expected = 0.29; Fig. 7h), showing
that finds of the same cementation type neighbour each other far more often than would occur by chance, at every scale
of proximity.
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Adaptive relative-risk surfaces confirm this spatial structure matches the formation model's directional predictions
(Fig. 7f). Type B is significantly over-represented in the NW and central-northern sectors (intense vadose percolation via
the entrance). Type A is over-represented in the SE interior (condensation/drip-fed precipitation). Type C is over-
represented in a central transitional zone (initial NW breccia cementation followed by displacement and SE interior
exposure). Uncoated finds appear furthest from active cementation, and are most strongly over-represented relative to
type A.

The same general spatial pattern is observed in the layer-specific analyses (Figs. S7a—S8a, S9a), although for Layer 4 it
can only be assessed in the currently excavated southern sector. In section view, cementation types remain spatially
structured but do not form discrete vertical horizons (Fig. S1; S6). Their depth distributions overlap substantially (Fig.
S6B), indicating that all cementation classes occur across similar elevation ranges. Instead, kernel intensity maps reveal
localized lateral concentrations (Fig. S6C): Type A predominates in the eastern sector, Type B in the western sector, and
Type C occupies intermediate areas. The dominant-type map (Fig. S6D) also suggests that cementation variability
reflects localized diagenetic conditions operating across the chamber and not successive depth-dependent
cementation phases.

Consequently, post-depositional chamber conditions formed a persistent NW-SE spatial mosaic likely linked to specific
water routes and localized cave microclimates.

Table 2

Combined spatial statistics for cementation types (Q1) and material types (Q2) across all layers. A (Hopkins—Skellam):
statistic values < 1 indicate clustering relative to complete spatial randomness (nsim =999). Scan LR: spatial scan
likelihood-ratio statistic (nsim = 999). T (Segregation): Diggle-Zheng—Durr Monte Carlo segregation test statistic (nsim
=99), reported in the combined row for each question. —: not applicable.

Question Category n Intensity A P Scan P T P
(HS) LR (Scan) (Segregation) (Seg)
(finds (Hopkins-
m2) Skellam)
Q1 TYPE_A 423 52.1 0.094 0.001 64.1 0.779 - -
Q1 TYPE_B 261 32.2 0.21 0.001 66.2 0.361 - -
Q1 TYPE_C 160 19.7 0.054 0.001  38.1 0.511 - -
Q1 Uncovered 168 20.7 0.244 0.001 229.5 0.001 — —
Q1 combined 1012 1247 0.084 0.001 - - 206.84 0.01
Q2 BONE 871 107.3 0.075 0.001 65.7 0.688 - -
Q2 LITHIC 141 17.4 0.319 0.001 41.6 0.238 - —
Q2 combined 1012 124.7 0.084 0.001 - - 46.51 0.01

4.3.2. Q2: Spatial distribution of faunal and lithic remains

Faunal remains (A = 0.075, p = 0.001) and lithics (A =0.319, p = 0.001) are significantly clustered relative to CSR
(Table 2). The higher A-statistic for lithics reflects a looser, more dispersed pattern of aggregation, given their lower
abundance and broader scatter across the excavated area (Fig. 8a).

Across the combined assemblage, intensity maps and spatial density lines show faunal remains (107.3 finds/m?)
predominating across the observation window, with both faunal and lithic remains largely overlapping and peaking in the
central and eastern sectors (Figs. 8b—d; S2). Lithics (17.4 finds/m?) concentrate in the north-eastern area with
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secondary southern clusters. Neither yields a significant single-cluster hot-spot (bones: LR = 65.7, p = 0.688; lithics: LR =
41.6, p = 0.238; Fig. 8e; Table 2), indicating multimodal distributions.

Bone-lithic spatial segregation is significant (T = 46.5, p = 0.01; Table 2), but weaker than cementation segregation. E(k)
exceeds expectations by ~ 4 percentage points, compared to ~ 14 for cementation (Fig. 8h). Adaptive relative-risk
surfaces show lithics to be relatively over-represented in the northwestern sector and faunal remains in the southeast (a
gradient driven by the estimator's known sensitivity to the sparsely excavated margins of the window, rather than by the
actual find locations, which instead cluster in the northeast (Layers 2-3) and south (Layer 4; Fig. 9)). However, this
pattern is based on only a few lithic finds within an otherwise low-density area and is therefore unlikely to represent a
meaningful spatial trend (Fig. 8f).

The same general pattern is observed in Layer 3, whereas Layer 2 shows slightly higher relative densities of lithics in the
northeastern sector. This is the only instance in which lithics locally exhibit higher relative densities than faunal remains.
Within the excavated southern portion of Layer 4, faunal remains exhibit a more multimodal spatial distribution than
lithics (Fig S7b; S8b; S9b).

The analysis of the combined assemblage shows that under the random-labelling null, the observed cross-K function
falls within the simulation envelope (Fig. 8g), showing both materials broadly share the same spatial pattern. Under the
independent-processes null, the observed cross-K falls slightly below the lower envelope (Fig S4), indicating bones and
lithics co-occur less than expected if driven by entirely independent spatial processes. This weak negative association is
also supported by the nearest-neighbour equality function (Fig. 8h).

This slight bone-lithic segregation is also observed in the layer-specific analyses (Figs. S8b), with significant but
modest segregation detected in Layers 2 (segregation test p =0.01, Table S1) and 3 (nearest-neighbour equality
function, Fig. 8b-g). Together, these results show that bones and lithics are not preserved as two separate spatial
accumulations in Chamber 3. Their distributions largely overlap, with only a slight tendency for lithics to be relatively
more frequent near the cave wall (Fig. 8d). The recurrence of this relationship within individual layers suggests that both
material classes experienced broadly similar spatial processes through time, although the spatial analyses alone cannot
distinguish between repeated depositional overlap and post-depositional redistribution.

4.3.3. Q3: Cementation type by material type

Bones and lithics share broadly similar cementation profiles when considering the pooled assemblage, although the
differences are statistically significant (x? = 13.29, df = 3, p = 0.004; Fig. 10). The main difference is that a greater
proportion of lithics are uncemented (27.0%) than bones (14.9%). Type A is more common on bones (43.1% vs. 34.0%),
while types B and C occur in similar proportions (type B: 26.2% vs. 23.4%; type C: 15.8% vs. 15.6%).

This likely reflects spatial patterning rather than material-specific diagenesis. Lithics are more frequent near the cave
wall and the southern uncemented zone, while bones dominate the central and eastern sectors. Therefore, coating
differences largely result from depositional location.

Taken together, the point-pattern results suggest that the spatial structure of Chamber 3 is mainly the result of post-
depositional redistribution and diagenetic zoning, rather than pristine primary deposition. Cementation types are
clustered and segregated, and they form a NW-SE mosaic consistent with the predicted gradient: breccia cementation
linked to vadose percolation is strongest near the entrance, while popcorn-type calcite is most common in the interior.
Bone and lithic distributions show a shared deposit with weak differentiation between types, not perfect mixing. Their
distributions largely overlap, and this pattern is consistent across stratigraphic levels, which suggests stable spatial
constraints and diagenetic conditions. Layer 4 is a partial exception, with bone-lithic segregation only marginal and
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non-significant (p = 0.07; Table S1), compared to the significant segregation observed in Layers 2 and 3, a distinction
discussed further below. The persistence of the cementation mosaic and the small bone-lithic offset in the upper
Layers 2-3 suggests selective redistribution along preferred pathways, together with progressive cementation that
helped preserve spatial structure through time.

5. Discussion

5.1. Site formation history and spatial dynamics

The site formation of Gruta da Companheira follows a tripartite sequence: an initial phase of biological and
anthropogenic occupation within a still open cave system, followed by catastrophic geological disruption that reworked
and buried the sedimentary deposits, and finally, a period of stabilization defined by restricted hydrology and intense
diagenesis. Based on the integration of stratigraphic, micromorphological, and spatial analyses, we propose the
following sequence of events (Fig. 11), which remains to be further validated by (yet unavailable) geochronological data.

5.1.1. Chamber 3's pre-collapse setting

In contrast to what was proposed by Barbieri et al., [47], we hypothesize that the area we unblocked to access the cave
from the hilltop might not have been the original entrance used by carnivores and possibly by hunter-gatherers during
the Pleistocene. Excavation in this area revealed northern and southern limestone walls that display slightly refitting
morphology and seem to have been wedged apart by extensional tectonic movements, with the northern component
acting as a hanging block (Fig. 1b-c). The fault zone between these two limestone walls is filled with sterile breccia
exhibiting sigmoidal veins indicative of repeated extensional movements (Fig. 5j-1) [83, 84], while rare archaeological
materials and bones are only found in the breccia layers located at depths comparable to Chamber 3 (ca. 5 m).
Together, these observations suggest that there was a time during the Pleistocene, prior to tectonic disruption, when the
two limestone walls might have been joined, making this a roofed area of the cave (Figs. 1b-c; 11a).

Our open-air excavation showed that the breccia layers cover a large debris cone that slopes into Chamber 3, towards
east, into Chamber 2, towards north, and towards a northwestern passage that has remained unexplored because
plugged by limestone blocks (Figs. 4; S12b). Unlike Chamber 3, this passage was not identified by previous electrical
resistivity tomography, probably because it is filled with limestone rubble, which exhibits resistivity comparable to the
surrounding limestone bedrock [47]. Ground-penetrating radar survey, however, detected reflectors indicative of a small
air-filled cavity in an area comparable with the blocked northwestern passage exposed during excavation [47]. This
passage might continue for some 10 m towards west, reaching the break-in-slope that separates hilltop from hillside,
where we observed a distinct accumulation of metric limestone blocks (Fig. 1c). Future excavations targeting this
specific area will be critical to directly test the hypothesis that these blocks might derive from the collapse of an
entrance.

Regardless of this possibility, data presented in this paper supports the hypothesis that Chamber 3 was within the
endokarst at the time of animal visits. Carnivore bones, carnivore-modified fauna, macroscopic coprolites in Layer 4,
and micromorphological evidence of phosphatic coprolites in Layer 2 (Figs. 5a-c; S10c-d) show that Chamber 3 may
have served as a carnivore den, which more commonly occur within deeper cave spaces [1, 85-93]. However, while
carnivore presence is demonstrated, establishing carnivores as the primary accumulating agent requires further
systematic taphonomic quantification (e.g., assessing frequencies of tooth marks versus cut marks, and fragmentation
patterns) of the assemblage. Alternatively, given the massive structural collapse, it is also plausible that carnivore
remains were originally deposited in a higher vestibule and subsequently transported into Chamber 3.
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Our data do not allow us to determine whether humans deposited lithic artifacts, charcoal, and burnt bones in Chamber
3 orin areas closer to our newly hypothesized cave entrance. Given the widely accepted preference of hominins for well-
lit cave areas [12, 89, 94-96], we cannot exclude the possibility that archaeological materials initially accumulated near
the hypothesized western entrance and were subsequently reworked into Chamber 3. The limited transport distance
implied (= 10 m) would likely have had negligible impact on the preservation of lithic edge sharpness.

Layer 4, the deepest unit currently excavated, is a partial exception to the reworking evident in the overlying units, though
the evidence for this is currently convergent rather than individually decisive, and should be read with that in mind. In the
field, Layer 4 presents a looser sandy matrix, more consistently sub-horizontal coarse components, and better-preserved
bone than Layers 2-3. Layer-by-layer spatial analysis is directionally consistent with this: Layer 4 shows only marginal,
non-significant bone-lithic segregation (p = 0.07, Table S1), compared with significant segregation in both overlying
Layers 2 and 3 (p =0.01 each). This is not, on its own, a demonstration that Layer 4 is statistically distinct (the test result
is a marginal non-rejection, not a significant positive finding) and it must also be weighed against the fact that Layer 4
remains only partially excavated, currently restricted to the southern sector of the chamber, and has not yet been
sampled for micromorphological analyses. We treat the convergence of field texture, bone preservation, and a
directionally consistent (if inconclusive) spatial signal as motivating, rather than confirming, the hypothesis that Layer 4
preserves a greater proportion of primary depositional context than the layers above it. Chamber 3 nonetheless remains
under excavation, and it is probable that substantial sedimentary deposits persist below Layer 4.

Reaching these deeper, currently unexcavated units offers the most direct means of testing whether primary
depositional context, and potentially in situ human occupation, survives within the chamber. We note that the sealing
processes described here, while responsible for the site's invisibility, would also have isolated any such deposits from
subsequent erosion, bioturbation, and anthropogenic disturbance.

5.1.2. Opening of subvertical entrance near Chamber 3,
gravitational collapses, and palimpsest formation

The 8 m long normal fault we exposed in our open-air excavation is likely a segment of a 500 m long fault previously
reported from the site [51] (Fig. 1a). This feature shows orientation similar to the 30 km-long Espiche-Odiéxere fault, one
of the main regional Quaternary structures which is located just 5 km west from the site (Fig. 1a). We hypothesize that
seismotectonic activity on the larger Espiche-Odiaxere fault caused the opening of the normal fault that crosses Gruta
da Companheira (Figs. 1b-c; S12b). Slip movements along this local feature likely caused the progressive collapse of the
site. The breccia layers that infilled the wedge open by the fault, exhibit chaotic to mosaic fabrics which are
characteristic of fault and seismic-related breccias [76—80]. Furthermore, in the breccia and debris cone formed in front
and inside Chamber 3, thin section analysis revealed frequent limestone fragments exhibiting sigmoidal veins with
multilayered infillings of micrite, microsparite, and remobilized terra rossa (Figs. 5I; S10k-m). These features support the
hypothesis that these deposits formed under recurrent extensional tectonic movement [84], compatible with the normal
fault unearthed in our open-air excavation (Fig. 11b).

Our dataset suggests that the cave collapsed in three main phases:
(i) Partial roof collapse, debris cone formation, reworking of assemblages

The onset of tectonic activity probably caused early roof collapses in all chambers and triggered gravitational reworking
of limestone boulders at the entrance of Chamber 3. Although mixing of human and carnivore assemblages might have

commenced before tectonic rupture, the topographic gradients resulting from slip movement likely facilitated the mixing
of archaeological and carnivore remains in this chamber. This remobilization phase is strongly supported by the dipping
geometry of these cemented deposits in PNI (Fig. 2b), which slope towards the eastern wall of Chamber 3. Direct micro-
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contextual evidence for physical reworking includes the vertical orientation of bones in Layer 2 (Fig S10e), alongside
rotational galaxy features (Fig. 5k), subrounded terra rossa aggregates (Fig S10f), remobilized breccia fragments, and
sedimentary relicts (Fig. 5e-f). This is further supported by the per-layer spatial statistical analyses: Layers 2 and 3 each
independently show significant bone-lithic segregation (Table S1), indicating this is a property of the individual
depositional packages and not only of the pooled assemblage. Together with the micromorphological and geometric
evidence for collapse, this recurrence indicates that the bone and lithic assemblages of the upper units (Layers 3 - 2)
underwent short-distance, gravity-driven redistribution. This redistribution appears to have rearranged materials only
slightly rather than randomizing them: the recurrence of significant segregation across independently analyzed layers
suggests that some of the original spatial structure, whether inherited from primary deposition or imposed by the
redistribution process itself, has been preserved rather than erased.

(ii) Extensive roof collapse, main debris cone formation, reworking of assemblages

Possibly related with recurrent seismotectonic activity, a second and more intensive seismotectonic collapse caused
the subsidence of cave ceilings in the hanging block north from the normal fault (as shown by the V-shaped morphology
of Layer 103A; Figs. 2a; S12a-b), the blockage of the newly hypothesized western entrance, the opening of a narrow
subvertical entrance closer to Chamber 3 [47], and consequently high rate rockfall/debris cone accumulation in front
(Layers 103A to 104E) and at the entrance of this vestibule. The diffuse, interfingered contact observed between this
debris cone and the underlying Layers 3 and 2 (Fig. 2b) suggests that the accumulation of debris at the entrance likely
commenced simultaneously with the internal reworking of these units. This two-stepped process, an initial
accumulation interfingering with Layers 3 and 2, followed by a second major phase, is further supported by the 3D
plotting of boulder orientations (Fig. 6a). Both datasets suggest that a final major phase of gravitational accumulation
filled most of the access to Chamber 3 and sloped into this chamber, pushing the previously accumulated boulders
deeper into the cave and causing their upslope imbrication (Fig. 6a). Furthermore, given the catastrophic nature of this
roof collapse, we cannot rule out the possibility that a portion of the archaeological assemblage derived from potential
open-air occupations on the hilltop surface, though no physical traces of such occupations remain on the modern
exterior.

Within the excavated area, lithics are concentrated toward the northeastern sector in Layers 2 and 3, and toward the
southern sector in Layer 4 (Fig. 9), with faunal remains broadly overlapping these same zones. The combined-
assemblage relative-risk surface additionally shows a smoothed gradient trending toward relative lithic over-
representation in the north-west (Fig. 8a-d, f); as discussed in the Results, this reflects the estimator's known sensitivity
to the sparsely excavated margins of the observation window, not an established feature of the assemblage, and we
treat it as a prediction for future excavation rather than current evidence. The gravity-reworking hypothesis for Layers 2-
3 therefore continues to rest on the geometric and micro-contextual evidence described above. The fresh state of the
lithic edges confirms this was a short-distance remobilization process, while the subrounded edges of limestone
fragments (Fig. 5a, d) point to intense post-fracture dissolution rather than mechanical abrasion.

(iii) Progressive stabilization

Outside Chamber 3, slip movements decreased, as shown by the transition from lower chaotic breccia with high
rotational misfit (Layer 104C; Fig S11f) into upper mosaic breccia (Layer 104A, Figs. 5j; S11h) [76-80]. Furthermore,
bioturbation (including fecal pellets and mite excrements) within these breccias (Fig S11c, €, g) indicates that the
breakdown of the limestone bedrock occurred in episodic pulses interspersed with periods of seismotectonic stability.

5.1.3. Post-collapse diagenesis and final cave sealing

Following the collapse, the access to Chamber 3 became increasingly restricted (approx. 1-1.4 m wide), altering water
and atmospheric circulation and thus favoring the brecciation of deposits along the northern profile (PNI - Layers 3 and
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2; and PNO - Layers 104E-A) (Figs. 2b; 11), and comparatively less so within Layer 4, given its more distal location from
the entrance and the main path of vadose water. This spatial pattern is corroborated by the SPPA, which identifies a
highly structured, statistically significant northwest-to-southeast diagenetic gradient linking cementation type to
distance from the collapsed entrance. This is consistent across Layers 2—4 individually as well as in the pooled
assemblage. This points to long-term stability in the spatial constraints (entrance geometry and internal water routing),
that structured post-collapse diagenesis, rather than a short-lived depositional event.

Within Chamber 3 and the lower exterior conduits, this restricted hydrology led to episodic waterlogged conditions.
Importantly, we interpret this localized pooling as a direct result of the structural failure physically impeding internal
drainage pathways. The micromorphological identification of isopachous crusts (Fig. 5e), localized stromatolitic
textures (Fig. 5b), and distinct calcite cements provides straightforward evidence of these structurally induced,
saturated environments [97-100]. A modest taphonomic divergence is also consistent with this picture: lithics are
somewhat more often left uncemented than bones, a difference that could plausibly reflect the bone matrix’s higher
porosity and more reactive surface chemistry relative to denser lithic raw materials such as chert or greywacke. Though
calcite coatings on lithics are also more prone to shedding during excavation which may inflate this contrast. More
importantly, the pattern maps closely onto Layer 4's position outside the main zone of vadose pooling rather than onto
any material-specific difference in cementation potential, reinforcing that the cementation gradient itself, not raw
material, is the primary control on preservation state.

The final sealing of Chamber 3 is represented by Layer 1, a terra rossa unit deposited atop the debris cone (Fig. 11c).
Among the units sampled micromorphologically, the complex, recrystallized carbonate aggregates in Layer 1 (Fig. 5i)
are otherwise found only in the exterior near-surface soils (Layer 102; Fig. 5m—o0), where they would have formed under
near-surface weathering and soil-forming conditions. This correspondence indicates that Layer 1 accumulated by the
washing-in of exterior surface sediment via gravity or sheet wash once the collapse had stabilized. The lithic artifacts
and faunal remains within Layer 1 were therefore probably introduced by this same reworking, most plausibly eroded
from the adjacent debris cone, and possibly derived from open-air occupation on the hilltop above, although no physical
traces of such occupation survive. The uppermost exterior soil (Layer 101) records the final environmental shift of the
site's exterior: a high concentration of silt-sized mica grains restricted to this layer (Fig S12f) indicates a distinct aeolian
contribution under fully exposed, open-air conditions.

6. Conclusion

Our dataset enabled us to reconstruct three main phases of site formation:

1. Original Pleistocene configuration: Prior to collapses, the site likely functioned as a single, integrated gallery
system with a sub horizontal entrance via the western hillside, some 10 m from Chamber 3. The location of this
entrance is suggested by previous GPR data [47] and a distinct concentration of limestone boulders at the ground
surface. Prior to collapse, Chamber 3 may have served as a carnivore den; however, given the evidence for
structural reworking, it is also plausible that these faunal remains were transported into the chamber from higher-
elevation vestibules alongside the archaeological assemblage. Our data do not allow us to confirm or deny whether
humans also occupied this chamber or naturally lit vestibule(s) closer to the hypothesized entrance. Further
excavations outside and inside Chamber 3 are needed to further explore these hypotheses.

2. Multiphase seismotectonic disruption: Collapse of galleries north-west from Chamber 3 was triggered by local
extensional (normal) faulting, possibly related with larger compressional tectonic structures, as seen elsewhere in
the region [36]. The collapse occurred as a multi-step phase and had a key role in the accumulation of lithic
artifacts and faunal remains in Chambers 2 and 3.
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3. Cave sealing: After collapse, the site transitioned into a progressive sealing environment dominated by structurally
controlled water pooling, which led to the secondary carbonate cementation of lithic artifacts, animal bones, and
sediments in Chamber 3. The same sealing that removed the site from surface visibility also isolated its deposits
from subsequent erosion and disturbance; the deeper units of Chamber 3, still unexcavated, therefore remain the
most promising target for recovering primary depositional contexts.

This multi-phased reconstruction is a working hypothesis, as no geochronological data are available from the site.
Although absolute dating is ongoing, establishing a precise geochronological framework for the sequence so far
unearthed is challenging due to the site's specific temporal and mineralogical parameters. Traditional chronometric
techniques are severely constrained here: the techno-typological character of the assemblage suggests an antiquity
beyond ~ 50 ka limit of radiocarbon dating, while the application of Optically Stimulated Luminescence (OSL) is
hindered by the quartz-poor nature of the local karst and terra rossa sedimentary matrix. Consequently, to bypass these
limitations, active dating efforts are currently concentrated on applying combined Uranium-Thorium (U-Th) and Electron
Spin Resonance (ESR) methods directly to the recovered rhinoceros teeth remains.

Dating limitations aside, our results show that the formation of cave sites in southern Portugal may have been
profoundly impacted by large scale geological processes. The intense tectonic and seismic activity identified here and
elsewhere in the region acts as a profound geological masking agent, where exploitable karst structures were
systematically weakened, collapsed, and sealed [36, 44, 101]. This process likely obscured the potential record of
Paleolithic occupation from traditional surveys. Crucially, the identification of Gruta da Companheira suggests that these
heavily sealed sites are present in the landscape and may be more numerous than the current record suggests.
Consequently, we propose that prehistoric paleo-demographic levels in southern Portugal cannot be accurately
assessed until the regional karstic record is thoroughly re-evaluated through the lens of structural geoarchaeology. The
sealing conditions documented at Gruta da Companheira provide not only a reference for studying the opening and
sealing dynamics of karst systems in the region, but also a foundational baseline for recognizing and decoding
comparable geologically masked prehistoric sites.

Declarations

Author contributions

Guillermo Alzate-Casallas: Conceptualization; Data curation; Formal analysis; Investigation; Methodology; Visualization;
Software; Writing-original draft. Lucia Cobo-Sanchez: Formal analysis; Methodology; Writing-original draft. Joao
Cascalheira: Conceptualization; Funding acquisition; Project administration; Supervision; Validation; Resources; Writing-
original draft; Writing — review & editing. Alvise Barbieri: Conceptualization; Project administration; Supervision;
Validation; Resources; Writing-original draft; Writing — review & editing.

Acknowledgments

The block samples were prepared at the Geoarchaeology Laboratory of the Interdisciplinary Centre for Archaeology and
the Evolution of Human Behavior (ICArEHB) of the Universidade do Algarve (Portugal). The thin sections were produced
at Spectrum Petrographic Inc. (USA).

Page 17/23



We are deeply grateful to the excavation and laboratory team for their essential support in making this work possible:
Nolan Ferar, Jovan Galfi, Emily Coco, Javier Sénchez-Martinez, Milena Carvalho, inci Nurgiil 0zdogru, Miguel Costa,
Nompumelelo Maringa, Joana Belmiro and Daniela Maio. We would also like to acknowledge that Federico Tata Regala
and Maria Pinto produced the topographic plan of the karst system, which was fundamental to the spatial
documentation and interpretation of the site. Special thanks are due to Lino André for his exceptional efforts and
dedication to logistics, fleldwork organization, excavation, and laboratory work.

This study was funded by the European Union (ERC-CoG-2021, FINISTERRA, 101045506). Views and opinions expressed
are, however, those of the author(s) only and do not necessarily reflect those of the European Union or the European
Research Council Executive Agency. Neither the European Union nor the granting authority can be held responsible for
them.

Lucia Cobo-Sanchez is funded by the European Union's Horizon Europe programme under the Marie Sktodowska-Curie
Postdoctoral Fellowship grant agreement No. 101152206. Jodo Cascalheira and Alvise Barbieri are funded by the
Fundacéao para a Ciéncia e a Tecnologia (respectively DL57/2016/CP1361/CT0026; 2002.08622.CEECIND).

Data availability

The data supporting this study's findings are available in the Open Science Framework (OSF) repository at
https://osf.io/2x3vb/ (DOI: 10.17605/0SF.10/2X3VB). This repository serves as the research compendium for our
quantitative and qualitative analyses, providing access to all datasets and supplementary materials associated with this
publication.

References

1. 1. Cardoso J, Cascalheira J. 40,000 years later: what we know about the presence of Neanderthals in Portuguese
territory and their extinction. 2024. doi: 10.5281/zenodo.12731989.

2. 2. Cascalheira J, Gongalves C, Maio D. The spatial patterning of Middle Palaeolithic human settlement in
westernmost Iberia. Journal of Quaternary Science. 2022;37(2):291-9. doi: 10.1002/jqs.3286.

3. 3. Bicho N. The middle Paleolithic occupation of southern Portugal. Settlement Dynamics of the Middle Paleolithic
and Middle Stone Age. 2004;2:513 - 31.

4. 4. Pereira T, Haws JA, Bicho N. O Paleolitico Médio no territério portugués. Mainake. 2011;(33):11-30.

5. 5. de Lombera-Hermida A, Rodriguez-Alvarez XP, Mosquera M, Ollé A, Garcia-Medrano P, Pedergnana A, et al. The
dawn of the Middle Paleolithic in Atapuerca: the lithic assemblage of TD10.1 from Gran Dolina. Journal of Human
Evolution. 2020;145:102812. doi: https://doi.org/10.1016/j.jhevol.2020.102812.

6. 6. Santamaria M, Navazo M, Benito-Calvo A, Medialdea A, Carbonell E. Valdeprovedo open-air site: a knapping event
in the early Upper Paleolithic of the Sierra de Atapuerca (Burgos, Spain). Archaeological and Anthropological
Sciences. 2024;16(1):24. doi: 10.1007/s12520-023-01927-w.

7. 7. Bernaldo de Quirds F, Maillo-Fernandez J-M, Castafnos P, Neira A. The Gravettian of El Castillo revisited
(Cantabria, Spain). Quaternary International. 2015;359-360:462 - 78. doi: 10.1016/j.quaint.2014.07.060.

8. 8. Martin-Perea DM, Maillo-Fernandez J-M, Marin J, Arroyo X, Asiain R. A step back to move forward: a geological
re-evaluation of the El Castillo Cave Middle Palaeolithic lithostratigraphic units (Cantabria, northern Iberia). Journal
of Quaternary Science. 2023;38(2):221 - 34. doi: 10.1002/jgs.3473.

9. 9. Sanchez de la Torre M, Mangado Llach X, Castillo-Jiménez S, Luque L, Alcolea-Gonzalez JJ, Alcaraz-Castafio M.
New data on chert catchment analysis in inland Iberia during the Late Pleistocene. Geoarchaeology.

Page 18/23



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

2023;38(5):615 - 30. doi: https://doi.org/10.1002/gea.21963.

10. Courty M-A, Vallverdu J. The microstratigraphic record of abrupt climate changes in cave sediments of the
Western Mediterranean. Geoarchaeology. 2001;16(5):467 - 99. doi: https://doi.org/10.1002/gea.1002.

11. Courty M-A, Carbonell E, Vallverdd Poch J, Banerjee R. Microstratigraphic and multi-analytical evidence for
advanced Neanderthal pyrotechnology at Abric Romani (Capellades, Spain). Quaternary International.
2012;247:294-312. doi: 10.1016/j.quaint.2010.10.031.

12. Moclan A, Huguet R, Marquez B, Alvarez-Fernandez A, Laplana C, Arsuaga JL, et al. Identifying activity areas in a
neanderthal hunting camp (the Navalmaillo Rock Shelter, Spain) via spatial analysis. Archaeological and
Anthropological Sciences. 2023;15(4):44. doi: 10.1007/s12520-023-01746-z.

13. Wood RE, Higham TFG, De Torres T, TisnERat-Laborde N, Valladas H, Ortiz JE, et al. A NEW DATE FOR THE
NEANDERTHALS FROM EL SIDRON CAVE (ASTURIAS, NORTHERN SPAIN)*. Archaeometry. 2013;55(1):148 - 58.
doi: https://doi.org/10.1111/j.1475-4754.2012.00671 .x.

14. Safudo P, Blasco R, Fernandez Peris J. Site formation dynamics and human occupations at Bolomor Cave
(Valencia, Spain): An archaeostratigraphic analysis of levels | to XIl (100-200 ka). Quaternary International.
2016;417:94-104. doi: 10.1016/j.quaint.2015.09.044.

15. Sossa-Rios S, Mayor A, Tomé L, Davara J, Kleinhapl S, Mallol C, et al. Knapping... Sleeping and Consuming?
Spatial Variability in the High-Resolution Neanderthal Context of Abric del Pastor (Alcoi, Eastern Iberia). Journal of
Paleolithic Archaeology. 2025;8(1):23. doi: 10.1007/s41982-025-00222-5.

16. Villaescusa L, Baquedano E, Martin-Perea DM, Marquez B, Galindo-Pellicena MA, Cobo-Sanchez L, et al.
Towards a formation model of the Neanderthal symbolic accumulation of herbivore crania: Spatial patterns shaped
by rockfall dynamics in Level 3 of Des-Cubierta Cave (Lozoya valley, Madrid, Spain). Archaeological and
Anthropological Sciences. 2026;18(1):16. doi: 10.1007/s12520-025-02382-5.

17. Angelucci DE, Zilhdo J. Stratigraphy and formation processes of the Upper Pleistocene deposit at Gruta da
Oliveira, Almonda karstic system, Torres Novas, Portugal. Geoarchaeology. 2009;24(3):277-310. doi:
https://doi.org/10.1002/gea.20267.

18. Angelucci DE, Anesin D, Susini D, Villaverde V, Zapata J, Zilhdo J. Formation processes at a high resolution
Middle Paleolithic site: Cueva Antén (Murcia, Spain). Quaternary International. 2013;315:24-41. doi:
10.1016/j.quaint.2013.03.014.

19. Angelucci DE, Nabais M, Zilhdo J. Formation processes, fire use, and patterns of human occupation across the
Middle Palaeolithic (MIS 5a-5b) of Gruta da Oliveira (Almonda karst system, Torres Novas, Portugal). PLOS ONE.
2023;18(10):e0292075. doi: 10.1371/journal.pone.0292075.

20. Bicho N, Cardoso JL. Paleolithic occupations and lithic assemblages from Furninha Cave, Peniche (Portugal).
2010.

21. Nabais M, Zilhao J. The consumption of tortoise among Last Interglacial Iberian Neanderthals. Quaternary
Science Reviews. 2019;217:225 - 46. doi: 10.1016/j.quascirev.2019.03.024.

22. Zilhao J. Middle Paleolithic Settlement Patterns in Portugal. 2001. p. 597-608.

23. Zilhdo J, Angelucci D, Aubry T, Badal E, Brugal J-P, Carvalho R, et al. A Gruta da Oliveira (Torres Novas): Uma
jazida de referéncia para o Paleolitico Médio da Peninsula Ibérica. 2013. p. 259 - 68.

24. Zilhao J, Angelucci DE, Igreja MA, Arnold LJ, Badal E, Callapez P, et al. Last Interglacial Iberian Neandertals as
fisher-hunter-gatherers. Science. 2020;367(6485):eaaz7943. doi: 10.1126/science.aaz7943.

25. Zilhao J, Angelucci DE, Arnold LJ, Demuro M, Hoffmann DL, Pike AWG. A revised, Last Interglacial chronology
for the Middle Palaeolithic sequence of Gruta da Oliveira (Almonda karst system, Torres Novas, Portugal).
Quaternary Science Reviews. 2021;258:106885. doi: 10.1016/j.quascirev.2021.106885.

Page 19/23



26.

27.

28.
20.

30.

31.

32.

33.
34.
35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

26. Zilhao J, Angelucci DE, Arnold LJ, d’Errico F, Dayet L, Demuro M, et al. Revisiting the Middle and Upper
Palaeolithic archaeology of Gruta do Caldeirdo (Tomar, Portugal). PLOS ONE. 2021;16(10):e0259089. doi:
10.1371/journal.pone.0259089.

27. Zilhdo J. The late persistence of the Middle Palaeolithic and Neandertals in Iberia: A review of the evidence for
and against the “Ebro Frontier” model. Quaternary Science Reviews. 2021;270:107098. doi:
https://doi.org/10.1016/j.quascirev.2021.107098.

28. Zilhao J. Portugal na idade do gelo: territério e habitantes: Fundacgao Francisco Manuel dos Santos; 2023.

29. Bicho N, Haws J. At the land's end: Marine resources and the importance of fluctuations in the coastline in the
prehistoric hunter—gatherer economy of Portugal. Quaternary Science Reviews. 2008;27(23):2166-75. doi:
10.1016/j.quascirev.2008.08.011.

30. Bicho N, Haws J, Marreiros J. Desde el Mondego al Guadiana: la ocupacion Gravetiense de la fachada atlantica

portuguesa. Pensando el Gravetiense: Pensando el Gravetiense: nuevos datos para la Region Cantabrica.
2013;23:55-79.

31. Bicho N, Esteves E. Pleistocene hunter-gatherer coastal adaptations in Atlantic Iberia. Frontiers in Earth
Science. 2022;Volume 10—2022. doi: 10.3389/feart.2022.957214.

32. Belmiro J, Terradas X, Cascalheira J. Creating frames of reference for chert exploitation during the Late
Pleistocene in Southwesternmost Iberia. PLOS ONE. 2023;18(10):€0293223. doi: 10.1371/journal.pone.0293223.

33. Bicho NF. The end of the Paleolithic and the Mesolithic in Portugal. Current Anthropology. 1994,;35(5):664 - 74.
34. Bicho N, Ferring CR, Stiner M, Lindly J, editors. The Middle Paleolithic of Algarve2000 2000: ADECAP.

35. Bicho N. As comunidades humanas de cagadores-recolectores do Algarve Ocidental: perspectiva ecolégica.
Evolucao geohistorica do litoral portugués e fendmenos correlativos Universidade Aberta Lisboa. 2004:359 - 96.

36. Barbieri A, Martinez JS, Belmiro J, Fernandes P, Galfi J, Horta P, et al. Early evidence of earthquake management
through mobility and social network adjustments at Vale Boi (SW Iberia). Archaeological and Anthropological
Sciences. 2026;18(2):25. doi: 10.1007/s12520-025-02400-6.

37. Belmiro J, Bicho N, Terradas X, Cascalheira J. From stone to tool: how raw materials influenced Upper
Palaeolithic technology in southwestern Iberia (Vale Boi). Archaeological and Anthropological Sciences.
2025;17(11):220. doi: 10.1007/s12520-025-02339-8.

38. Manne T, Bicho N. Vale Boi. Before Farming. 2009;2009(2):1-21. doi: 10.3828/bfarm.2009.2.1.

39. Manne T. Early Upper Paleolithic bone processing and insights into small-scale storage of fats at Vale Boi,
southern Iberia. Journal of Archaeological Science. 2014;43:111 - 23. doi:
https://doi.org/10.1016/j.jas.2013.12.003.

40. Bradtmoller M, Marreiros J, Pereira T, Bicho N. Lithic technological adaptation within the Gravettian of the
Iberian Atlantic region: Results from two case studies. Quaternary International. 2016;406:3-24. doi:
10.1016/j.quaint.2015.08.075.

41. Marreiros J, Bicho N. Lithic technology variability and human ecodynamics during the Early Gravettian of
Southern Iberian Peninsula. Quaternary International. 2013;318:90-101. doi: 10.1016/j.quaint.2013.05.008.
42. Carvalho AMF. A neolitizacdo do Portugal meridional: Os exemplos do Macigo Calcario Estremenho e do
Algarve Ocidental: Universidade do Algarve (Portugal); 2007.

43. Machado AdB, Machado BdB. Inventdrio das cavernas calcarias de Portugal. Bol Soc Port Ciénc Nat.
1942;13:444 - 73.

44. Regala FT. O Patrimonio Espeleo-Arqueoldgico do Algarve: Inventariagao, Caracterizagao e Salvaguarda de
Cavidades Carsicas com Potencial Arqueoldgico. 2021.

45, Straus LG. New chronometric dates for the prehistory of Portugal. Arqueologia (Porto). 1989;(20):73 - 6.

Page 20/23



46.

47.

48.

49.

50.

51.
52.
53.

54.

55.
56.
57.

58.

59.

60.
61.
62.
63.

64.
65.
66.
67.

68.

46. Straus LG, Altuna J, Ford D, Marambat L, Rhine JS, Schawrcz JP, et al. Early farming in the Algarve (Southern
Portugal): a preliminary view from two cave excavations near Faro. Trabalhos de Antropologia e Etnologia.
1992;32(1-4).

47. Barbieri A, Regala FT, Cascalheira J, Bicho N. The sediment at the end of the tunnel: Geophysical research to
locate the Pleistocene entrance of Gruta da Companheira (Algarve, Southern Portugal). Archaeological Prospection.
2023;30(2):117 - 34. doi: 10.1002/arp.1881.

48. Bicho N, Cascalheira J, Tata F, Horta P, editors. A ocupagéao neanderthal no sul de portugal: a gruta da
companheira, portimao2017 2017: Asociacion Espafiola para el Estudio del Cuaternario.

49. Bachellerie F, Gravina B, Rigaud S, Dayet L, Thomas M, Lebreton L, et al. Chatelperronian cultural diversity at its
western limits: Shell beads and pigments from La Roche-a-Pierrot, Saint-Césaire. Proceedings of the National
Academy of Sciences. 2025;122(39):€2508014122. doi: 10.1073/pnas.2508014122.

50. Spagnolo V, Marciani G, Aureli D, Berna F, Boscato P, Ranaldo F, et al. Between hearths and volcanic ash: The SU
13 palimpsest of the Oscurusciuto rock shelter (Ginosa — Southern Italy): Analytical and interpretative questions.
Quaternary International. 2016;417:105 - 21. doi: 10.1016/j.quaint.2015.11.046.

51. Manuppella G. Carta geoldgica da regiao do Algarve: Servigos geoldgicos de Portugal; 1992.
52. Rocha RB. Noticia explicativa da folha 52-A, Portimao: Servicos Geoldgicos de Portugal; 1983.

53. Cabral J, Dias R, Ribeiro A, Terrinha P. The Portimao Fault, Algarve Basin, South Portugal. Comunicagdes do
Instituto Geoldgico e Mineiro. 1999;86:107 - 20.

54. Rither PL, Husic IM, Bangsgaard P, Gregersen KM, Pantmann P, Carvalho M, et al. SPIN enables high throughput
species identification of archaeological bone by proteomics. Nature Communications. 2022;13(1):2458. doi:
10.1038/s41467-022-30097-x.

55. Patrick EAF. Soils; Their Formation, Classification and Distribution: Longman; 1980.
56. Larsen G, Chilingarian GV. Diagenesis in Sediments and Sedimentary Rocks, Volume 2: Newnes; 2010.

57.Vos C, Don A, Prietz R, Heidkamp A, Freibauer A. Field-based soil-texture estimates could replace laboratory
analysis. Geoderma. 2016;267:215-9. doi: 10.1016/j.geoderma.2015.12.022.

58. Zingg T. Beitrage zlir Schotteranalyse. Schweizerische Mineralogische und Petrologische Mitteilungen.
1935;15:39-140.

59. Powers MC. A new roundness scale for sedimentary particles. Journal of Sedimentary Research.
1953;23(2):117-9.

60. Stoops G. Guidelines for Analysis and Description of Soil and Regolith Thin Sections2020.

61. Goldberg P, Holliday V, Ferring C. Earth Sciences and Archaeology2001.

62. Goldberg P, Macphail R. Practical and Theoretical Geoarchaeology2006.

63. Karkanas P, Goldberg P. Reconstructing Archaeological Sites: Understanding the Geoarchaeological Matrix:
John Wiley & Sons Ltd.; 2018.

64. Macphail R, Goldberg P. Applied Soils and Micromorphology in Archaeology2017.
65. Nicosia C, Stoops G. Archaeological Soil and Sediment Micromorphology: John Wiley & Sons Ltd.; 2017.
66. Stoops G, Marcelino V, Mees F. Interpretation of Micromorphological Features of Soils and Regoliths2010.

67. Baddeley A, Rubak E, Turner R. Spatial point patterns: methodology and applications with R: CRC press Boca
Raton; 2016.

68. Davies TM, Hazelton ML. Adaptive kernel estimation of spatial relative risk. Statistics in Medicine.
2010;29(23):2423-37. doi: 10.1002/sim.3995.

Page 21/23



69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

69. Hopkins B, Skellam JG. A New Method for determining the Type of Distribution of Plant Individuals. Annals of
Botany. 1954;18(2):213 - 27. doi: 10.1093/oxfordjournals.aob.a083391.

70. Diggle P. The Statistical Analysis of Spatial Point Patterns2003.

71. Kulldorff M. A spatial scan statistic. Communications in Statistics - Theory and Methods. 1997;26(6):1481-96.
doi: 10.1080/03610929708831995.

72. Diggle P, Zheng P, Durr P. Nonparametric estimation of spatial segregation in a multivariate point process:
bovine tuberculosis in Cornwall, UK. Journal of the Royal Statistical Society: Series C (Applied Statistics).
2005;54(3):645 - 58. doi: 10.1111/j.1467-9876.2005.05373.x.

73. Diez-Martin F, Cobo-Sanchez L, Baddeley A, Uribelarrea D, Mabulla A, Baquedano E, et al. Tracing the spatial
imprint of Oldowan technological behaviors: A view from DS (Bed |, Olduvai Gorge, Tanzania). PLOS ONE.
2021;16(7):€0254603. doi: 10.1371/journal.pone.0254603.

74. Bronnimann D, Portmann C, Pichler SL, Booth TJ, Réder B, Vach W, et al. Contextualising the dead — Combining
geoarchaeology and osteo-anthropology in a new multi-focus approach in bone histotaphonomy. Journal of
Archaeological Science. 2018;98:45-58. doi: 10.1016/j.jas.2018.08.005.

75. Huisman H, Ismail-Meyer K, Sageidet BM, Joosten |. Micromorphological indicators for degradation processes
in archaeological bone from temperate European wetland sites. Journal of Archaeological Science. 2017;85:13-29.
doi: 10.1016/j.jas.2017.06.016.

76. Shukla MK, Sharma A. A brief review on breccia: it's contrasting origin and diagnostic signatures. Solid Earth
Sciences. 2018;3(2):50 - 9. doi: 10.1016/j.sesci.2018.03.001.

77. Mort K, Woodcock NH. Quantifying fault breccia geometry: Dent Fault, NW England. Journal of Structural
Geology. 2008;30(6):701-9. doi: 10.1016/j.jsg.2008.02.005.

78. Woodcock NH, Mort K. Classification of fault breccias and related fault rocks. Geological Magazine.
2008;145(3):435 - 40. Epub 2008/04/02. doi: 10.1017/S0016756808004883.

79. Loucks R. Paleocave Carbonate Reservoirs: Origins, Burial-Depth Modifications, Spatial Complexity, and
Reservoir Implications. Aapg Bulletin - AAPG BULL. 1999;83. doi: 10.1306/E4FD426F-1732-11D7-
8645000102C1865D.

80. Laznicka P. Breccias and coarse fragmentites: petrology, environments, associations, ores. (No Title). 1988.

81. Karkanas P. Microscopic deformation structures in archaeological contexts. Geoarchaeology. 2019;34(1):15-
29. doi: 10.1002/gea.21709.

82. Phillips E. Micromorphology of a debris flow deposit: evidence of basal shearing, hydrofracturing, liquefaction
and rotational deformation during emplacement. Quaternary Science Reviews. 2006;25(7):720 - 38. doi:
10.1016/j.quascirev.2005.07.004.

83. Bons PD, Elburg MA, Gomez-Rivas E. A review of the formation of tectonic veins and their microstructures.
Journal of Structural Geology. 2012;43:33-62. doi: 10.1016/j.js9.2012.07.005.

84. Zhao B, Li R. Formation mechanism of bedding-parallel antitaxial fibrous veins in shale: A review. Journal of
Structural Geology. 2022;161:104653. doi: 10.1016/j.jsg.2022.104653.

85. Discamps E, Delagnes A, Lenoir M, Tournepiche J-F. Human and Hyena co-occurences in Pleistocene sites :
insights from spatial, faunal and lithic analysis at Camiac and La Chauverie (SW France). Journal of Taphonomy.
2012;10(3-4):291-316. PubMed Central PMCID: PMChttps://hal.science/hal-01842850/document
https://hal.science/hal-01842850/file/Discamps%20et%20al%202012%20JoT_open%20access.pdf.

86. Stewart M, Andrieux E, Clark-Wilson R, Vanwezer N, Blinkhorn J, Armitage SJ, et al. Taphonomy of an excavated
striped hyena (Hyaena hyaena) den in Arabia: implications for paleoecology and prehistory. Archaeological and
Anthropological Sciences. 2021;13(8):139. doi: 10.1007/s12520-021-01365-6.

Page 22/23



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101

87. Linares-Matds GJ, Yravedra J. Competing forces: Subsistence strategies and human-carnivore interactions
during the middle to Upper Palaeolithic transition in Northern Iberia. Quaternary Science Reviews.
2024;334:108703. doi: 10.1016/j.quascirev.2024.108703.

88. Picin A, Blasco R, Arilla M, Rivals F, Chacon MG, Gomez de Soler B, et al. Short-Term Neanderthal Occupations
and Carnivores in the Northeast of Iberian Peninsula. In: Cascalheira J, Picin A, editors. Short-Term Occupations in
Paleolithic Archaeology: Definition and Interpretation. Cham: Springer International Publishing; 2020. p. 183-213.

89. Alzate-Casallas G, Gomes Al, Ferar N, Talamo S, Tassoni L, Cascalheira J, et al. Close to sunlight or deep
underground? New data to reconstruct site formation processes at the Middle Paleolithic Escoural cave (southern
Portugal). Quaternary Science Reviews. 2025;368:109550. doi: https://doi.org/10.1016/j.quascirev.2025.109550.

90. Rasilla M, Duarte E, Sanchis Serra A, Carrién Y, Cafaveras J, Marin-Arroyo A, et al. Environment and subsistence
strategies at La Vifia rock shelter and Llonin cave (Asturias, Spain) during MIS3. Journal of Archaeological Science:
Reports. 2020;30:102198. doi: 10.1016/j.jasrep.2020.102198.

91. Mielgo C, Yravedra Sainz de los Terreros J, Alvarez-Alonso D, de Andrés-Herrero M, Hevia-Carrillo A. Unraveling
the interplay between humans and carnivores in El Olivo Cave during the Middle and Upper Paleolithic period
(Llanera, Asturias, Spain). Geobios. 2024. doi: 10.1016/j.geobios.2024.02.008.

92. Pinto-Llona AC, Estaca V, Grandal-d'’Anglade A, Romero AJ, Yravedra J. Alternation between humans and
carnivores in the occupations of the Mousterian site of Sopefia rock-shelter (Asturias, Spain). Quaternary Science
Reviews. 2024;328:108468. doi: 10.1016/j.quascirev.2023.108468.

93. Zilio L, Hammond H, Karampaglidis T, Sanchez-Romero L, Blasco R, Rivals F, et al. Examining Neanderthal and
carnivore occupations of Teixoneres Cave (Moia, Barcelona, Spain) using archaeostratigraphic and intra-site spatial
analysis. Scientific Reports. 2021;11(1):4339. doi: 10.1038/s41598-021-83741-9.

94. Conard NJ, Bolus M, Miinzel SC. Middle Paleolithic land use, spatial organization and settlement intensity in the
Swabian Jura, southwestern Germany. Quaternary International. 2012;247:236 - 45. doi:
10.1016/j.quaint.2011.05.043.

95. Ekshtain R, Malinsky-Buller A, Greenbaum N, Mitki N, Stahlschmidt MC, Shahack-Gross R, et al. Persistent
Neanderthal occupation of the open-air site of ‘Ein Qashish, Israel. PLOS ONE. 2019;14(6):e0215668. doi:
10.1371/journal.pone.0215668.

96. Miinzel SC, Conard NJ. Change and continuity in subsistence during the Middle and Upper Palaeolithic in the
Ach Valley of Swabia (south-west Germany). International Journal of Osteoarchaeology. 2004;14(3-4):225 - 43.
doi: 10.1002/0a.758.

97. Leslie A. Melim KMS, Penelope J. Boston, Diana E. Northup, Michael N. Spilde, J. Michael Queen. Evidence for
Microbial Involvement in Pool Finger Precipitation, Hidden Cave, New Mexico. Geomicrobiology Journal.
2001;18(3):311 - 29. doi: 10.1080/01490450152467813.

98. Simoes CD, Iriarte E, Gutiérrez-Zugasti |, Arias P. Carbonate microfacies reveal how Asturian shell middens
formed in the Mesolithic. Quaternary Science Reviews. 2024;342:108898. doi: 10.1016/j.quascirev.2024.108898.
99. Fliigel E. Carbonate Depositional Environments. In: Fliigel E, editor. Microfacies of Carbonate Rocks: Analysis,
Interpretation and Application. Berlin, Heidelberg: Springer Berlin Heidelberg; 2010. p. 7-52.

100. Pentecost A. The Travertine Fabric. In: Pentecost A, editor. Travertine. Dordrecht: Springer Netherlands; 2005.
p. 19-48.

. 101. Antunes MT, Bizon G, Nascimento A, Pais J. Nouvelles données sur la datation des dépots miocénes de

I'Algarve (Portugal), et I'évolution géologique regionale. Ciéncias da Terra/Earth Sciences Journal. 1981;6.

Page 23/23



