Archaeological and Anthropological Sciences (2026) 18:25
https://doi.org/10.1007/512520-025-02400-6

RESEARCH ——

®

Check for
updates

Early evidence of earthquake management through mobility
and social network adjustments at Vale Boi (SW Iberia)

Alvise Barbieri'?® - Javier Sanchez Martinez'3* - Joana Belmiro’ - Paulo Fernandes’ - Jovan Galfi' - Pedro Horta'¢ -
Joao Cascalheira’ - Nuno Bicho'

Received: 11 June 2025 / Accepted: 22 December 2025
© The Author(s) 2026, modified publication 2026

Abstract

Tectonic processes profoundly influenced the dispersal, evolution, and archaeological record of our Paleolithic ancestors.
However, in-depth reconstructions of human resilience against seismic events come mostly from contexts dating to the
last 13,000 years. Here, we present geophysical, geological, geochronological, and archaeological data from the open-
air site of Vale Boy in southwestern Iberia, revealing how foragers mitigated earthquake impacts between ~30,000 and
24,000 years ago. At Vale Boi, faulting formed sedimentary traps that were recurrently exploited by hunter-gatherers and
periodically buried by rockfalls, likely triggered by >5.7 Mw earthquakes. Despite seismic destruction, hunter-gatherers
repeatedly returned to the site, drawn by its strategic access to key resources. They mitigated seismic risks by increasing
their mobility and even abandoning Vale Boi, as seen during the Gravettian and at the early/late Proto-Solutrean transi-
tion. When seismic and climatic stressors co-occurred (Heinrich Event 2), they did not abandon the site. Instead, they
adopted strategies to limit their exposure to rockfall hazard while securing access to increasingly vital coastal and estua-
rine resources. Until the early Proto-Solutrean, tightly knit social networks supported the survival of Vale Boi foragers
during periods of high stress, such as the aftermath of seismic rockfalls. During the late Proto-Solutrean, an expansion
of super-regional connections might have functioned as a proactive buffer against future tectonic shocks. Our findings
demonstrate that forager resilience to seismic events relied on flexible adjustments in mobility and social connectivity.
Despite limitations deriving from its single-site focus, this study underscores the value of deep archaeological sequences
for disentangling human responses to intertwined geological and ecological pressures.
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Introduction

Tectonic processes have long been recognised as fundamen-
tal agents shaping the evolution, dispersal, and behavioural
variability of human populations (Bailey et al. 1993; King
et al. 1994; King and Bailey 2006; Gracia et al. 2008; Bailey
2010). Faulting, uplift, and subsidence produced the basins
and topographic gradients that structured resource distri-
bution, hydrological regimes, and migratory routes, while
also influencing the preservation of archaeological depos-
its through the creation of natural sediment traps (Bailey
et al. 1993; King et al. 1994; Bailey and Flemming 2008;
Bailey 2010; Haws et al. 2010; Rossi et al. 2020). Tec-
tonically active landscapes offered both opportunities and
risks: they generated ecologically rich ecotones attractive
for settlement, but also exposed human groups to sudden,
catastrophic events such as earthquakes, volcanic eruptions,
and tsunamis (Kontopoulos and Koutsios 2010; Fouache
and Pavlopoulos 2011; Fountoulis et al. 2013; Barbieri et
al. 2023). Understanding how prehistoric foragers' coped
with such short-term geological hazards is therefore essen-
tial to reconstructing the dynamics of resilience in early
human societies — meaning their ability to absorb distur-
bance, reorganize, and persist through change (Halstead and
O’Shea 1989; Folke 2006; Riede 2014; Wren et al. 2025) —
which remains an underexplored dimension of Pleistocene
archaeology.

Earthquakes in particular profoundly affected past human
communities across time, altering landscapes, destroying
habitats, and transforming settlement patterns (Riede 2008,
2014). Archaeological records show that past hunter-gather-
ers increased their mobility following major tectonic events
(Torrence et al. 2000; Riede 2008; Oetelaar and Beaudoin
2016; Salazar et al. 2022; Damlien et al. 2024). Some of
these communities even avoided earthquake—affected settle-
ments for periods lasting up to thousands of years, as seen in
Chile and New Guinea during the late Holocene. These pro-
longed abandonments surely exceeded the duration of post-
quake resource depletion, and have thus been interpreted
as long-term preventive strategies to minimize the impact
of future, highly destructive quakes (Torrence et al. 2000;
Salazar et al. 2022). Studies in tectonically active regions
also show that post-disaster strategies frequently included
diversification of resource procurement, modification of
storage and transport systems, as well as the restructuring

! In this study, we use the terms foragers and hunter-gatherers inter-
changeably. When referring to human groups described in the origi-
nal publications as primarily engaged in gathering marine resources
or in hunting game, we retain the terms fisher-gatherers and hunters.
We follow this terminology because it is widely used in the literature,
while recognizing that such categories are debated within anthropol-
ogy and can oversimplify or bias our understanding of Paleolithic soci-
eties (Grimm et al. 2025, p. 2).
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of relational networks to facilitate recovery (Halstead and
O’Shea 1989; Torrence et al. 2000; Riede 2008; Oetelaar
and Beaudoin 2016; Salazar et al. 2022). These cases reveal
that human resilience emerges through a limited but flexible
repertoire of behavioural mechanisms—mobility, economic
diversification, and social networking—that mitigate envi-
ronmental uncertainty (Halstead and O’Shea 1989; Folke
2006; Riede 2014; Riede et al. 2017).

Almost all well-documented cases of past forager
responses to seismic impacts post-date 13 ka and focus on
rare (10s-ka cycle), highly magnitude earthquakes com-
pounded by tsunamis or volcanic eruptions (Torrence et al.
2000; Riede 2008; Oetelaar and Beaudoin 2016; Jeffrey et
al. 2017; Salazar et al. 2022; Walker et al. 2024; Damlien
et al. 2024). Whether earlier foragers possessed a similar
capacity to anticipate and respond to mid-magnitude earth-
quakes — events that are far more common and still poten-
tially destructive - is largely unknown. Progress on this
question has been limited by the rarity of Pleistocene sites
that preserve both continuous archaeological sequences and
geological evidence for repeated seismic instability.

Vale Boi fills this gap. Situated in southwestern Portu-
gal, the site provides a unique opportunity to examine how
recurrent seismic and tectonic activity intersected with
Paleolithic stays. Occupied from the Gravettian (32.5-31.7
ka cal BP) to the Epipaleolithic (10.1-9.5 ka cal BP), and
later in the early Neolithic (Regala et al. 2014), Vale Boi
lies within the convergence zone between the African and
Eurasian plates (Fig. 1a). It is positioned at the crossroad of
Quaternary faults capable of 5.7-7.2 M,, earthquakes (Dias
et al. 2010; Figueiredo et al. 2011, 2018; Teves-Costa et al.
2019), making it especially well-suited for investigating
long-term human response to seismic risk. Using geologi-
cal and geophysical methods, we traced Pleistocene faults
across the site and revealed that they generated both sedi-
mentary traps and seismic rockfalls. When integrated with
geochronological and archaeological datasets, these results
reveal adjustments in mobility and social connectivity
among Gravettian and Proto-Solutrean foragers following
tectonic events. Through this integrated approach, our study
reconstructs one of the earliest examples of seismic risk
management in human history and expands existing mod-
els of Paleolithic resilience beyond climatic or ecological
determinism.

Geological and tectonic context

The archaeological site of Vale Boi (37°05'23"'N 8°48'33""W)
is located 2.6 km inland from the Atlantic Ocean, on the
eastern flank of the eponymous creek, along the slope of
a mountain that reaches 60 m of elevation above current
sea level (acsl, Fig. la—) (Bicho et al. 2012a). This relief
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Fig. 1 Geological context of Vale Boi. (a) The subduction zone
between Iberia and Africa, based on data from (Serpelloni et al. 2007;
Zitellini et al. 2009; Gebco Compilation Group 2024). Grey stars
depict the location of marine cores MD95-2042 and M39029-7. (b)
Hillshade map from (SRTM 2013) depicting modern epicenters (as
green circles) and faults surrounding the site of Vale Boi (depicted as a
white star), based on (Rocha et al. 1975; Manupella 1992; IGME 2022;
IPMA 2024). In bold, the main Quaternary systems in the study region
(STAS, EO, BSJ, and ASM. Further details in the main text). (¢) Geo-
logical map of Vale Boi, based on data presented in this paper as well
as previously published cartography (Rocha et al. 1975; Manupella
1992). Faults displayed in subpanels (a—c): (1) unclear/unknown style;
(2) potential; (3) strike-slip; (4) reverse, marked on hanging block; (5)
normal, marked on hanging block. Data displayed in (¢): (6) Electrical
Resistivity Tomography profiles; (7) Triassic sandstones of Silves; (8)
Jurassic Carbonated—Marls of Silves; (9) Limestones of Espiche and
(10) Almadena; (11) Pleistocene sediments rich in fault breccia; (12)
colluvial fan and (13) alluvial deposits of likely Holocene age; (14)
archaeological excavations; (15) trench excavated at the Terrace; (16)
Core A; (17) Core B. The three maps are projected in the WGS84—
EPSG:4326 coordinate reference system

is made from Jurassic marls and limestones (Rocha et al.
1975; Manupella 1992) (Figs. 1c and Online Resource
S1d-h). The site is situated some 150 km north from the
subduction zone between the African and Eurasian plates
(Fig. 1a) and it is surrounded by modern earthquake epicen-
ters as well as reverse and strike-slip Quaternary structures
(Fig. 1b). Sao Teoténio—Aljezur—Sinceira (Figueiredo et al.
2018), Bardo de Sao Jodo (Dias et al. 2010), and Espiche—
Odiaxere (ID PO023) (IGME 2022) are the major fault sys-
tems located in a 6 km radius from Vale Boi (STAS, BSJ,
and EO in Fig. 1b). Though currently exhibiting weak seis-
micity (Rocha et al. 1975; Manupella 1992; IGME 2022;

IPMA 2024) (Fig. 1b), they are capable of earthquakes with
estimated maximum magnitudes of 6.2 to 7 M,, (Dias et al.
2010; Figueiredo et al. 2011, 2018; IGME 2022). Along the
mountaintop above the archaeological site runs a fault of
Triassic age (Rocha et al. 1975; Manupella 1992) (FA in
Figs. 1c and 2a and a). This is truncated by a more recent
7 km long fault that extends from Ponta de Almadena to
Bardo de Sdo Miguel (ASM in Fig. 1b and c). Data pre-
sented in this paper clarify the mode and period of activity
of this structure, as well as its impact on the archaeological
site and prehistoric foragers.

Archaeological background

The archaeological site of Vale Boi was discovered in 1998
during survey (Bicho et al. 2003). Test pitting and system-
atic excavations confirmed the presence of archaecological
stratification in three areas situated along a 20 m—wide and
75 m-long hillside strip, which are referred to as Rock-
shelter, Slope, and Terrace (Fig. 2a — cc’, Fig. 3). Materials
unearthed from excavations of these areas include abundant
and well-preserved marine and terrestrial fauna (Manne et
al. 2012; Manne 2014), ornaments (Regala et al. 2014), por-
table art (Bicho et al. 2012b), and lithic artefacts (Marreiros
et al. 2015; Cascalheira et al. 2017; Horta et al. 2019). A
solid geochronological framework for these assemblages is
provided by over 50 radiocarbon ages (Regala et al. 2014).
At the foot of the slope, the Terrace represents the site area
with the deeper archaeological sequence (Fig. 2). This con-
sists of Gravettian (32.5 to 25.6 ka cal BP), Proto-Solutrean
(25.4 to 23.2 ka cal BP), Solutrean, Epipaleolithic (10.1 to
9.5 ka cal BP), and Neolithic assemblages (8.5 to 6.7 ka cal
BP) (Regala et al. 2014) (Gravettian and Proto-Solutrean
dates are re-modelled in this study).

Forager resilience strategies at Vale Boi

In hunter-gatherer contexts, resilience manifests through
behavioral flexibility across four adaptive domains: mobil-
ity, economy, storage, and social networking (after Halstead
and O’Shea 1989). The text below summarizes published
data from Vale Boi relevant to exploring these domains. In
Table 1, we list the specific archacological proxies we used
in this study, integrating previously published datasets with
new results.

Mobility
Published Summed Probability Density (SPD) of cali-
brated radiocarbon dates shows that Vale Boi was occu-

pied during Heinrich Events (HE) 3 and 2, but abandoned
during HE 1 (Cascalheira et al. 2017). The Gravettian at
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Fig. 2 The Terrace of Vale Boi. (a) Photo overview and topography
profiles (bb " and cc’) depicting the archaeological area of Vale Boi. (d)
Archaeological trench at the Terrace with labelled excavation squares,
each measuring 1x1 m. The black solid line depicts a normal fault.
In pink, isolines as m above current sea level. (e) Total station points
of archaeological materials from squares H21, H20, H19, and HI8.
(f) Total station points of archaeological materials from squares H18,

this site saw phases of low SPD and decreased find density
(Bicho et al. 2013; Cascalheira et al. 2017; Belmiro et al.
2021), yet the stressors driving these drops in occupations
remain unclear. Analysis of the Whole Assemblage Behav-
ioural Index (WABI) and subsistence catchments reveals
that settlement system and landscape use remained stable
during the late Upper Palaeolithic (Cascalheira et al. 2017).
Except for earlier Gravettian occupations, deposits at the
Terrace exhibit high lithic densities and low retouch fre-
quency (<10%), consistent with long-term residential use
(Bicho et al. 2013; Cascalheira et al. 2017). Deer and horse
dominated hunting throughout the Upper Paleolithic, with
all skeletal parts represented, pointing to kills near the site
(Manne et al. 2012; Manne 2014). The hunting of neonate
and adult ungulates indicates human occupations in spring
and early summer (Manne et al. 2012; Bicho et al. 2013;
Manne 2014). Aquatic resources were also foraged from
nearby river, lacustrine, and marine habitats (Manne et al.
2012). Together, these data suggest Vale Boi functioned

@ Springer

| Proto-Solutrean (25.4 to 23.2 ky cal BP) |

118, J18, and L18. Archaeological attribution of the assemblages as per
Belmiro et al. (2021). Note that the Gravettian and Proto—Solutrean
assemblages dip towards the hilltop. The dashed line marks the limit
between the 2003-2010 excavations (above the line) and the 2012—
2019 campaigns (below the line). The Neolithic deposit in J18, K18
and L18 were excavated in 5 cm spits without a systematic use of total
station, therefore we excluded those total station points from subpanel f

as a central residential base with a daily mobility radius
of ~20 km (Bicho et al. 2013; Cascalheira et al. 2017,
Belmiro et al. 2025). Raw material procurement supports
this inference. Most raw materials were either collected as
pebbles along the Boi Creek (Pereira et al. 2016) or from
outcrops within 20 km (Belmiro et al. 2025). Non-local
types (up to 200 km away) make up 40-65% (in weight) of
the chert used during the Gravettian and early Proto-Solu-
trean, dropping to 20% during the late Proto-Solutrean and
Solutrean occupations (Belmiro et al. 2025). This decline
has been linked with a more continuous presence of for-
agers in Vale Boi’s region since the late Proto-Solutrean
(Belmiro et al. 2025). Dolerite, in contrast, was exclu-
sively used by early and late Proto-Solutreans (Belmiro
et al. 2021), probably sourced from outcrops up to 50 km
away (Rocha et al. 1975; Manupella 1992). The absence
of dolerite debitage suggests that finished pieces or blanks
were imported, marking a slight shift in landscape and site
use during HE 2 (Belmiro et al. 2021).
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Fig. 3 Tectonic deformations in Electrical Resistivity Tomography
(ERT) and coring data. (a) 3D view of the ERT data we collected
at Vale Boi. The fault of Ponta de Almadena—Bardo de Sdo Miguel
(ASM) is labelled with a dashed blue line within the ERT profiles.
(b) The profiles ERT1 and ERT3 along with their location and orien-
tation are depicted in subpanel (a). On the ERT profiles we labelled
(1) faults of unclear/unknown style; (2) potential faults; (3) normal
and (4) reverse faults; (5) beds deformed by faulting; (6) core A; and

Table 1 Proxies of resilience used in this study include both published
and newly generated results

Resilience Strategies
Mobility

Proxies from Vale Boi

Whole Assemblage Behavioural Index (Cas-
calheira et al. 2017)

Catchment of food resources (Manne et al.
2012; Manne 2014)

Raw materials (Belmiro et al. 2025)
Summed Probability Density and Kernel
Density Estimate of '*C ages (Cascalheira et
al. 2017; and in this paper)

Spatial analysis of archaeological finds (in
this paper)

Spectrum of hunted and foraged food
resources (Manne et al. 2012; Manne 2014)
Evidence of bone grease rendering (Manne
et al. 2012; Bicho et al. 2013; Manne 2014)
Lithic typo-technology (Marreiros et al.
2016; Bradtmoller et al. 2016; Cascalheira et
al. 2017; Belmiro et al. 2021)
Non-utilitarian goods (Bicho et al. 2012b;
Regala et al. 2014)

Food Economy
Storage

Social network

(7) core B. (¢) Stereoscopic photomicrograph showing fault breccia
with preserved oolites taken from a depth of 5 m in Core A. (d and e)
Stereoscopic photomicrograph showing fault breccia with sigmoidal
veins taken from depths of 3 and 5 m in Core A. In (e) note the various
infilling consisting of micrite (MC), clay (Clay), fan—like sparitic cal-
cite (FLC), stretched calcite (SC), and blocky calcite (BC), evidenc-
ing multiple cracking and sealing episodes (Bons et al. 2012; Zhao
and Li 2022)

Food economy

Throughout the Upper Paleolithic, hunted species com-
position remained stable, dominated by red deer, horse,
and rabbit, with occasional aurochs, wild boar, ibex,
European ass, and large birds (Manne et al. 2012; Manne
2014; Cascalheira et al. 2017). Marine resources show
a similar pattern, with limpets, scallops, and clams, fol-
lowed by smaller amounts of winkles, grooved carpet,
cockles, and freshwater nerite, with only rare evidence of
fish or small cetaceans (Manne et al. 2012and L. André
personal comm. 2025). A decline in the frequency and
diversity of marine shells after the late Proto-Solutrean
has been linked to the ~130 m sea-level fall during the
Last Glacial Maximum, which increased the site’s dis-
tance from the coast (Manne et al. 2012). However, fur-
ther analyses are necessary to confirm that this pattern is
not simply a preservation bias.

@ Springer
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Storage

Bone grease rendering is interpreted as a major invest-
ment in food storage, enabling the accumulation of animal
fat as a storable energy source (Oectelaar and Beaudoin
2016). At Vale Boi, ungulate bones, particularly fat-rich
skeletal elements, were systematically fragmented in
all the Upper Palaeolithic deposits (Manne et al. 2012;
Manne 2014; Cascalheira et al. 2017; Horta et al. 2019).
Pitted greywacke anvils, common throughout the Ter-
race sequence, likely served as bone-smashing imple-
ments (Manne et al. 2012; Cascalheira et al. 2017), while
recurrent fire-cracked quartz fragments suggest heat-in-
liquid grease-extraction techniques (Manne et al. 2012).
Together, faunal and lithic data indicate that bone-grease
rendering was a long-standing adaptive strategy for Vale
Boi’s hunter-gatherers, helping them cope with limited
game availability in the region (Manne et al. 2012; Bicho
et al. 2013; Manne 2014).

Social network

Shifts between regionalization and standardization in lithic
typo-technology and non-utilitarian goods may reveal
changes in hunter-gatherer connectivity (Whallon 2006;
Riede 2008; Fitzhugh et al. 2011; Damlien et al. 2024).
At Vale Boi, quartz and chert were knapped unidirection-
ally into blanks and flakes using prismatic cores with plat-
form preparation (Belmiro et al. 2021). Quartz was often
struck expediently along natural edges (Cascalheira et al.
2017), while chert was preferred for formal tool production
(Belmiro et al. 2021). The Gravettian record lacks classic
fossil directeurs, such as Gravette and Microgravette points,
but features distinctive bipointed double-backed bladelets
unique to southern Iberia (Marreiros et al. 2016). Though
the presence of non-local raw material may indicate con-
tacts with other groups (Belmiro et al. 2025), the typo-
technological signature of the Gravettian of Vale Boi more
likely reflects a relative isolation from broader interaction
networks (Marreiros et al. 2016; Bradtmdller et al. 2016).
By contrast, late Proto-Solutrean and Solutrean assem-
blages contain super-regional lithic types (Vale Comprido
and Solutrean points, Belmiro et al. 2021) and engraved
plaquettes with widely shared decorative motifs (Bicho et
al. 2012b), reflecting intensified long-distance connections.
Non-utilitarian goods, however, also highlight continuity in
local traditions. Shell beads occur in all Upper Palaeolithic
layers (Regala et al. 2014). While species selection varied
over time, all shells were collected locally, and bead-making
techniques remained consistent, indicating stable systems of
knowledge transmission and enduring symbolic practices
(Regala et al. 2014).
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To sum up, available data from Vale Boi indicate that:

(i) Since the late Proto-Solutrean, foragers decreased
their mobility and camped more frequently at the site
(Belmiro et al. 2025), though the higher mobility and
sparser record of Gravettian occupations may reflect
responses to stressors (Bicho et al. 2013; Cascalheira et
al. 2017; Belmiro et al. 2021).

(i1) Food economy remained broadly stable throughout the
Upper Palaeolithic (Manne et al. 2012; Manne 2014;
Cascalheira et al. 2017). Marine resources might have
been consumed less during the Solutrean, though pres-
ervation bias remains to be addressed.

(iii) Intensive efforts to store food persisted throughout the
Upper Paleolithic (Manne et al. 2012; Manne 2014;
Cascalheira et al. 2017).

(iv) The late Proto-Solutrean marked the transition towards
intensive long-distance networking, previously inter-
preted as an adaptive response to climatic shifts
(Belmiro et al. 2021).

Data presented in this paper reveal potential tectonic stress-
ors during the Gravettian and Proto-Solutrean as well as
clarify the taphonomy of seashell remains, challenging the
hypothesis of a major shift in the exploitation of marine
resources during the late Upper Paleolithic.

Materials and methods

We applied a suite of methods to reconstruct site formation
processes with emphasis on tectonic dynamics: these include
geophysical prospections, coring, lithological descriptions,
and micromorphology. To explore forager response to tec-
tonic impacts, we integrated published findings with newly
generated data from the Terrace (Table 1), as this exhibits the
most complete archaeological sequence unearthed at Vale
Boi. We expanded previous analyses of the vertical density of
archaeological finds (Cascalheira et al. 2017) to test hypoth-
eses on mobility and subsistence shifts (see Archaeological
Background). We also performed lithic refitting to identify
in situ occupations within layers deformed by tectonic pro-
cesses and buried by seismic rockfalls. Finally, we generated
a new Bayesian age model, together with SPD and Kernel
Density Estimate modelling (KDE) of radiocarbon ages, to
establish a robust geochronological framework for in situ
occupations and detect phases of decreasing site visits.

Electrical resistivity tomography (ERT)

ERTs 1-8 were acquired using a Geometrix Stratavisor NX
resistivity meter connected to a chain of 48 electrodes with
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an electrode spacing of 1 m, requiring the use of a roll-along
technique for ERTs 1 and 3. We collected the remaining
profiles ERTs 9—13, using a Lippmann 4—point light 10 W
attached to a chain of 20 electrodes with an electrode spac-
ing of 4 m. All ERT measurements were performed using a
pole-dipole array, to allow for deeper data acquisition. We
inverted and interpreted the measured resistivities with Res-
2Dinv 3.5. We evaluated the inversion results as pseudo 3D,
together with LIDAR as well as coring data, in the software
Blender 3.6.

Coring

Cores were drilled using Fraste Multidrill PL rotary equip-
ment. Sediment samples, measuring 77 mm in diameter,
were retrieved without the use of liners, from incremental
depths of 1.2 m. Core A was drilled down to a maximum
depth of 12 m, while Core B reached 9.7 m of depth. Drill-
ing in both cores was halted after breaching through con-
solidated bedrock.

Lithological descriptions

Geological exposures, core sediments, and profiles from the
archaeological excavation at the Terrace were cleaned, doc-
umented with photographs, and described following stan-
dardized protocols, which are detailed in Online Resources
ST 1.1 and ST 2.1.2.

Micromorphology

With the help of plaster bandages, six micromorphologi-
cal block samples were extracted from Section South at
the Terrace, covering GLs 2—7. Samples were sun-dried,
impregnated with a mixture of styrene, resin, and hardener,
let consolidate for about ten days in the fume hood, cut with
a rock saw, and shipped to Spectrum Petrographics Inc for
thin section production. For this study, a total of 11 thin sec-
tions (50 %75 mm, 30 mm in thickness) were analyzed and
described using stereo— and petrographic microscopes in
plane polarized (PPL) and crossed polarized light (XPL).
Further details concerning micromorphological methods
and analysis are reported in Online Resource ST 2.2.

Vertical trends in archaeological finds

We examined changes in the vertical density of the archae-
ological finds unearthed from 2003 to 2019. The analysis
focused on the most common classes of archaeological
materials occurring at the Terrace, namely lithics, bones,
and marine shells. Finds were assigned to the correspond-
ing GLs based on excavation fieldnotes and plotting of

total station data. To minimize the risks associated with this
retrospective attribution of the archaeological materials,
we restricted the analysis to the most laterally continuous
Paleolithic deposits preserved at the Terrace, namely GLs 3,
4,5,6,7,10, and 11. Previous studies detected two distinct
occupational phases with different archaeological signatures
within GL 5 (Belmiro et al. 2021, 2025). To harmonize with
this discrepancy, we treated the top and bottom of GL 5 as
two separate units. We calculated both the total density and
the relative percentages of the archaeological finds (Online
Resource Tables S21 and S23). We evaluated these results
against our geoarchaeological data, also using Spearman’s
rank correlation, to tease apart taphonomic biases and shifts
in hunter-gatherer behaviors.

Refitting of lithic artifacts

Lithic refittings were applied to most raw materials. Chert
and chalcedony were exclusively refitted for Excavation
Layers (EL) 4 and 4E to 7, while all raw materials excluding
quartz were refitted for ELs 4B to 4D (correlation between
EL and GL is explained in Online Resource ST 2.1). The
refittings were aided by the visual characterization of non-
chert raw materials such as greywacke and dolerite, and
though a systematic study of chert and chalcedony raw
materials. This study included the macroscopic description
of chert and chalcedony using a 10x hand lens and a Nikon
SMZ25 stereomicroscope and petrographic characteriza-
tion through thin sections of several identified types. The
combination of these methods allowed us to separate raw
materials into units, which greatly aided in the success of
the refitting process. The refits were complemented by tech-
nological studies, while knapping strategies were identified
based on the technical attributes of the cores and the blank
production. This allowed us to further classify and interpret
the nature of the refits (whether technological/anthropical or
conjoint/natural) (Tables S11 and S12). A detailed descrip-
tion of the refitting methods, analysis, and relevant refer-
ences are provided in Online Resource ST 2.4.

Age modelling of *C ages

For the age modelling published in this paper, we consid-
ered only reliable published '*C determinations performed
on charcoal and shell samples from the Proto-Solutrean
and Gravettian assemblages (Online Resources ST 2.5 and
Tables S13 and 14). We considered only the shell specimens
that XRD analysis indicated as not recrystallized (more
details in Online Resource ST 2.5). This selection left us
with 20 radiocarbon ages (Online Resource Table S13).
Based on total station point, we grouped the '*C ages by GL.
For layers with multiple ages, we ordered the dates based on
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their relative elevation above the bottom sedimentary con-
tact (DeltaZ in Online Resource Table S14). We preferred
this approach to the use of absolute elevation because of the
inclined geometry of the layers.

For the Bayesian modelling, we defined boundaries cor-
responding to the sedimentary contacts of the GLs. Excep-
tions are phases “Lower GL5” and “Top-GL 5/GL4a”
to better constrain early and late Proto-Solutrean stays.
Calibration and Bayesian modelling were performed with
the software OxCal 4.4. The curve IntCal 20 (Reimer et
al. 2020) was used to calibrate determinations performed
on charcoal samples. Seashell specimens were calibrated
using the curve Marine20 (Heaton et al. 2020) and a AR of
196+90, based on the closest marine core available (Soares
1993; Reimer and Reimer 2001). Bayesian modelling of the
20 selected radiocarbon ages produced a model with eight
ages showing poor Agreement (A <60, in Online Resources
Table S15 and S16). The good preservation indicated by the
XRD screening and the formation history of the site sug-
gest that these are likely inverted ages. To date in situ occu-
pations at the Terrace, we excluded ages showing A<60
and posterior outlier probability higher than 15% (Online
Resource Table S17). As a result, we obtained a final model
(Fig. 4) that shows good Agreement (Amodel=104.2 and
Aoverall=102.8) and convergence above 97% for all the
dates (Online Resources Table S18 and S19).

We coupled SPD and KDE of the modelled *C ages to
reduce the risk of misinterpreting artifacts introduced dur-
ing calibration (Ramsey 2017). We used the KDE Model
command in OxCal (Ramsey 2017), with default parameters
(code in Online Resources Table S20).

Results

Evidence of faulting from geophysical and coring
data

At the bottom of our Electrical Resistivity Tomography
(ERT) profiles, we detected a lithological unit that is at
least 20 m thick and composed of highly conductive lay-
ers (<10 Qm) alternating with more resistive beds (50
to 400 Qm. ERT-A in Fig. 3). Sedimentary exposures
as well as Cores A and B reveal that ERT-A is made
from bedded marls (Online Resources Figs. S1-S3 and
Table S1-S3). Along the passage from the valley floor
to the hillside, these beds are vertically displaced along
a moderately resistive (50—70 Qm) sub—vertical feature,
which dips westwards with an angle of approximately
70-60° (Fig. 3b). We interpret this feature as a reverse
fault (Davis et al. 2011; Nabi et al. 2020). Based on our
geological survey and previously published cartography
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(Rocha et al. 1975; Manupella 1992), this fault corre-
sponds to ASM (Figs. lc and 3a-b).

Geophysical and coring data show that the bedded
marls delimit a 0.9 ha depression, which is recognizable
in today s topography (bb" and cc” in Fig. 2) and encom-
passes the three archaeological areas (11 in Fig. lc). It
is filled with a 1-8 m-thick layer made from boulders of
crackle—mosaic breccia, which exhibit locally preserved
fossils (Figs. 3¢c—d) (Mort and Woodcock 2008; Shukla
and Sharma 2018). To our knowledge (Rocha et al. 1975;
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Fig. 4 Bayesian modelling of '*C ages from Gravettian and Proto-
Solutrean deposits at the Terrace. Calibration and Bayesian model-
ling were performed with the software OxCal 4.4. Charcoal samples
were calibrated with the curve IntCal 20 (Reimer et al. 2020). Seashell
specimens were calibrated with the curve Marine 20 (Heaton et al.
2020), using a AR of 196+90, based on the closest marine core avail-
able (Soares 1993; Reimer and Reimer 2001). Radiocarbon ages from
the terrace are correlated with Ice Rafted Debris (IRD) (Eynaud et al.
2009; Lowemark 2016) and Sea Surface Temperatures (SST) from
marine cores MD95-2042 and M39029-7 (Salgueiro et al. 2010, 2014),
as well as tree pollen counts from MD95-2042 (Sanchez Goiii 2014).
Age model of both cores from (Lisiecki et al. 2021). The location of
the cores is depicted in Fig. 1a.
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Manupella 1992), the only formations with preserved
fossils at Vale Boi are Jurassic limestones situated at the
mountain top (Online Resources Figs. S1f—g). Therefore,
before brecciation, these rockfall boulders eroded from
the uphill limestone outcrops. Brecciation was caused by
repeated extensional deformations, as evidenced by syn-
thaxial sigmoidal veins observed in Core A (Figs. 3d—e¢)
(Bons et al. 2012; Zhao and Li 2022) and parallel normal
faults identified in the ERT data (Fig. 3b). These faults
caused the subsidence and uphill tilting of both bedded
marls and rockfall boulders underneath the Terrace (ca.
40°) and Slope areas (ca. 10°), opening sedimentary traps
that enabled the accumulation and preservation of Pleis-
tocene sediments and archaeological remains (Bailey et
al. 1993; King et al. 1994; King and Bailey 2000).

Evidence of tectonic rotations and rockfalls within
the terrace sequence

The lowermost layer exposed in the archaeological trench
excavated at the Terrace corresponds to the brecciated and
tectonically rotated limestone rockfall detected by ERT and
coring (GL 12 in Figs. 3 and 5). This unit dips towards the
hilltop with a maximum inclination of approximately 35°
and was buried by rockfall layers (GLs 11, 10, 7, 8, and 5)
alternating with rarer mud (GLs 6, 5a, 4a) and debris flows
(GLs 4-1. Figures 5 and 6. Online Resources ST 2.1-2.2 and
Table S5). GLs 4a — 11 also underwent tectonic rotation, as
indicated by their uphill inclination (10° — 12°; Fig. 5a and
add’, and 7b). Tectonic activity diminished (or halted) after
the deposition of GL 4a, which dips towards the mountain-
top with an angle of just 4°. In contrast, the upper contact
of GL 4 is 1° inclined towards the valley bottom (Figs. Sa

and 6b). Based on these observations, we propose that the
Terrace sequence was deformed during two separate phases
of rotation. The first occurred after the deposition of GL 12,
while the second took place after the sedimentation of GL
5. The latter slowed down during the accumulation of GL
4a and halted during the deposition of GL 4. The hypothesis
that the Terrace underwent multiple rotations is further sup-
ported by the cracked—&—sealed sigmoidal veins (Bons et
al. 2012) identified in the core-retrieved breccia at the bot-
tom of the archaeological sequence (Fig. 3e).

Human occupations between rockfalls and tectonic
rotations at the terrace

Lithic refitting, radiocarbon dating, and micromorphol-
ogy confirm multiple in situ human occupations embedded
within the tectonically tilted rockfalls at the Terrace (Figs.
6-8). Gravettian foragers performed domestic activities
above the rockfall blocks of GLs 10 and 7, as evidenced
by nine technological refits (blank—blank and core—blank in
Figs. 6 and 7. Online Resources Table S9), dating between
29.4 and 29.1 and 25.6-25.2 ka cal BP (Wk-30676.2 and
End GL6 in Fig. 4). At the upper contact of GL 7 and within
GL 6, elongated fragments of limestone, sandstone, marl,
lithic artifacts, and unsorted bones crushed in situ (Miller et
al. 2013) delimit stacked trampling surfaces (Fig. 8).

Our results suggest a gap in lithic refitting within GL 5
(Fig. 6b and Online Resource Table S9), potentially corre-
sponding to a previously observed decline in chert and rise
in quartz raw materials (Belmiro et al. 2021), for which no
refitting was attempted. Nonetheless, seashells confirm that
early Proto-Solutrean hunter-gatherers camped on the rock-
fall boulders of lower GL 5, between 25.4 and 24.4 ka cal

Fig. 5 Seismic rockfalls and upslope tectonic tilting at archaeological
excavation. (a) Southward view of the trench dug at the Terrace (pho-
togrammetric model compiled at the end of the archacological excava-
tion, in 2019). White lines and numbers indicate the Geological Layers
(GLs) distinguished in the southern section of the trench. Archaeologi-

Rockfall

m
012345 6m

cal excavation halted on a massive rockfall layer, which, to the west,
appears brecciated (b, ¢). (dd") Topography of modern ground surface
(black line) and rockfall (red line) along the northern section of the
trench. Note the uphill inclination of both the faulted rockfall (dd ") and
the above-lying GLs 5-11 (a)
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Fig. 6 In situ human occupations at the Terrace. (a) Section east and
(b) Section south from the Terrace showing Geological Layers (GLs,
depicted in black), and micromorphological samples (1). (a) shows
14C ages (2) and refitting lithics (3— 6) from the excavation squares
H18—21 and I 18 — 21. (b) depicts '“C ages (2), refitting lithics (3— 6),
and remains of Littorina littorea (7) from the excavation squares H18
— 19,118 -19,J18 — 19, K18 — 19, and L18 — 19. The location of both
sections and the corresponding excavation squares are shown in Fig.
2. Refitting pieces are displayed as blanks (3), cores (4), shatters (5),
and blank fragments (6). Note that the refitting lithic from Excavation

BP (start and end of Lower GL 5 in Fig. 4). This interpreta-
tion is ensured by the fact that Littorina littorea remains at
the Terrace were retrieved only between and above the boul-
ders of GL 5 (Belmiro et al. 2021), aside from a lower shell
fragment that was possibly displaced by post-depositional
tectonic rotation (7 in Fig. 6b).

Evidence of in situ late Proto-Solutrean domestic activi-
ties consist of nine technological lithic refits buried between
the top of GL 5 and the bottom of GL 4a (Figs. 6 and 7),
dating between 23.8 and 23.1 ka cal BP (between Start and
End Top GL5/GL4a in Fig. 4). In situ Solutrean stays are
indicated by three refits at the bottom of GL 4, which exhibit
a lower vertical dispersion than earlier Proto-Solutrean and
Gravettian connections (Fig. 6), as they were discarded
above smaller limestone blocks and were disturbed by lower
rates of tectonic rotation.

Vertical trends in find density and taphonomy

Within the eight most laterally continuous deposits pre-
served at the Terrace, the total density of archaeological
finds seems to decrease as the coarse sediment fraction
increases (Fig. 9). This trend appears supported by a strong
negative Spearman correlation (p = —0.70, p=0.054).
Though just above the significance threshold, likely due to
the small sample size (n=8), the test suggests that layers
rich in gravel and boulders provided less space for the accu-
mulation of archaeological material. We conclude that total
find density cannot be used as a proxy for site use intensity.
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Layer (EL) 5 comes from the upper contact of the Gravettian EL 6.
This suggests that this lithic artifact is likely part of the Gravettian
assemblage. For this reason, in this figure, EL 5 is indicated as Gravet-
tian and not as Proto-Solutrean. In our study, only the assemblages
excavated after 2011 were investigated for refitting analysis, corre-
sponding to the listed excavation squares (left and below dotted white
line inb). Plotted '*C ages: Wk—35717 (C), Wk-35712 (D), Wk-35713
(E), Wk-30676.2 (F), Wk-30679.2 (G), Wk-30677.2 (H), Wk-42831
(I), BRA-4946 (J), Wk—50390 (K), Wk—42830 (L). For the position-
ing of the remaining radiocarbon dates see Online Resource Figure S8

From GL 11 to Lower GL 5, relative bone density
declines progressively (Fig. 9), while rates of bone
weathering remain consistent (Fig. 8b and c¢; Online
Resource Fig. S5, ST 2.2 and ST 2.3). This pattern indi-
cates that foragers gradually processed and discarded
fewer animal carcasses at the Terrace. During the Gravet-
tian (up to GL 6), this behavior coincided with intensive
use of non-local chert and dolerite (Belmiro et al. 2025),
suggesting increased forager mobility. The persistent
presence of neonatal ungulates indicates shorter or less
frequent stays in spring—summer (Manne et al. 2012;
Manne 2014). During the early Proto-Solutrean (Lower
GL 5), bone discard reached its minimum, whereas the
use of non-local raw materials (Belmiro et al. 2025) and
the disposal of marine seashells remained stable (Fig. 9).
These trends suggest a phase of heightened mobility and
comparatively more intensive consumption of marine
resources.

In Top GL 5, bone density rises again while preserva-
tion indices remain similar (Fig. 9. Online Resource ST 2.2—
2.3). This increase, together with a drop in non-local chert
(Belmiro et al. 2025), suggests longer or more frequent late
Proto-Solutrean stays.

In GLs 4 and 3 (Solutrean), both bones and shells decrease
sharply (Fig. 9). Micromorphology shows the first appear-
ance of clay-illuviation pedofeatures at the Terrace (Online
Resource Fig. S6), indicating warmer and seasonally wet-
ter conditions that most likely enhanced the dissolution of
biogenic remains (Online Resource Fig. S5) (Fedoroff 1997;
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Fig.7 Representative lithic refits
from the Terrace. (a) Core-blank
refitting on chert from the Gra- a
vettian Excavation Layer (EL)

6. (b) Core-fragment refitting on
chert from the Proto-Solutrean
EL 4E; (c) Blank-blank refitting
on chert from the Proto-Solutrean
EL 4E/5; (d and e) Blank-blank
refitting on chert from the
Gravettian EL 6; (f) Retouched
blank-retouched blank refitting
on greywacke from the Solu-
trean EL 4. In bold, the identifier
of each refitting. Correlation
between EL and Geological
Layers (GLs) in Online Resource

Table S8 VB-6-1

VB-4E/5-10

VB-4D-15

Torrent 2005; Gunal and Ransom 2006; Herrmann et al.
2022).

Overall, although biased by geogenic site formation pro-
cesses, find-density patterns at the Terrace reliably track
changes in forager behaviors across Gravettian and Proto-
Solutrean phases.

Phases of less intensive site visits

Bayesian, SPD, and KDE modelling of radiocarbon ages
highlight three possible intervals of decreased activity (Figs.
4 and 10):

1. A 2.9-2.0 ka gap separates GL 11 from occupations
above the rockfall GL 10. We consider this break

3cm

VB-4E-9

VB-6-18

VB-6-21

reliable, as it is constrained by specimens with minimal
vertical and horizontal offset (Fig. 6). Although this hia-
tus partly coincides with HE 3, the hypothesis that this
abandonment was triggered by climatic deterioration is
not supported by regional and site-scaled environmental
data (more details in the discussion section).

A possible 2-2.5 ka hiatus between GL 7 and 6 appears
in SPD and KDE but may reflect insufficient dating, as
micromorphology and artifact densities show continued
use (Figs. 6 and 8, and 9).

A 1.5-0.6 ka hiatus divides early and late Proto-Solu-
trean occupations. It was likely during this break that
the Terrace underwent a phase of tectonic rotation dur-
ing which the rockfall GL 5 was tilted towards the hill-
top (Figs. 6b and 10).
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Fig. 8 Micromorphological evidence of in situ human occupations at
the Terrace. (a) Thin section scans from the contact between GL 7 and
GL 6 exhibiting bedded deposits. Slides produced from block labelled
as (M) in Fig. 5. (b) Photomicrograph from (a) exhibiting stacked sur-
faces delimited by lithic fragments made from quartz (Lithics) and
bones (Bones), in crossed-polarized light (XPL). (¢) XPL photomi-
crograph from (b) showing a trampled bone fragment, which was also
extensively replaced by calcium carbonate

Discussion

Tectonic and seismic activity at Vale Boi and their
regional implications

Based on our geophysical, coring, and stratigraphic data,
we propose that during the late Pleistocene ASM acted
as a reverse fault, likely part of the larger BSJ system
(Dias et al. 2010) (Fig. 1b). Minor normal faults at Vale

Fig. 9 Shift in lithology and find = (a) Grainsize
density at the Terrace. (a) Grain g GL3 ! ! !
size; (b) Total find density; (c) 2
Relative find density of lithic » GL4
artifacts, bones, and shells g Top GL 5

a LowerGL5

c GL6

8

E GL7

& GL10

© GL11

0

I Boulder M Cobble [ Coarse Gravel
Fine Gravel

Medium Gravel

@ Springer

Local Cold . Warm No
Climate dry arid Wet Data

Upslope /f—ﬂ\/' -0°
Inclination |+ tectonic tits —-10°
Seismic rockfalls ~20%
Boulders 2 e

0%

G GLs ?
[a . +11 3
X 3 g
2 3 o &
3 Q3 Lo &

C O F O
833 &g
2 3 2
5 3 r<
8 oF 1 Fo ®
o L + n=11 S
o =

40000 35000 30000 25000 20000 15000

Modelled date (calBP)

Fig. 10 Gaps in radiocarbon dating versus tectonic processes and cli-
matic oscillations at the Terrace. At the bottom of the figure, a com-
parison between the Summed Probability Distribution (SPD, in solid
black) and Kernel Density Estimate modelling (KDE) of the modelled
radiocarbon ages plotted in Fig. 4. The median of each age is plotted
as a cross, with colours indicating the respective Geological Layers
(GLs) as indicated in the legend. This plot was generated with the soft-
ware OxCal 4.4. The subpanel “Boulders” displays the relative amount
of boulder limestone blocks accumulated at the Terrace. Subpanel
“Upslope Inclination” shows shifts in the inclination of the Terrace
deposits (°). Subpanel “Local Climate” depicts our climatic recon-
struction based on micromorphological results presented in this paper,
combined with previously reported seashell and faunal data from the
Terrace (Manne et al. 2012; Manne 2014; Belmiro et al. 2021). The
Heinrich Event 2 (HE 2) corresponds with the phase labelled as “Cold
arid”

Boi were probably triggered by drag deformations along
ASM (Online Resource Fig. S9a) (Grasemann et al. 2005;
Breesch et al. 2009). Tectonic movements caused the
depression of part of the hillside, which was subsequently
filled with the rockfall GL 12, before 32.5-31.7 ka cal BP
(Fig. 4). Rockfall remained the predominant sedimentary
process until 25.2-24.4 ka cal BP (end Lower GL 5 in Fig.
4). Previous works showed that rockfall activity increases
with higher temperatures, or with sudden and intensive
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rainfalls (Z&€zere et al. 2015; D’ Amato et al. 2016). Micro-
morphological (Online Resources ST 2.2-2.3), malaco-
logical, and zooarchaeological data (Manne et al. 2012;
Manne 2014) show that at the Terrace rockfalls occurred
during dry and cool phases, ruling out the possibility that
this sedimentary process was controlled by climate. Based
on seismic-induced mass-wasting records in Portugal (Vaz
and Zézere 2016), we propose that earthquakes triggered
rockfalls at the Terrace. The lack of seismic deformation
microstructure in our thin sections does not contradict this
interpretation, since such features typically develop only
where the affected surface and subsurface exhibit marked
contrasts in density or permeability (Gaggioli 2024). These
conditions are not present at the Terrace, which explains
their absence. Previous studies show that earthquakes can
dislodge boulders of 1-2 m*® by 40 to 360 m downslope
(Koukouvelas et al. 2015). Among the rockfalls unearthed
at the Terrace, which is located 72 m from the limestone
cliff above Vale Boi, GLs 12, 10, and 5 exhibit boulders
that are at least 1 m® in size (Figs. 5 and 6b). Therefore,
we interpret these deposits as seismically triggered. Bayes-
ian modelling of GLS11-5 suggests that seismic events at
the site occurred every 3.6 ky, between 32.5 and 31.7 and
25.2-24.4 ka cal BP (Fig. 4).

Based on shifts in the geometry of the deposits, we pro-
posed that the archaeological sequence accumulated at the
Terrace underwent two separate phases of tectonic rotation,
after the deposition of GL 12 and after GL 5. This deforma-
tion was possibly due to earthquakes or post-seismic stress
transfer (Albano et al. 2021). Rockfalls and slip movements
on slopes like Vale Boi’s (up to 40°) can be triggered by
earthquakes as weak as 5.7 M,, with epicenters as far as
100s km (Bull 1996; Marzorati et al. 2002; Vaz and Zézere
2016; Wallace et al. 2017). ASM has a total length of 7 km.
Based on the regression analysis of surface rupture length
on moment magnitude (Wells and Coppersmith 1994), ASM
can generate earthquakes with a maximum 6.1 M,,. We con-
clude that seismic activity along ASM likely triggered the
rockfalls and tectonic rotations observed at the Terrace.
Alternatively, these features may have been caused by the
neighboring BSJ and STAS, which can generate earthquakes
up to 6.2 M,, and 6.8—7 M,, (Dias et al. 2010; Figueiredo et
al. 2011, 2018).

Previous works proposed that past earthquakes caused
cave collapses in the Algarve, hindering the development
of large karstic systems and possibly deeply burying evi-
dence of Paleolithic cave use (Regala 2021; Barbieri et
al. 2023). Our findings provide the first direct evidence of
seismic events capable of such destruction while the region
was inhabited by Upper Paleolithic hunter-gatherers. While
modern and historical seismic rockfalls have been reported
mainly north of Lisbon (Vaz and Zézere 2016), our study

reveals that on-shore earthquakes can trigger this mass-
wasting process also in the Algarve. These findings should
be considered in future hazard studies, particularly in the
western Algarve, where carbonate cliffs prone to collapse
are widespread and visited by millions of tourists each sum-
mer (Teixeira 2014).

Resilience strategies in response to tectonic events
atVale Boi

The Vale Boi sequence allows the first reconstruction of
hunter-gatherer resilience to recurrent seismic events older
than 13 ka. Using Halstead and O’Shea’s (1989) four adap-
tive domains—mobility, food economy, storage, and social
networks—we can link specific behavioral adjustments to
phases of tectonic and seismic instability.

Mobility

SPD indicates a 2.9-2 ka gap between GL 11 and the for-
ager occupations above the seismic boulders of GL 10
(Fig. 10). This hiatus partly overlaps with HE 3. Neverthe-
less, sea surface temperatures (SST) from the nearby core
M39029-7 (Fig. 4), as well as seashell (Online Resource
ST 2.3) and faunal data from the Terrace (Manne 2014)
show mild and stable conditions at Vale Boi and along the
southern Portuguese coast. This makes it unlikely that this
abandonment was a response to climatic stress. Similarly,
the massive GL 10 rockfall might have made camping at
Vale Boi less desirable. However, it seems unlikely that
the effects of such landscape disruption lasted for millen-
nia. Instead, this gap might reflect a long-term strategy to
mitigate seismic hazards by relocating to other areas of
southern Portugal less affected by seismic mass-wasting,
to reduce the risks of casualties and key campsite destruc-
tion. Comparable long-term shift in settlement dynamics
has been documented in Holocene contexts where tsu-
nami and earthquake hazards shaped settlement memory
(Salazar et al. 2022).

At the transition from late Gravettian to early Proto-
Solutrean, seashell density remains relatively stable, bone
density reaches its minimum (Fig. 9), while SPD and KDE
show a relatively continuous human presence (GLs 6 and
Lower 5 in Fig. 10). These data suggest a phase of shorter
or less frequent stays rather than complete abandonment.
The introduction of imported dolerite tools (Belmiro et al.
2021) and the continued use of far-sourced cherts (<200
km; Belmiro et al. 2025) reinforce this interpretation. Early
Proto-Solutrean foragers encountered two simultaneous
stressors. First, they occupied the Terrace (shortly) after
the seismic rockfall of Lower GL 5 (Fig. 6b). Second, their
chronology overlaps with HE 2 (Fig. 4), a climatic event
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that, unlike HE 3, brought marked environmental deterio-
ration to Vale Boi’s refugium. This is reflected in the first
and only appearance of Littorina littorea remains at the
Terrace — a shell species capable of withstanding sub-zero
water temperatures (Murphy 1979) — as well as drops in
sea surface temperatures and peaks in ice-drafted debris in
nearby marine cores (Fig. 4). Therefore, we hypothesize
that hunter-gatherers limited the duration and/or frequency
of their stays at the Terrace to mitigate both sudden seismic
risks and broader climatic decline (more details under the
next subsection “Food economy™).

SPD and KDE indicate a 1.5-0.6 ka gap separating
the early and late Proto-Solutrean occupations (Fig. 10).
This hiatus coincided with high tectonic rotation rates that
caused slope instability. Similar to the Gravettian gap,
this interruption in occupation may reflect a long-term
strategy to mitigate tectonic hazard (Salazar et al. 2022).
Further research is necessary to test these alternatives.
Compared with the Gravettian, Proto-Solutrean foragers
had stronger incentives to move away from the unstable
Vale Boi. The leading motive was the improved climate
across southern Iberia, as shown by the increase in tree
pollen count and sea surface temperature in marine core
records (Fig. 4).

SPD and KDE peaks (Fig. 10), the high density of accu-
mulated bones (Fig. 9), the increased frequency of lithic
refits over time (9/0.7 ka contrasting with 9/4 ka for the Gra-
vettian), and the more intensive use of local raw materials
(Belmiro et al. 2025) mark a sharp increase in the frequency
of forager visits at the Terrace during the late Proto-Solu-
trean. It is probably not coincidental that this reduction in
mobility was paralleled by subsiding tectonic activity and
the onset of a cool and dry climate at Vale Boi (Online
Resource ST 2.3).

Food economy

At Vale Boi, previous works suggested a change in food
economy during the Solutrean, which sees a sharp decline
in seashell remains (Manne et al. 2012; Manne 2014).
Our results, however, indicate that this drop reflects the
more intensive dissolution of this material class (Online
Resource Fig. S5), rather than a change in foraging behav-
ior. Our study also shows that, while bone density dropped,
seashell density remained consistent across late Gravettian
and early Proto-Solutrean (Fig. 9). This pattern may reflect
increased consumption of seafood, possibly linked to HE
2, and may explain why these foragers returned to this site
despite seismic and rockfall hazards. During HE 2, envi-
ronmental conditions across southwestern Portugal deterio-
rated (Fig. 4), possibly leaving local early Proto-Solutrean
groups with very limited landscape options and depleted
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game populations (Belmiro et al. 2021). Under these stress-
ors, returning to Vale Boi might have been an effective
resilience strategy to access a key campsite for shellfish
gathering along the Atlantic coast and Boi estuary. At the
same time, restricting the duration of stays at the Terrace
was probably an adjustment to mitigate seismic-related haz-
ards. In sum, our data suggest that, although abandonment
was often the default hunter-gatherer response to external
pressure (Riede 2014; Riede et al. 2017), geographically
extensive (Wren et al. 2025) and overlapping stressors may
at times have made intermittent human presence the most
viable survival strategy.

Storage

The practice of storing caloric reserves through rendering
and drying of animal fats continued at the Terrace inde-
pendently from tectonic and seismic activity, as previously
evidenced by the constant presence of fragmented fat-rich
bones, pitted greywacke anvils, and fire-cracked quartz
through all the excavated layers (Manne et al. 2012; Bicho
etal. 2013; Manne 2014).

Social network

Before and after seismic rockfalls, the Gravettian and early
Proto-Solutrean assemblages of Vale Boi continued to be
characterized by expedient lithic solutions and a lack of
super-regional typo-technological markers, suggesting lim-
ited interaction with hunter-gatherers beyond southwestern
Portugal (Marreiros et al. 2018; Belmiro et al. 2021). Such
a close-knit regional network likely facilitated the sharing
of reliable information, helped alleviate anxiety, improved
economic recovery, and supported decision-making about
evacuation and relocation, as observed among modern com-
munities impacted by seismic destruction (Hoffman and
Oliver-Smith 2002; Pu et al. 2021; Lagap and Ghaffarian
2024). Although it is difficult to demonstrate that strong
regional ties were intentionally maintained, they almost cer-
tainly afforded Vale Boi foragers advantages in coping with
high-stress events such as the aftermath of seismic rockfalls.

After a phase of tectonic tilting and subsequent abandon-
ment (Fig. 10), the late Proto-Solutrean assemblage from
the Terrace shows the appearance of Vale Comprido points
and engraved plaquettes bearing motifs widespread across
Iberia (Bicho et al. 2012b; Belmiro et al. 2021). These
archaeological markers indicate a post-tectonic expansion
of super-regional connections, which might have been
intentionally fostered to buffer future episodes of resource
scarcity (Wren et al. 2025) and, in the case of Vale Boi, to
prepare for the possible loss of key campsite locations due
to earthquake damage.
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Conclusion

The Vale Boi sequence documents how recurrent, mid-mag-
nitude earthquakes reshaped both landscape dynamics and
human behaviors in southwestern Iberia between ~32 and
24 ka cal BP. Faulting along ASM generated sedimentary
traps that preserved a deep, though laterally discontinuous,
archaeological sequence and exposed foragers to periodic
rockfalls and slope tilting. These events, probably triggered
by >5.7 Mw earthquakes (Bull 1996; Vaz and Zézere 2016),
produced alternating phases of destruction, abandonment,
and reoccupation detectable in the Terrace deposits.

Despite recurrent seismic disturbance, Gravettian and
Proto-Solutrean hunter-gatherers consistently returned to
Vale Boi. They did so by actively managing rather than
merely enduring environmental risk, through a flexible resil-
ience repertoire comparable to that described in later Holo-
cene forager contexts (Torrence et al. 2000; Oetelaar and
Beaudoin 2016; Salazar et al. 2022; Damlien et al. 2024).
Following major earthquakes, hunter-gatherers increased
mobility and even abandoned the site but maintained access
to key local resources, as indicated by overall long-term
stability in subsistence and storage systems (Manne et al.
2012; Bicho et al. 2013; Manne 2014). When seismic and
climatic stressors coincided — notably during HE 2 — for-
agers visited the Terrace for short stays to limit seismic
risks and maintain access to increasingly vital coastal and
estuarine resources. These behaviors demonstrate endur-
ing place attachment and knowledge of safe reoccupation
windows—hallmarks of collective environmental memory.
As tectonic activity waned, mobility decreased and social
networks expanded, reflected in the spread of super-regional
lithic types and symbolic motifs (Bicho et al. 2012b; Mar-
reiros et al. 2016; Belmiro et al. 2021). This transition sug-
gests that cooperative ties functioned as a proactive buffer
against future shocks, echoing resilience models proposed
by Halstead and O’Shea (1989) and by recent ecological
frameworks (Folke 2006; Wren et al. 2025).

Our interpretations necessarily remain tentative. They
derive from a single site, where depositional processes, tec-
tonic events, and behavioral changes are tightly interlinked
but not always easily separable. Further work is required
to identify additional sites in southern Portugal with chro-
nologies comparable to Vale Boi—both with and without
evidence of seismic destruction—to evaluate how repre-
sentative the patterns described here may be (Riede 2014).
Such comparative data will help test whether the behaviors
inferred at Vale Boi reflect local contingencies, broader
regional adaptations, or elements of a more general Upper
Paleolithic risk-management strategy.

Though needing further validation, our results extend
the record of human seismic resilience by nearly twenty

millennia and complement earlier discussions of tecton-
ics as a structuring force in human evolution (Bailey et
al. 1993; King and Bailey 2006). Vale Boi suggests that
risk-management behaviours — including flexible mobility,
resource buffering, and social cooperation — were already
integral to middle Upper Palaeolithic lifeways. The capacity
to anticipate and adapt to geological hazards emerges here
as a deep-rooted element of human behaviour.
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