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Abstract
The emergence of the mode 2 technocomplex, traditionally characterized by the development of large cutting tools (LCTs) 
or standardized large-shaped tools, has also implied a range of new technological behaviours. These include enhanced raw 
material management, more sophisticated knapping strategies, and transport patterns, among other innovations. Unit II of the 
localities of La Mina, El Forn, and Pit 1 in El Barranc de la Boella (Tarragona, Spain) — dating back to between 0.99–0.78 
million years ago — contains the oldest mode 2 assemblages in the European subcontinent and represents an exceptional 
opportunity to examine the technological features associated with the appearance of LCTs in Europe and to provide clues to 
shed light to different hypotheses about their appearance. The presence of functionally diverse but environmentally similar 
localities enables a study of behavioural flexibility and technological variation, marking a critical contribution to under-
standing early human technological evolution. Our research focuses on the technological behaviours of hominins in unit II 
of Pit 1, La Mina, and El Forn at Barranc de la Boella, examining five keys technological aspects such as (1) raw material 
management, (2) core reduction sequences, (3) reduction intensity, (4) large flake production, and (5) the spatiotemporal 
integrity of reduction sequences. We compare these behaviours with those observed in mode 1 (~ 1.8–0.9 Ma) and early 
Middle Pleistocene (~ 0.78–0.6 Ma) assemblages across western Europe. Our findings reveal significant advancements and 
anticipatory behaviours at El Barranc de la Boella, such as the use of procedural templates for core reduction strategies 
and the production of large-shaped tools governed by principles of gestural economy, and also the existence of different 
reduction sequences in different raw materials according to specific purposes. The technological behaviours observed at El 
Barranc de la Boella seem to be more indicative of population dispersals rather than local evolutionary developments from 
mode 1 technologies. The non-linear evolution of core knapping strategies, along with the variability in large-shaped tool 
types, suggests multiple waves of hominin dispersals into Europe during this crucial period. We propose that El Barranc 
de la Boella may represent an early dispersal of the Acheulean from Africa around 1.4 million years ago, potentially con-
nected to assemblages such as ‘Ubeidiya. This study underscores the complexity of lithic technology during this period and 
contributes significantly to our understanding of the complex emergence and adoption of new technological behaviours in 
European early mode 2 assemblages, extending beyond the mere appearance of LCTs.

Keywords El Barranc de la Boella · Mode 2 · Acheulean · Core knapping strategies · Technological behaviours · Reduction 
intensity · Late Early Pleistocene

Introduction

The presence of large cutting tools (LCT) or standardized 
large-shaped tools has traditionally been considered the best 
cultural marker for the mode 2 or Acheulean (e.g. Clark, 

1969; Finkel & Barkai, 2018; Hodgson, 2015; Moncel et al., 
2016; Sharon, 2009). Among them, the handaxe, due to its 
easy recognition, wide geographic distribution, and its ubiq-
uity in the archaeological record over time, has been the 
focus of numerous technological studies. Several authors 
have emphasized the involvement of complex cognitive 
capabilities in the production of these large tools, among 
other LCTs, such as the ability to impose shapes also knows Extended author information available on the last page of the article
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as mental templates (Gowlett, 1986). This is considered a 
significant advance in cognitive capabilities and technical 
skills compared to preceding technocomplexes such as the 
Oldowan or mode 1 (Corbey et al., 2016; Goren-Inbar, 2011; 
Gowlett, 1986; Stout, 2011; Stout et al., 2015; Wynn, 2002). 
Thus, this iconic tool has been considered a milestone in the 
evolution of the technological behaviour of the genus Homo 
and an insignia of cognitive complexity.

These reasons explain the proliferation of studies measur-
ing variability of handaxes. This includes the study of their 
shapes (García-Medrano et al., 2018, 2020a, b; Herzlinger 
& Grosman, 2018; Herzlinger et al., 2017; Hoggard et al., 
2019; Key & Lycett, 2017) and their relationship with other 
factors, such as raw material properties (Ashton & McNabb, 
1994; Jones, 1979), reduction intensity (McPherron, 1994, 
1995, 2000; Shipton & Clarkson, 2015a), and other techno-
logical aspects, such as symmetry (Cole, 2015; Hodgson, 
2009, 2011, 2015; Hoggard et al., 2019; Ioviţǎ et al., 2017; 
Machin et al., 2007; Mcnabb & Cole, 2015). Additionally, 
the gestures involved in their production have been studied 
(Cueva-Temprana et al., 2019; Geribàs et al., 2010) as well 
as the social transmission mechanisms necessary to transfer 
the knowledge to produce them (Putt et al., 2014), among 
many other aspects (Fedato et al., 2020; Key & Lycett, 2017; 
Key et al., 2016; Muller & Clarkson, 2016; Muller et al., 
2017; Silva-Gago et al., 2022).

Nevertheless, handaxes are only one type of standard-
ized large-shaped tools, which also include picks, cleavers, 
knives, and others. The production of these tools represents 
only one facet of polyhedral and variable human behaviour. 
Therefore, although the presence of LCTs — regardless of 
their frequency — is the main characteristic of the emer-
gence of this technocomplex (de la Torre, 2009; de la Torre 
& Mora, 2014, 2020; Gowlett, 1986; Stiles, 1980, 1991), 
there are other elements that allow for further definition and 
characterization of the behaviours associated with the mode 
2 (de la Torre, 2009, 2011; de la Torre & Mora, 2018; de la 
Torre et al., 2008). This perspective has partially overcome 
the LCT-centric view and challenged the static and immov-
able vision of the mode 2 (Gallotti & Mussi, 2018).

New (Mode 2) Behaviours in Africa

Therefore, it has been argued that in early African mode 2 
assemblages (approximately 1.7–1.5 Ma), such as Gadeb 
and Melka Kunture (Ethiopia) in East Africa, the ability to 
produce LCTs has been accompanied by several new tech-
nological behaviours, including (1) greater complexity in 
raw material management, (2) diversification and greater 
complexity of knapping strategies, (3) the ability to pro-
duce large-size flakes (> 10 cm), (4) temporal and spatial 
fragmentation of reduction sequences, and (5) changes in 
land-use and environmental management (de la Torre, 2011, 

2016; de la Torre & Mora, 2018; Gallotti, 2013). These 
behavioural changes would represent more complex or 
efficient ways of adapting to the environment (Antón et al., 
2014; Cachel & Harris, 1998; Gowlett et al., 2012).

However, there is no techno-typological homogeneity in 
early LCTs. Additionally, their appearance in the archaeo-
logical record does not necessarily imply changes in favour 
of all the behaviours described above. First of all, it appears 
that the LCTs are not typologically or technically homogene-
ous: In FLK West (Diez-Martín et al., 2016; Sánchez-Yustos 
et al., 2017b), some LCTs exhibit a markedly symmetrical 
character, while in other East African sites, such as Konso 
(Beyene et al., 2013), Gona (Semaw et al., 2018), and Kok-
iselei 4 (Lepre et al., 2011; Roche et al., 2003), this feature 
is absent. However, these assemblages share certain charac-
teristic features, such as an association between the presence 
of LCTs and large flakes.

In addition, the dynamics reflected in core reduction strat-
egies do not seem to represent a simpler scenario. In some 
cases, the knapping methods reflect complex volumetric 
management, such as at the SHK and BK sites at Olduvai 
(1.5 Ma) (Sánchez-Yustos et al., 2017a) or in the Olduvai 
BK and TK Upper Floor (1.35 Ma) (de la Torre & Mora, 
2005). This complexity in core management is related to 
systematic preparations of the percussion platforms in sites 
such as Melka Kunture (Gallotti, 2013) or to the presence of 
bifacial hierarchical centripetal cores in Peninj (de la Torre, 
2009; de la Torre et al., 2008).

However, in other assemblages such as Gadeb, the core 
reduction sequences are generally expedient and quite sim-
ples, with the exception of Gadeb 2E, where the knapping 
methods are more structured (de la Torre, 2011). Moreover, 
in both Gadeb and Peninj, knapping strategies remained 
unchanged regardless of the LCT presence (de la Torre, 
2009).

This variability in technological behaviour can be identi-
fied in other regions such as South Africa. For instance, in 
the Sterkfontein site, the presence of LCTs is linked to dif-
ferential raw material management. Conversely, in different 
test pits at Rietputs 15, there is a notable diversity in core 
reduction strategies. Some assemblages, such as Artefact 
Collection Pit, employ simple knapping methods (Kuman & 
Gibbon, 2018). In contrast, more organized knapping strate-
gies have been documented in other assemblages, such as Pit 
5 at Rietputs 15 (1. 3 Ma) (Leader et al., 2016) and Canteen 
Kopje (1.51 Ma) (Leader, 2014). The complex volumetric 
management of cores are closely associated with differential 
raw material management (Leader et al., 2016).

Outside Africa, at Attirampakkam (Indian subcontinent) 
(1.51 ± 0.07 Ma) (Pappu et al., 2011), studies point to LCTs 
appearing accompanied by fragmentation of reduction 
sequences, hierarchical organization of knapping sequences, 
the ability to produce large flakes, and a higher degree of 
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planning, reflected in the management of raw material in 
a scenario of scarce lithological resources (Kumar Akh-
ilesh & Pappu, 2015; Pappu & Akhilesh, 2019), in ‘Ubei-
diya (1.5/1.4 Ma) in the Levant (Bar-Yosef & Goren-Inbar, 
1993), the appearance of LCTs occurs in parallel with a very 
marked raw material management and a fragmentation of the 
reduction sequences (Herzlinger et al., 2021).

What About Western Europe?

In western Europe, the presence of certain large-shaped tools 
in the lithic assemblages of El Barranc de la Boella (La Can-
onja, Tarragona, Spain) has made it possible to classify this 
archaeological site as mode 2 or Acheulean, anticipating the 
arrival of this technocomplex until approximately 1 Ma ago 
and reducing the chronological gap between Europe, Asia, 
and Africa (Mosquera et al., 2016; Vallverdú et al., 2014b). 
In this regard, El Barranc de la Boella appears to be an early 
mode 2 site, with particular features in terms of production 
of large-shaped tools (mainly picks) that have been linked 
to a so far undetected African dispersal to Europe, possibly 
linked to the one represented by sites as ‘Ubeidiya, given the 
affinities between the two assemblages (Ollé et al., 2023).

This, together with the discovery and review of other 
assemblages, such as the level US4 of the Bois-de-Riquet 
(France) (Bourguignon et al., 2016a; Viallet et al., 2022), 
the Notarchirico sequence (Carpentieri et al., 2023; Chavail-
lon & Berthelet, 2004; Moncel et al., 2019, 2020b; Santa-
gata et al., 2020), La Noira Stratum a (Despriée et al., 2015; 
Hardy et al., 2018; Moncel et al., 2016, 2020a, 2021), and 
Moulin Quignon (Antoine et al., 2019), has made it possible 
to draw a more complex scenario for the appearance of the 
Acheulean — or Acheuleans (Moncel et al., 2016) — in 
western Europe, as well as to characterize the lithic assem-
blages associated with these occupations.

Once again, the analysis of these assemblages has mainly 
focused on the techno-typological study of LCTs and on 
the reconstruction of their chaînes operatóires or reduc-
tion sequences (García-Medrano et al., 2022; Ollé et al., 
2023; Viallet et al., 2022). However, changes in technologi-
cal behaviour that may be associated with the appearance 
and presence of LCTs have not yet been studied in depth, 
although some advances have been made, especially related 
to the evolution of technological behaviour throughout the 
Middle Pleistocene, deepening changes in land-use patterns, 
and the development of new core technologies (Moncel 
et al., 2021).

In this regard, El Barranc de la Boella is an exceptional 
window to evaluate the technological changes that accom-
pany the appearance of LCTs in Europe, providing clues 
about their appearance in Europe (in situ evolution, diffu-
sion, or arrival). Moreover, the coexistence of three func-
tionally diverse localities with similar ecological contexts 

(Mosquera et al., 2015; Pineda, 2018; Pineda et al., 2015, 
2017b) allows us to evaluate behavioural flexibility in this 
period through the study of inter-assemblage variability, 
representing a step forward in the study of technological 
behaviour during this crucial period of human evolution.

In this study, we investigate the technological behaviours 
exhibited by these hominins at the sites of Pit 1, La Mina, 
and El Forn within El Barranc de la Boella. Our analysis 
covers five main aspects: (1) raw material management and 
blank selection, (2) core knapping strategies, (3) reduction 
intensity and volumetric depletion, (4) production of large 
flakes, and (5) spatiotemporal integrity of the reduction 
sequences. The goal is to characterize the range of behav-
iours of these assemblages beyond the presence of large-
shaped tools and to define their position in relation to the 
archaeological record of the Early Pleistocene mode 1 in 
Europe and the mode 2 assemblages of the early Middle 
Pleistocene, in order to address their possible origins as 
either a local evolution or the arrival of new populations.

El Barranc de la Boella site

The El Barranc de la Boella site is an open-air site located in 
the NE of the Iberian Peninsula, approximately 5 km from 
the current coastline of the Mediterranean Sea (Vallverdú 
et al., 2014b) (Fig. 1). The sedimentary sequence is approxi-
mately 9 m thick and has six lithostratigraphic units, named 
I-to-VI, from base to top. A detailed stratigraphic description 
can be found in Vallverdú et al. (2014b). To date, excava-
tion has occurred at three different localities, sharing the 
same lithostratigraphic units: Pit 1 (P1), with an excavated 
area of 210  m2; El Forn (EF), with an excavated area of 
40  m2 in front section of P1; and La Mina (LM), with an 
excavated area of 250  m2 and located 180 m from P1. Unit 
II concentrates the highest density of archaeological mate-
rials and reaches up to 2 m of sedimentary thickness. Ollé 
et al. (2023) offer a detailed state of the art of the fieldwork 
development in these localities.

Biostratigraphic age estimations, paleomagnetic and cos-
mogenic nuclide analyses from unit II provide a chronologi-
cal range of 900–780 ka (Lozano-Fernández et al., 2014; 
Vallverdú et al., 2014b), establishing the three localities as 
penecontemporaneous (Mosquera et al., 2016; Vallverdú 
et al., 2014b).

Different archaeological levels have been identified at 
each locality within unit II. Thus, at EF, up to six archaeo-
logical levels (2 to 7) have been described, while five (1 to 
5) at LM, and two (2 and 3) at P1 (Vallverdú et al., 2014b). 
However, levels 5, 6, and 7 from EF and level 3 from P1 are 
exclusively palaeontological.

In all three localities, the lithic assemblage encompasses 
a diverse range of raw materials. These raw materials are 
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sourced locally in secondary outcrops, within a radius of less 
than 5 km, and can be easily obtained from the Quaternary 
deposits upon which the fluvio-deltaic formation evolved 
(Mosquera et al., 2016). Among them, it has been possi-
ble to document metamorphic rocks (different varieties of 
schist and quartzite), sedimentary rocks (chert, limestone, 
sandstone, and lydite), igneous varieties (granite and dioritic 
porphyry), and vein quartz, in the form of globular cobbles 
and pebbles very variable in terms of size and shape. The 
globular shape depends on the distance from the primary 
outcrop from which they originated (Ollé et al., 2023).

In terms of land use, El Barranc de la Boella offers an 
environment rich in resources such as game, plants, water, 
and lithological materials that were easily accessible to 
hominins (Pineda et al., 2017b). This, together with the 

type of occupations, leads to an interpretation of the three 
localities as supply sites. Taphonomic and zooarchaeo-
logical studies indicate a direct correlation between the 
intensity of hominin activity and the abundance of biotic 
resources. Levels where higher hominin frequentation 
is inferred exhibit a greater variety of identified animal 
taxa, as seen in level II.2 of LM. These levels also show a 
higher presence of other predators, reflecting scenarios of 
high competition (Pineda et al., 2017b). This implies that 
the intensity of hominin occupations or activities is likely 
linked to the availability and abundance of resources, 
regardless of the presence of other predators, which has 
been interpreted as a high adaptive responsiveness and 
flexibility to different contexts and environmental fluctua-
tions (Pineda, 2018).

Fig. 1  (Upper left) location of 
El Barranc de la Boella (BB), 
(upper right) location of each 
locality (LM, La Mina; EF, El 
Forn; P1, PIT 1 and profile 1). 
Medium line: general views 
of each locality. Bottom: 
lithostratigraphic correlation of 
the BB localities (modified from 
Vallverdú et al., 2014b). Leg-
end: (1) archaeopaleontological 
levels (Arabic numerals), (2) 
normal magnetic polarity, (3) 
reverse magnetic polarity, (4) 
undetermined magnetic polarity, 
and (5) lithostratigraphic units 
(Roman numerals). The red 
v-shaped lines and dots repre-
sent red-yellow cryptocrystal-
line segregations (mottles)
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Pit 1

Level II.2 of P1 has been interpreted as a kill-butchering 
site (Mosquera et al., 2015) representing a single event of 
Mammuthus meridionalis carcass exploitation, indicating a 
high temporal resolution of the context (Mosquera et al., 
2015; Ollé et al., 2023; Saladié et al., 2008; Vallverdú et al., 
2008, 2014b). Mammuthus meridionalis remains correspond 
to a single adult individual —although a tooth fragment 
from a neonatal individual has been also identified — in 
anatomical association and represented mainly by cranial 
and dental remains. Of interest is the presence of two rib 
fragments with possible cut marks (Mosquera et al., 2015). 
Although the high degree of the effect of lixiviation makes 
it difficult to correctly characterize bone surface modifica-
tions, recent approaches have proposed their anthropic ori-
gin (Pineda et al., 2019). Both the accumulation of remains 
and the absence of the most nutritive parts suggest that this 
individual died in situ or near the site where it was recov-
ered. Although, neither the strategy in the access to the car-
cass nor the cause of death of this proboscidean has been 
established (Mosquera et al., 2015; Vallverdú et al., 2014a). 
Beyond Mammuthus meridionalis, there is also occasional 
presence of other species such as Dama vallonetensis and 
Equus altidens (Mosquera et al., 2015).

The lithic assemblage of level II.2 consists so far of 428 
pieces (Table 1), and it is composed mainly of knapping 
products (flakes, fragmented flakes, and flake fragments), 
retouched flakes, cores, as well as hammerstones, percussive 
material and knapping fragments. The large-shaped tools 
(which includes large cutting tools and the groups of heavy-
duty tools (sensu Isaac, 1977) especially the picks (n = 6) 
(Ollé et al., 2023)) stand out within the assemblage.

La Mina

In unit II of LM, a large number of macrofaunal taxa have 
been recovered, including cervids (Megacerini indet., Dama 
vallonetensis, Capreolus sp.), equids (Equus altidens), as 
well as megaherbivores (Hippopotamus antiquus, Mammu-
thus meridionalis) and carnivores such as Ursus deningeri, 
Canis mosbachensis, Panthera sp. (large), Lynx pardinus, 
and Vulpes sp. (Madurell-Malapeira et al., 2019) to which 
must be added the presence of hyena, inferred from its copr-
olites and taphonomic modifications attributed to this taxon 
(Pineda et al., 2017a). Macaca sylvanus cf. fiorentina was 
also identified (Fidalgo et al., 2023).

The lithic assemblage from La Mina is composed by 435 
pieces, dominated by flakes, fragmented flakes and flake 
fragments, cores, retouched flakes (mainly carinated denticu-
lates and notches), chopper-cores, as well as hammerstones, 
percussive material, and knapping fragments (Table 1).

Despite the presence of lithic and faunal remains, only 
some long bones present signs of anthropogenic bone break-
age (Pineda et al., 2015). The bone surfaces at La Mina are 
altered because of the leaching of soluble elements from the 
sediments (Pineda et al., 2014), potentially explaining the 
absence of cut marks (Pineda et al., 2017b). LM’s unit II has 
been interpreted as a context of high competition between 
hominins and carnivores (Pineda et al., 2017b) due to the 
availability of resources, mainly water, prey, and, in the 
case of hominins, raw materials for tool manufacturing. The 
accumulation of lithic and faunal remains does not respond 
exclusively to the action of a single accumulating agent — 
perhaps except for hyenas in level II.3 — but is due to the 
succession of multiple independent events occurring over a 
prolonged period (Pineda, 2018; Pineda et al., 2015, 2017b).

El Forn

The faunal assemblage of levels 2 and 3 is made up of 306 
faunal remains, presenting a wide taxonomic list including 
Mammuthus meridionalis, Megacerini indet, Dama val-
lonetensis, Equus altidens, Bison schoetensacki., Hippo-
potamus antiquus, Stephanorhinus hundsheimensis, Ursus 
deningeri, and Castor sp.(Vallverdú et al., 2014b).

The lithic assemblage consists of 103 pieces made of 
chert, schist, quartz, quartzite, sandstone, and granite and 
is composed of complete and fragmented flakes, flake frag-
ments, retouched flakes, choppers and chopper-cores, cores, 
retouched tools on small cobbles, knapping fragments, per-
cussive material, and hammerstones (Table 1). The highlight 
of the assemblage is the presence of one LCT, described as 
a cleaver-like tool, made on a large, massive flake in which 
with a convex transversal edge configured by means of a 
single generation of very invasive removals (Mosquera et al., 
2016).

EF, like LM, would represent an open-air deposit whose 
accumulation is a palimpsest resulting from the aggregation 
of multiple independent events (Rosas et al., 2015). With 
the exception of level II.2, the ratios of different anatomical 
parts point to a context of low and moderate competition 
between carnivores and hominins (Pineda, 2018; Pineda 
et al., 2017b).

In this work, the sample selection has been adapted 
according to the characteristics of each locality. Thus, fol-
lowing previous studies (Mosquera et al., 2016; Ollé et al., 
2023) in Pit 1, the results of the analysis of the cores and 
large-shaped tools belonging to level II.2 will be presented. 
In La Mina, since the excavation is still in progress, the cores 
and large-shaped tools recovered in unit II will be presented, 
without distinguishing between the different levels of the 
unit. In El Forn, the distinction between levels is sometimes 
complicated, especially between levels 2 and 3 (Mosquera 
et al., 2016) which is why the results of levels 2, 3, and 4 
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will be present together. This study includes all the mate-
rial recovered from unit II up to the 2022 archaeological 
fieldwork.

Methods

Given the dynamic character of the knapping sequences 
(Andrefsky, 1998; Dibble, 1995; Guilbaud, 1995), core 
analysis proceeded with a technological reading (Inizan 

et al., 1999), aimed at comprehending and reconstructing 
the knapping sequences. This section will detail the meth-
odological steps carried out for the technological study of 
knapping strategies as well as the attributes selected for 
the study of cores and core reduction intensity.

3D models of the cores were acquired using the Artec 
Space Spider 3DScan (with the ArtecStudio v15 soft-
ware) and the Breuckmann SmartSCAN3D-HE Scanner 
with a 250-mm field of view (Breuckmann Optocat 2012 
R2-2206 software).

Table 1  Lithic assemblage from unit II at Barranc de la Boella up to 
the 2022 season. Distribution of primary technological groups based 
on raw materials across El Forn, La Mina, and Pit 1. Large-shaped 
tools: includes large cutting and heavy-duty tools over 100 mm, plus 

ten artefacts from 70 to 100 mm, all on cobble blanks, since there are 
choppers (unifacial and bifacial). Small-shaped tools: small-retouched 
flakes, including five flakes over 70 mm, as they are simple denticu-
lates. (modified from Ollé et al. (2023))

*We have included one artefact without a firmly established stratigraphical context
a Percentage for each respective site
b Percentage for the entire assemblage

Locality Percussion 
material

Cores Flakes Small-
shaped tools

Large-
shaped tools

Total %(1)

 < 100 mm  > 100 mm Broken F.F. and 
fragments

Pit 1 15 28 187 1 67 97 22 11 428 -
Schist 4 1 6 1 1 5 10(*) 28 6.54
Granite 3 3 0.70
Sandstone 4 1 5 1.17
Lydite 2 2 0.47
Quartz 5 8 13 3.04
Quartzite 2 1 3 0.70
Chert 26 175 66 84 22 1 374 87.38
%(1) 3.50 6.54 43.68 0.23 15.65 22.66 5.14 2.57 - -
La Mina 20 21 162 1 51 133 37 10 435 -
Limestone 1 1 2 0.46
Schist 7 2 1 1 2 3 5 21 4.83
Granite 4 1 5 1.15
Sandstone 4 1 5 1.15
Porphyry 1 1 2 0.46
Quartz 2 5 5 12 2.76
Quartzite 2 1 1 1 1 6 1.38
Chert 19 153 49 126 33 2 382 87.82
%(1) 4.60 5.06 37.24 0.23 11.72 30.57 8.51 2.07 - -
El Forn 10 8 46 9 16 7 7 103 -
Schist 7 1 1 5 14 13.59
Granite 1 1 0.97
Sandstone 1 1 0.97
Quartz 1 1 2 4 3.88
Quartzite 1 1 2 1.94
Chert 7 46 8 14 6 81 78.64
%a 9.71 7.77 44.66 8.74 15.53 6.80 6.80 - -
Total 45 57 395 2 127 246 66 28 966 -
%b 4.66 5.09 40.9 0.21 13.15 25.47 6.83 2.9 - -
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Core Technical Attributes

The dimensional attributes have been recorded through the 
3D models of each core and large-shaped tool. The maxi-
mum dimensions (length, width, and thickness) were meas-
ured following the minimal box procedure (Laplace, 1972). 
In addition, 3D models have been used to quantify the vol-
ume  (cm3) and surface area  (cm2) of each object.

The examination of the cores initially involved identi-
fying the raw material group and the type of blank used, 
distinguishing between blanks on flakes and the other types 
of blanks based on morphological and dimensional criteria. 
Thus, according to the blank size for some raw materials 
with a rounded or subrounded morphology such as schist, 
quartzite, and sandstone, we have used the categories of peb-
ble (diameter < 64 mm), cobble (64–256 mm), and boulder 
(> 256 mm).

For chert, we have distinguished between nodule (i.e. 
rounded or subrounded cobbles), block, slab, and angular 
gravel or chunk according to blank morphology. Slab was 
used for flat and relatively thin blanks, with a tabular or 
rectangular shape, so it naturally tends to have angles close 
to 90º. Nodules are not size specific, with a shape that tends 
to be rounded to sub-rounded. Angular fragments or chunks 
are portion or pieces of rock that have separated or frag-
mented from a larger rock mass (such as blocks, nodules…) 
with an irregular and angular shape and can be the result 
of both knapping activities and geological processes. Block 
was used to define large pieces of rock, with flat surfaces on 
each side and cubic morphology.

For the technological analysis of the cores, the number of 
modified surfaces has been counted — regardless of whether 
the objective is flaking or surface preparation- to document 
unifacial (1 surface), bifacial (2 surfaces), trifacial (3 sur-
faces), and multifacial (4 or more surfaces) cores.

In addition, the spatial relationship of the flaking sur-
faces has been analysed, distinguishing between contiguous 
(two adjacent surfaces separated by an edge or a change of 
plane), opposite (two surfaces located in opposite sectors of 
the core) and mixed (when there is a combination of contigu-
ous and opposite surfaces).

The number of surfaces used as percussion platform has 
been quantified by distinguishing between unipolar (one 
percussion surface), bipolar (two surfaces), and multipolar 
(three or more surfaces). In those cores that have at least two 
percussion platforms, the spatial relationship between per-
cussion surfaces has been described, distinguishing between 
contiguous (two adjacent surfaces), opposite (two opposite 
surfaces), mixed (when there is a combination of adjacent 
and opposite faces), and peripheral/perimetral (when plat-
forms are articulated around the core perimeter (as, for 
example, in centripetal strategies) (Carbonell et al., 1983, 
1992; Lombao, 2021; Rodríguez-Álvarez, 2004).

To analyse the volumetric organization of the core 
reduction sequence, we have analysed the polarity rela-
tionship between all the exploitation series documented 
in each core, distinguishing between:

• Longitudinal unipolar: The removals are conducted 
from the same percussion platform following the same 
exploitation axis.

• Opposing bipolar: The removals are conducted from 
two opposite percussion platforms and with an opposite 
directionality.

• Orthogonal bipolar: The removals are performed from 
two adjacent percussion platforms following perpen-
dicular exploitation axes.

• Multipolar centripetal: Removals follow axes oriented 
to the centre of the exploitation surface.

• Orthogonal multipolar: Removals are carried out from 
at least three different percussion platforms following 
perpendicular exploitation axes.

• Multidirectional multipolar: Cores that present remov-
als in at least three different surfaces, whose scars do 
not present a clear order.

• Others/indeterminate: Corresponds to those cases in 
which it is not possible to identify a clear strategy, 
either because of preservation conditions or because 
the knapping is not sufficiently developed to be able to 
identify strategies clearly.

Following previous studies (Lombao, 2021; Lombao 
et al., 2023c; Vaquero, 1999), this analysis has been car-
ried out at two levels: At a general level, we studied the 
whole core as an analytical unit, and on an elementary 
level, we analysed each of the core surfaces individually. 
Core fragments were excluded from the analysis since they 
do not represent the overall volumetric management of the 
knapping process.

Based on the number of flaked surfaces, the spatial rela-
tionship of the surfaces, the number of percussion sur-
faces, the spatial relationship of the percussion surfaces, 
and the arrangement of the scars, different volumetric 
structures of exploitation were established (VSE) (Lombao 
et al., 2023c). Furthermore, the relationship between dif-
ferent VSE has been explored by reconstructing the opera-
tory field (Guilbaud, 1995) by analysing the similarities 
and differences of the different VSE.

In addition to these parameters, we have considered 
other quantitative attributes such as the scar pattern index 
(SPI), proposed by Clarkson and colleagues (Clarkson 
et al., 2006), by computing the vectors established by the 
initial and final coordinates of each removal. SPI values, 
ranging from 0 to 1, were obtained by dividing the norm of 
the vector resulting from the addition of all the vectors, by 
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the sum of the norms of all the vectors (Bretzke & Conard, 
2012; Clarkson et al., 2006).

Reduction Intensity

To evaluate the reduction intensity of cores and large-shaped 
tools from the three localities, we followed the workflow 
proposed in Lombao et al. (2023b) in which the use and 
combination of different reduction methods is advocated, 
to try to overcome limitations that may affect the results 
such as the type of knapping strategies or the blank size, 
among others (Lombao et al., 2019). Therefore, in this study, 
we have combined the use of the volumetric reconstruction 
method (Lombao et al., 2020), used not only in mode 1 
assemblages such as Gran Dolina-TD6.2 (Spain) and Ewass 
Oldupa (Tanzania) (Cueva-Temprana et al., 2022; Lombao 
et al., 2023c), but also in more recent periods (Lombao et al., 
2023a), the scar density index (Clarkson, 2013; Groucutt 
et al., 2015; Shipton & Clarkson, 2015a, 2015b), as well as 
the percentage of non-cortical surface, used elsewhere as a 
reduction intensity proxy (Douglass et al., 2018; Li et al., 
2015).

The volumetric reconstruction method (VRM) (Lombao 
et al., 2020) is designed to estimate the original volume of 
cores to calculate the percentage of extracted volume in 
each core. The technical analysis of the cores was utilized 
to determine the number of flaking generations on the core’s 
maximum morphometric axes, to establish the corrections 
needed for each maximum dimension. The number of flak-
ing generations was identified along the maximum length 
and width, and this number multiplied by the mean platform 
thickness from the assemblage’s flakes was added to the 
corresponding dimension. For the maximum thickness, the 
mean flake thickness was used. The median was employed 
instead of the mean when the distribution of the measured 

flake thickness or platform thickness was non-normal. Ulti-
mately, the revised dimensions of each core were employed 
to calculate the ellipsoid volume formula, enabling the esti-
mation of the original blank’s volume (see Supplementary 
Figure S1).

Posteriorly, the volume obtained through 3D core models 
was divided by the estimated volume of the original blank. 
This result was then multiplied by 100 to obtain the percent-
age of remaining volume. Subsequently, the percentage of 
extracted volume was determined by subtracting this value 
from 100. Volume  (cm3) was selected as the preferred meas-
urement unit over mass to prevent discrepancies arising from 
variations in the densities of different raw materials.

The non-cortical surface percentage is calculated by 
dividing the non-cortical surface area by the total surface 
area of each core. This calculation is based on the underlying 
assumption that as reduction advances, the quantity of corti-
cal surface diminishes (Li et al., 2015). The measurement of 
cortical and non-cortical surface areas has been conducted 
using the 3D models of the cores, as it enables higher preci-
sion (Lin et al., 2010).

The scar density index (SDI) relies on the proportional 
rise in flake scar density concerning the core’s surface area 
(size), which diminishes as reduction progresses. Thus, this 
index is founded on the correlation between the count of 
flake scars larger than 10 mm on a core and its surface area 
 (cm2), serving as an approximation for reduction intensity 
(Clarkson, 2013).

Statistical Procedures

Statistical analyses were conducted to investigate three 
primary aspects: (1) raw material management and blank 
selection, (2) knapping strategies, and (3) reduction intensity 
across three localities (see Table 2).

Table 2  Statistical test used in the different analyses of this work

Statistical test Purpose of use References

Chi-square Examine differences in the frequency of technological categories by raw materials Pearson (1900)
Shapiro–Wilk (S-W) Assess the normal distribution of the data Shapiro and Wilk (1965)
Mann–Whitney U (M-W) Assess differences in raw material selection based on blank size and technological 

categories (two groups)
Mann and Whitney (1947)

Kolmogorov–Smirnov (K-S) Observe the degree of variability in selected blank volumes, core volumes at discard 
phase, and percentage of extracted volume

Massey (1951)

Pearson R (r) Evaluate the linear correlation between the scar pattern index (SPI) and various 
parameters such as the percentage of non-cortical surface area or the estimated 
original volume of cores. Also used to assess the agreement between different 
reduction intensity proxies, assuming normally distributed data

Pearson (1896)

Spearman Rho (rs) Evaluate the monotonic correlation between the scar pattern index (SPI) and various 
parameters such as the percentage of non-cortical surface area or the estimated 
original volume of cores. Also used to assess the agreement between different 
reduction intensity proxies, used when data do not meet the assumptions required 
for Pearson correlation

Spearman (1904)
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All statistical analysis was performed in R (R Core Team, 
2022), and the R Markdown is openly accessible on Zenodo 
(Lombao et al., 2024). References to the R packages and ver-
sions used and descriptions are available in the Supplemen-
tary Material (see Supplementary Information: R Packages 
in Supplementary Material).

Results

Raw Material Management

The El Barranc de la Boella lithic assemblages are made 
from diverse raw materials that can be divided into eight 
different varieties: chert, sandstone, schist, quartz, quartzite, 
porphyry, granite, and limestone. All of these raw materials 
are locally available within the quaternary deposits of the El 
Barranc de la Boella landscape, with distances of less than 
5 km from the localities (Mosquera et al., 2016).

The three localities exhibit a similar composition of lithic 
assemblages (Fig. 2), in which a clear differential manage-
ment of the different lithologies can be observed. This pat-
tern is characterized by the use of chert to produce flakes 
and small/medium retouched tools, mainly notches and 
denticulates (Mosquera et al., 2016; Ollé et al., 2023), and 
schist for large flake and large-shaped tool production, such 
as unifacial and bifacial choppers.

At P1, chert is the predominant raw material, accounting 
for 92.6% of cores and 87.38% of the total lithic assem-
blage. Smaller flakes and knapping fragments also are made 
in chert, with all small-retouched tools produced from this 
raw material demonstrating its primary use in flake produc-
tion. Nodules or fragments are the blanks used in the 70.9% 
of the cores, in contrast to 16.66% of cores on flakes.

Schist, though minimally represented in the overall 
assemblage (6.6%), is the main material for large-shaped 
tools (83.33%). In this case, 73.73% of large-shaped tools are 
configured from cobbles and slabs, while 27.27% are made 

Fig. 2  a Composition of lithic 
assemblage according to 
technological category in each 
locality. b Composition of lithic 
assemblage according to raw 
material in each locality
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from flakes (Supplementary Table S1). Lastly, percussion 
materials consist primarily of schist, along with other raw 
materials (granite, sandstone, and lydite) that have limited 
representation in the assemblage (Table 1). This association 
between raw materials and technological categories is signif-
icant (χ2 = 445.52, df = 30, p < 0.001). Nodules and cobbles 
are primarily used as blanks for cores and large-shaped tools 
respectively, with cores on nodules showing high variability 
in volume (Supplementary Table S2).

At LM, while chert remains the main raw material in 
flake production (90.5%), the composition of large-shaped 
tools diversifies, with 50% made from schist and smaller 
proportions from quartzite, porphyry, and chert, with a sig-
nificant correspondence between lithologies and technologi-
cal categories (χ2 = 341.48, df = 35, p-value < 0.001). This 
locality shows no cores produced on flakes (Supplemen-
tary Table S1), and large-shaped tools present considerably 
higher volumes and dimensions compared to cores (Sup-
plementary Table S3), which are notably smaller but exhibit 
greater variability (M-W: W = 9, p < 0.001; K-S: D = 0.93, 
p < 0.001).

At EF, unit II features a total of 8 cores, with 87.5% made 
from chert nodules and the remainder from a quartz cobble. 
Large-shaped tools are primarily made from schist (60%), 
with others from quartzite and granite. Again, there is a 
significant association between raw materials and techno-
logical categories in the assemblage (χ2 = 111.62, df = 25, 
p-value < 0.001). Volumes at discard and estimated volumes 
of cores and large-shaped tools show some outliers with very 
high volumes, yet the general volume trend is similar across 
both categories (Supplementary Table S4), with schist dem-
onstrating higher estimated volumes compared to chert.

In the three localities, this specialized raw material man-
agement becomes evident right from the stage of raw mate-
rial acquisition. According to the estimates volumes through 
VRM, blanks selected to produce picks and cleavers are gen-
erally larger and more uniform compared to those chosen 
to produce small- and medium-sized flakes (Supplementary 
Table S5). The variation in sizes of different lithologies does 
not appear to be solely dependent on the availability of blanks 
in the environment. Evidence from the presence of large chert 
cores in EF and a pick made from a large chert slab in P1, 
along with the natural nodules found at the site and its sur-
roundings, suggests that chert was also available in relatively 
large-sized formats. Moreover, volume estimates from the 
VRM indicate some overlapping volumes for chert and schist 
in certain cases (Supplementary Table S6).

Core Knapping Strategies

Regarding knapping strategies (see Supplementary Tables 
S7-10 for quantitative data of flaking and percussion 

surfaces, orientation of removals, and prepared percussion 
surfaces), we can find up to eight different volumetric struc-
tures of exploitation (VSE), in addition to those cores that 
are in early or final stages of reduction sequences, and there-
fore, it is not possible to define a specific VSE. The VSEs 
are described below.

Initial Cores (VSE A‑B Initial)

Four cores recovered in initial reduction stages do not dis-
play a defined VSE, as the number of removals on the core 
surface is low (< 4 scars). However, there are some differ-
ences between localities. At P1, these cores are made from 
nodules, fragments, and flakes (Fig. 3a, b). At LM, all three 
cores analysed were knapped from irregular chert fragments 
or nodules on small-size blanks, featuring a maximum of 
two scars on their surfaces. This indicates sporadic flake 
production and suggests that any blank can be knapped, 
regardless of its productive potential. In contrast, at EF, two 
cores in early reduction stages were identified: One is a chert 
nodule and the other a quartz cobble (Fig. 5a), both large but 
with very few detachments, likely discarded due to internal 
fissures and impurities.

Unifacial Unipolar Longitudinal (VSE A and VSE B)

In these cores, a single surface is exploited following unipo-
lar longitudinal removals that are parallel to each other. We 
have identified two modalities depending on whether one of 
the narrow surfaces (VSE A) or one of the broad surfaces of 
the core (VSE B) is flaked.

In VSE A, the platforms are not prepared; instead, corti-
cal surfaces are used directly as percussion platforms, such 
as at LM (Fig. 4e) and EF (Fig. 5b), or the ventral surface 
in the case of core on flakes, as at P1. In these latter cases, 
there is a marked peripheral development since it covers at 
least 50% of the perimeter in both cases and using the ventral 
surface directly as a percussion platform (Fig. 3f).

In the VSE B cores, the platforms are also not prepared, 
using either cortical or natural non-cortical surfaces as per-
cussion platforms, such as in the cores from EF (Fig. 5c, 
e). In none of these cases is there a pronounced peripheral 
development of exploitation; instead, it is concentrated in 
only a specific sector of the core.

Unifacial Bipolar Orthogonal/Opposite (VSE C)

This type of VSE features a single flaked surface that 
can be either broad or narrow, using two percussion plat-
forms that may be contiguous or opposite sides of the 
core, resulting in orthogonal or opposite arrangements 
of the removals.
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In some cases, there is some degree of platform prepa-
ration, as at P1, where a flaking surface is first used with 
two longitudinal unipolar removals from a previously 
prepared percussion platform; subsequently, the core is 
rotated, and another series of longitudinal unipolar remov-
als opposite to the first series are carried out (Fig. 3h). 
However, in this type of VSE, the most frequent practice 
is the use of unprepared surfaces, either using two adja-
cent or opposite cortical surfaces, where the detachments 
are made directly from two opposite cortical platforms 
(Fig. 4d). The other core is also reduced following bipo-
lar opposite detachments on one of the broad surfaces of 
the core by using two adjacent non-cortical surfaces as 
percussion platforms (Fig. 5d, (Fig. 5g). In some cores, 
there is no overlap between the scars, making it impossible 

to determine whether an orthogonal or bipolar opposite 
series occurred, or if they represent two independent uni-
polar longitudinal series.

Unifacial Multipolar Centripetal (VSE D)

Only a single core within this structure has been identi-
fied, consisting of a single flaking surface core with few 
centripetal removals arranged around the perimeter and 
covering the entire surface using cortical surfaces as the 
percussion platform (Fig. 3g). However, considering the 
size of the blank and the type of raw material used (sand-
stone), we differentiate it from the bifacial multipolar cen-
tripetal cores (VSE H).

Fig. 3  Cores from Pit 1 unit II.2: a BB07 II.2 N13 199 — chert; b 
BB20 II.2 L08 3 — chert; c BB15 II.2 L14 1 — chert; d BB20 II.2 
L07 2 — chert; e BB19 II.2 S06 1 — chert; f BB18 II.2 Q14 5 — 

chert; g BB07 II.2 O12 72 — sandstone; h BB20 II.2 K07 1 — chert; 
i BB17 II.2 J14 1 — chert; j BB18 II.2 M11 1 — chert; k BB21 II.2 
R12 1 — chert; l BB22 II.2 A13 1 — chert
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Bifacial Bipolar‑Multipolar Orthogonal (VSE F)

This type of VSE is the most prevalent both at P1 and LM 
(Table 3). From a technical point of view, they are bifacial 
since two contiguous or adjacent surfaces of the blanks are 
flaked by longitudinal unipolar series on each surface with 
a general orthogonal scar pattern.

At P1, the first surface of the core is modified by detach-
ing small flakes to adapt this surface as a percussion platform 
for removing deeper flakes on the second surface (Fig. 3c, 
d, i). At LM, generally, two adjacent surfaces are flaked, 
either through longitudinal unipolar series alternating the 
role of both faces as a percussion platform and flaking sur-
face throughout the sequence (Fig. 4h) or through independ-
ent longitudinal unipolar series. In one case, these removals 
are oriented opposite each other and are located on opposite 
sectors of the core. In this case, both percussion platforms 
are prepared through marginal removals (Fig. 4f). In other 
cases, one surface is prepared with orthogonal removals to 
be later used as a percussion platform of an adjacent flaking 

surface following unipolar longitudinal knapping strategies 
(Fig. 4j).

At EF, there is one core that involves two contiguous sur-
faces, one of them aimed at preparing the percussion plat-
form. There is a dominant longitudinal unipolar trend on 
the flaking surface, although at the end of the sequence, two 
marginal detachments were made from an adjacent platform, 
giving it an orthogonal character (Fig. 5f).

Bifacial Multipolar Centripetal (VSE H)

In this type of cores, two opposing broad surfaces separated 
by an intersection plane are knapped. The removals are 
articulated along the perimeter of the core, converging at 
its centre. Only three examples of this type of exploitation 
have been recovered.

At P1, there are two centripetal bifacial cores, although 
they have very different morphologies. In one case, remov-
als have a secant angular relationship with respect to the 
intervention plane and form a sinuous edge, giving it a 

Fig. 4  Cores from La Mina unit II: a BB09 II.2 P15 11 — chert; b 
BB16 II.4 W14 1 — chert; c BB15 II.3 W14 3 — chert; d BB16 II.4 
Q16 2 — quartzite; e BB16 II.4 Y14 1 — chert; f BB14 II.3 W15 6 

— chert; g BB13 II.2 V14 1 — chert; h BB15 II.3 X13 14 — chert; i 
BB16 II.4 X14 9 — chert; j BB16 II.1 F17 5 — chert
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discoid morphology (Fig. 3k). In the second case, it is a 
bifacial core with a flatter preferential surface while the 
second surface has a more convex morphology and scar 
removals with wider angles (Fig. 3l).

VSE H core from LM shows two flaking opposing sur-
faces separated by an intersection plane. On one surface, 
removals articulate along the perimeter of the core, con-
verging at its centre. Conversely, on the opposite surface, 
the removals follow a unipolar longitudinal pattern with-
out fully altering the core’s perimeter (Fig. 4i).

Trifacial/Multifacial Multipolar Orthogonal/Multidirectional 
(VSE I)

There are two cores within this VSE; the first case is tech-
nically an orthogonal trifacial core that has been obtained 
by two longitudinal series performed on the same sur-
face from two opposite platforms both with preparation 
removals. The removals series are carried out on one of 
the wide faces of the core and have marked development 
along its perimeter following a volumetric concept simi-
lar to VSE B (Fig. 3j). The other core corresponds to a 
multifacial multipolar core made on chert with an angular 
shape (polyhedron-like) in which flake removals follow 
multiple directions.

Bipolar‑on‑Anvil Cores (VSE J)

This group represents a core that has been reduced only 
using the bipolar-on-anvil technique. A large removal is first 
carried out to prepare the percussion platform and covers 
the entire surface. Subsequently, the core is reduced follow-
ing the bipolar-on-anvil technique, changing the percussion 
platform throughout the sequence by means of rotations but 
maintaining the same flaking surface (Fig. 3e). It is distin-
guished from the “Others” group because in this case, the 
application of this technique does not appear to be due to the 
small size of the cores.

Fig. 5  Cores from La El Forn unit II: a BB13 II.2 D12 1 — chert; b BB13 II.2 H13 4 — chert; c BB12 II.3 I14 9 — chert; d BB11 II.2 J13 4 — 
chert; e BB13 II.2 O15 1 — chert; f BB13 II.2 Q14 1 — chert; g BB12 II.3 I10 2— chert

Table 3  Frequency of volumetric structures of exploitation according 
to El Barranc de la Boella localities. EF, El Forn; LM, La Mina; P1, 
Pit 1

VSE EF LM P1 Total

A-B initial 2 (25%) 3 (20%) 4 (16.7%) 9 (19.1%)
A 1 (12.5%) 1 (6.7%) 2 (8.3%) 4 (8.5%)
B 2 (25%) 0 (0%) 1 (4.2%) 3 (6.4%)
C 2 (25%) 2 (13.3%) 1 (4.2%) 5 (10.6%)
D 0 (0%) 0 (0%) 1 (4.2%) 1 (2.1%)
F 1 (12.5%) 5 (33.3%) 8 (33.3%) 14 (29.8%)
H 0 (0%) 1 (6.7%) 2 (8.3%) 3 (6.4%)
I 0 (0%) 2 (13.3%) 2 (8.3%) 4 (8.5%)
J 0 (0%) 0 (0%) 1 (4.2%) 1 (2.1%)
Others 0 (0%) 1 (6.7%) 2 (8.3%) 3 (6.4%)
Total 8 (17%) 15 (31.9%) 24 (51.1%) 47 (100%)
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Others

This group corresponds to small-sized multifacial cores in a 
final reduction stage, either due to a high degree of depletion 
resulting from increased reduction intensity or the use of 
small blanks. It is precisely this high degree of depletion that 
complicates the recognition of the knapping strategy applied 
during the reduction sequence, although given their size, it is 
not ruled out that the bipolar technique on anvil or a combi-
nation of freehand-bipolar on anvil was employed during the 
reduction sequence of one of them. This kind of exploitation 
seems to be a strategy aimed at maximizing blank utilization 
more than a specific knapping strategy itself.

Reduction Intensity and Volumetric Depletion

Across all localities, it is consistently observed that large-
shaped tools exhibit significantly lower reduction intensity 
compared to cores. Specifically, at P1 and LM, large-shaped 
tools demonstrate a notably lower reduction intensity than 
cores, reflected by the percentage of extracted volume 

(Fig. 6), SDI, and percentage of non-cortical surface (see 
Supplementary Tables S11-S13).

At P1, reduction intensity remains consistently low across 
different technological categories, raw materials, or VSE, 
with cores frequently reduced by 20 to 70% of their original 
volume, with only one exception exceeding this range (see 
Supplementary Table S11).

There is no significant correlation between the percent-
age of volume extracted in cores and the estimated original 
volume of the blanks (Spearman rs =  − 0.59, p = 0.02), sug-
gesting that the reduction intensity is somewhat independ-
ent of the blank’s size. However, a very strong correlation 
exists between the estimated and the discarded volume of 
cores (Spearman rs = 0.95, p < 0.001), likely due to the low 
reduction intensity seen overall.

Furthermore, there is no statistically significant correla-
tion between the scar pattern intensity (SPI) and the per-
centage of volume extracted from cores (Pearson r =  − 0.34, 
r2 = 0.11, p = 0.21), meaning that more intense reduction 
does not necessarily result in more complex scar patterns, 
nor are these patterns influenced by the original size of the 
blanks (Spearman rs =  − 0.01, p = 0.95).

Fig. 6  Histogram and den-
sity line of the percentage of 
extracted volume for cores and 
large-shaped tools by local-
ity. The solid line indicates 
the mean, and the dashed line 
represents the median
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In contrast, large-shaped tools show a distinctly lower 
reduction intensity compared to cores, as evidenced by their 
percentage of volume extracted and confirmed through a 
Mann–Whitney test (M-W: W = 102, p = 0.005). This lower 
reduction intensity is consistent with findings from the SDI 
and the percentage of non-cortical surface, which are lower 
for large-shaped tools (see Supplementary Tables S10 and 
S11). Notably, there is a strong positive correlation between 
the original volume of blanks and their reduction intensity 
(Pearson r = 0.92, r2 = 0.84, p = 0.001), indicating that larger 
blanks tend to have higher reduction intensities.

Moreover, a strong negative correlation between SPI and 
the percentage of volume extracted (Pearson r =  − 0.84, 
r2 = 0.71, p = 0.008) suggests that as reduction increases, 
large-shaped tools develop more complex shaping patterns. 
Similarly, a negative correlation exists between SPI and 
estimated volume (Pearson r =  − 0.79, r2 = 0.63, p = 0.01), 
indicating that larger blanks generally undergo simpler shap-
ing processes.

At LM, cores have a higher average reduction intensity 
compared to large-shaped tools — 53.5% versus 34.5%, 
respectively (Supplementary Table S11). This disparity is 
further highlighted by SDI and non-cortical percentages 
(Supplementary Tables S12 and S13). A stronger correla-
tion exists between the degree of depletion (i.e. volume) and 
reduction intensity in cores (Pearson r =  − 0.70, r2 = 0.50, 

p = 0.01) than in large-shaped tools (Spearman rs =  − 0.67, 
p = 0.25), with cores showing greater volumetric depletion.

No significant correlations are found between SPI and 
percentage of extracted volume, or between SPI and origi-
nal blank size in either cores or large-shaped tools, indi-
cating that flaking patterns do not systematically change as 
reduction progresses (cores: Pearson r =  − 0.44, r2 = 0.19, 
p = 0.16; large-shaped tools: Spearman rs = 0.28, p = 0.5).

The original volume of the blanks at EF does not seem to 
play a significant role in the knapping strategies consider-
ing the low correlation between SPI and volume estimates 
(Spearman rs = 0.03, p = 0.96) and the statistical insignifi-
cance between the original volume of the blanks and per-
centage of extracted volume (Spearman rs = 0.67, p = 0.1).

At EF, the three proxies used to estimate reduction inten-
sity indicate a pattern similar to LM and P1. Thus, the per-
centage of non-cortical surface, the percentage of extracted 
volume, and the SDI indicate that large-shaped tools have 
lower values compared to cores, indicating a lower overall 
reduction intensity (Supplementary Tables S11-S13).

However, the low degree of correlation between the SPI 
and the variables used to estimate reduction in cores (per-
centage of non-cortical surface: Pearson r = 0.13, r2 = 0.01, 
p = 0.77; SDI: Pearson r =  − 0.20, r2 = 0.04, p = 0.65; and 
percentage of extracted volume (Pearson r = 0.10, r2 = 0.01, 
p = 0.8) indicates that there are no changes in flaking patterns 

Fig. 7  Jitter plot showing the length (mm) of unretouched flakes, large-shaped tools made on flakes, and small-shaped tools made on flakes by 
raw material and locality
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as reduction progresses, with these patterns remaining rela-
tively constant.

Large Flake Production (> 100 mm)

The production and use of large schist flakes have been doc-
umented across all the three localities (Fig. 7). In EF, there 
is evidence of using a large flake for the production of a 
cleaver-like tool (Mosquera et al., 2016). P1 features simple 
flakes larger than 100 mm, including an unretouched flake, 
a pick, a knife, and a cleaver, while in LM, an unretouched 
flake and a knife made from a large flake have been docu-
mented (Ollé et al., 2023).

Notably, most of the cores recovered from these locali-
ties were not large enough to produce such significant schist 
flakes. The larger cores were typically made from chert. This 
suggests that the large schist flakes were likely produced 
elsewhere and then introduced to the sites already shaped.

Spatiotemporal Fragmentation of Reduction 
Sequences

The limited number of schist flakes recovered at each local-
ity indicates spatiotemporal fragmentation of the procure-
ment, shaping, and use/discard phases of the large-shaped 
tools (Fig. 8). Additionally, the absence of giant cores (sensu 
Sharon, 2009), the presence of large flakes (> 100 mm) 
made from schist (both retouched and unretouched), and the 
absence of schist flakes from the large-shaped tool shaping 

phases confirm this spatial–temporal fragmentation of the 
reduction sequence in this raw material.

Nevertheless, we must be cautious with this interpreta-
tion, since given the local availability of raw materials, it 
cannot be ruled out that the shaping phase occurred concur-
rently with raw material procurement that may have taken 
place close to the site but outside our current excavation 
boundaries. Therefore, the giant cores or the shaping of large 
tools might have occurred nearby but not within the immedi-
ate excavated areas.

Chert shows greater integrity of the reduction sequences, 
as all the elements of the knapping process have been recov-
ered in the three localities. Furthermore, in P1, the presence 
of refits and conjoins (Mosquera et al., 2015), along with 
the spatial association of the remains (Ollé et al., 2023), 
suggests that knapping took place in situ. In contrast, this 
has not been documented in EF or LM (Mosquera et al., 
2015, 2016). Therefore, differential raw material manage-
ment can also be observed through the study of the reduction 
sequences integrity.

Discussion

The three localities exhibit common features: (1) the same 
procurement pattern of local raw material (< 5 km); (2) 
differential blank selection pattern according to raw mate-
rial; (3) differential raw material management in which 
schist is mainly selected for large flakes and large-shaped 
tool production and chert for small flake production; (4) 

Fig. 8  Distribution of technical categories in chert (left) and schist (right) by locality
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an operatory field characterized by longitudinal unipolar 
knapping strategies, with the presence of more complex 
core knapping strategies at P1 and LM; (5) the reduction 
sequences appear to be independent of the volumetric 
characteristics of the blanks in the case of core knapping 
strategies but not for large shape production, in which 
blanks with morphologies and volumes more conducive 
to the production of large-shaped tools such as picks are 
intentionally selected; (6) the production of large flakes 
in schist; (7) the differential transport pattern, reflected in 
the fragmentation of reduction sequences in schist, and the 
complete reduction sequences in chert. To these similari-
ties, we can add those related to (8) assemblage composi-
tion and (9) main typologies of large-shaped tools (Ollé 
et al., 2023), as well as (10) a similar use of the environ-
ment, with the particularity of the “snapshot” butchering 
site of P1 (Mosquera et al., 2015; Pineda et al., 2017b).

All three localities at El Barranc de la Boella (BB) 
present an operatory field in which predominantly utilize 
longitudinal unipolar schemes. The VSEs can either be 
maintained throughout or represent different stages within 
the same reduction sequence, depending on the presence 
of removals aimed at preparing platforms and the num-
ber of flaking surfaces. Thus, unipolar unifacial cores or 
orthogonal and opposing bipolar unifacial cores can evolve 
into bifacial cores with more complex knapping systems 
(Fig. 9). The core knapping strategies are not influenced 
by raw material constraints, nor by the size or morphology 
of the blank, as there are no changes in flaking patterns 
(scar pattern index) as reduction progresses, and there is 
no clear relationship between SPI and the estimated vol-
ume of the cores in any of the three localities. Addition-
ally, there is no correlation between estimated volume and 
the percentage of extracted volume. This suggests that the 
application of knapping strategies is independent of these 
external factors.

A considerable portion of the bifacial cores fit within the 
framework of the unipolar longitudinal volumetric concept, 
as the reduction sequence typically involves working on two 
adjacent surfaces, each surface being knapped using lon-
gitudinal unipolar schemes. The preparation of percussion 
platforms is minimal and primarily focuses on creating suit-
able platforms through deep removals.

Some bifacial cores demonstrate complex volumetric 
management, utilizing previously flaked surfaces as percus-
sion platforms, similar to the système par surface de débit-
age alternée (S.S.D.A.) (Ashton, 1992; Forestier, 1993). 
This suggests a degree of control over core morphology and 
a more organized sequence of knapping, although there is 
no strict hierarchization as the role of the flaked surfaces 
changes throughout the sequence. The LM locality offers 
the clearest examples of such cores and shows the highest 
reduction values.

This could imply the presence of a procedural template 
(Chase, 2008; Gowlett, 1984, 1986), i.e. a specific organi-
zation of actions that facilitates modifications in the core 
while preserving angular relationships between surfaces, 
allowing for extended knapping sequences. However, these 
cores lack comprehensive volume management, as flaking 
occurs primarily on one or two surfaces, leaving a significant 
portion of the volume unmodified. Removals are structured 
to continue the knapping sequence without the progressive 
reduction in volume significantly affecting productivity. This 
may result in a greater number of flakes, but not necessarily 
greater control over flake morphology.

Although rare, the occurrence of centripetal strategies 
in the three assemblages is notable, with only four centrip-
etal cores documented. Two of these examples show partial 
volume management, either due to their unifacial nature 
(Fig. 3g) or limited perimeter development (Fig. 4j), while 
two cores at P1 show complete bifacial volumetric man-
agement articulated on two broad and opposite surfaces 
(Fig. 3k, l).

Fig. 9  Reconstruction of the operatory field and the interrelation-
ships of the VSE across the reduction sequence, divided into early 
stages, full flake production, and final stages. Each circle represents 
the presence of a specific VSE at each locality (P1, LM, EF). The 
colour coding within the circles indicates the different localities: The 
number of flaking surfaces in each VSE is indicated by the rectangles. 
The arrows illustrate the potential transitions and interrelationships 
between different VSEs throughout the reduction sequence
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The three assemblages at BB show a presence of cores 
in initial reduction stages. In EF, these cores are the largest 
within the assemblage and might be associated with testing 
raw materials, which are ultimately discarded due to impu-
rities and internal fissures. In P1 and LM, these cores are 
found on small chert fragments. Additionally, very small or 
completely exhausted cores have been documented in P1 and 
LM, indicating higher volumetric depletion than generally 
inferred for these assemblages and could represent opportun-
istic strategies linked to enhanced raw material utilization, 
rather than reflecting specific volumetric organizations.

A clearly different pattern is distinguished for large-
shaped tools, which are typically characterized by short 
knapping sequences focused on specific sections of the 
blanks (Ollé et al., 2023). Interestingly, in the case of picks, 
the original blank volumes appear to influence the shaping 
processes, as larger blanks exhibit lower reduction intensity, 
a greater amount of cortical surface, and relatively simpler 
shaping processes.

The large-shaped tools recovered at BB reflect elements 
of cognitive complexity also observed in the core reduction 
dynamics, such as the more complex and efficient organi-
zation of the actions and the ability to overcome the raw 
material constraints. On the one hand, because, although 
generally a single series of removals is identified, it presents 
numerous invasive removals oriented towards the shaping of 
a distal trihedron, leaving the base unmodified. In one pick 
from P1, two long-shaping series have been documented 
(Mosquera et al., 2016; Ollé et al., 2023). On the other 
hand, the selection of morphologies more conducive to the 
shaping of some distally configured picks seems to be gov-
erned by the principle of gestural economy (sensu Vaquero, 
1997, 1999), which, together with their differential transport 
(spatiotemporal fragmentation of the reduction sequences), 
reflects an anticipatory and planned behaviour assumed in 
other assemblages with similar chronologies (Bourguignon 
et al., 2016a). Moreover, this criterion of “minimal modifi-
cation” and specific selection of blanks with specific mor-
phological criteria has been considered by some authors as 
evidences of some degree of predetermination for later mode 
2 assemblages such as La Noira (Moncel et al., 2020a).

In sum, the three localities of BB show a differential 
reduction sequence patterns according to goal and to raw 
material (Fig. 10). The existence of a procedural template 
in the knapping strategies, with the gestural economy in the 
case of large shape tools productions, suggests a high level 
of planning and anticipatory capabilities.

“New” Behaviours: A Step Forward in Complexity 
Compared to the European Mode 1 Assemblages?

Although some localities the mode 1 occupations would 
have a markedly sporadic character, reflected in the small 

quantity of lithic assemblages, as is the case of Bois-de-
Riquet-US2 (France, 1.3–1.1  Ma) (Bourguignon et  al., 
2016b), Le Vallonnet (France, 1.2–1.1 Ma) (Cauche, 2009; 
Michel et  al., 2017), Atapuerca-TE9 (Spain, 1.22  Ma) 
(de Lombera-Hermida et al., 2015) and AtapuercaTD3-4 
(Spain, ̴ 1 Ma) (Carbonell et al., 2024; Ollé et al., 2013), 
Pakefield (Great Britain, ̴ 700 ka) (Parfitt et al., 2005), and 
Happisburgh 3 (Great Britain, 990–700 ka) (Parfitt et al., 
2010) making difficult or even impossible to identify long-
range behavioural patterns, it is possible to discuss some of 
the aspects related to the technological behaviour of these 
human groups (see Table 4).

One of these technological aspects may include the uti-
lization of a wide variety of local raw materials (< 5 km) 
to produce stone tools as observed in mode 1 assemblages 
from Dmanisi, Pirro Nord, Barranco León and Fuente Nueva 
3, Gran Dolina-TD6, Pont-de-Lavaud, Monte Poggiolo, and 
others (Arzarello et al., 2016; Baena et al., 2010; Barsky 
et al., 2015; Carbonell et al., 1999; de Lombera-Hermida 
et al., 2016; Despriée et al., 2018; Mosquera et al., 2018; 
Peretto et al., 1998; Toro-Moyano et al., 2011).

In some cases, there may even be variations in the man-
agement of raw materials, with the potential explanations 
varying. In sites like Monte Poggiolo and Pirro Nord, the 
raw material management can be attributed to the proper-
ties of the raw materials, particularly the size of available 
nodules, which influences the knapping strategies applied 
(Arzarello et al., 2015, 2016; Carpentieri & Arzarello, 2021; 
Peretto et al., 1998). In Dmanisi (Georgia), ca. 1.8 Ma ago 
(Lordkipanidze et al., 2007), raw materials were exploited 
with different intensity levels based on their quality (Baena 
et al., 2010; Mgeladze et al., 2010). In Gran Dolina-TD6 
(960 ± 120 ka) (Duval et al., 2018), which exhibits greater 
raw material diversity, there is a higher degree of core reduc-
tion intensity (Lombao et al., 2023c) and a greater presence 
of retouched flakes (Mosquera et al., 2018; Terradillos-Ber-
nal & Rodríguez-Álvarez, 2014, 2017) in the higher quality 
lithologies.

In terms of variability in core knapping strategies, Euro-
pean mode 1 assemblages are typically characterized by 
the presence of “unstructured” or “expedient” knapping 
strategies, which rely on unifacial, multifacial, multipolar, 
and, rarely, centripetal methods. These knapping strategies 
are often subordinated to the geometric features of the raw 
materials, reflecting the absence of substantial attention to 
preserving core volumetric conditions, especially in terms 
of platform preparation (e.g. Carpentieri & Arzarello, 2021; 
Lombao et al., 2023c; Mosquera et al., 2018).

Furthermore, European mode 1 assemblages tend to fea-
ture short reduction sequences. However, some sites, where 
these shorter sequences predominate, such as Monte Pog-
giolo have occasionally shown relatively long reduction 
sequences, as evidenced by the presence of refits (Arzarello 
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et al., 2016; Peretto et al., 1998). This would be reflected in 
a low degree of reduction intensity of the cores and/or in a 
lower degree of depletion of the volumetric potential of the 
cores.

This integrity in reduction sequences is observed in some 
European mode 1 sites. Gran Dolina-TD6.2, Monte Pog-
giolo, Fuente Nueva 3, and Barranco León exhibit the pres-
ence of all elements in the reduction sequences (Arzarello 
et al., 2016; Barsky et al., 2022; Carbonell et al., 1999; Toro-
Moyano et al., 2011; Yravedra et al., 2024). This, along with 
the presence of refits in some sites such as TD6.2 (Mosquera 

et al., 2018) and Neogene chert nodules with substantial 
remaining volumes, suggests a systematic transport of mate-
rial to the cave for in situ knapping. In some cases, such as 
Fuente Nueva 3, some larger-sized flakes were introduced 
into the site and re-knapped expediently (Barsky et al., 
2022).

Regarding large flake production, European mode 1 
assemblages typically lack large flakes. However, Gran 
Dolina-TD6.2 stands out as an exception, with some flakes 
larger than 10 cm recovered (Mosquera et al., 2018). This 
production may depend on the characteristics of the raw 

Fig. 10  Reduction sequences of 
chert and schist for the three BB 
localities
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material, as these flakes are produced from Neogene chert, 
which exists in the form of metric or decametric blocks 
(García-Antón, 2016). Consequently, the only viable 
approach to manage this lithology is to produce large flakes 
or fragments. In contrast to BB, the large flakes in TD6.2 are 
exclusively intended to be used as blanks for cores and not 
for shaping large tools.

In sum, there are differences in raw material manage-
ment, core knapping strategies, reduction intensity, large 
flake production, integrity of reduction sequences, and the 
production of large-shaped tools between the BB localities 
and European mode 1 sites (Table 4). However, some differ-
ences are more pronounced than others. For example, much 
of the variability observed in knapping strategies is common 
to both, as is the partial management of volume, the pre-
dominance of longitudinal unipolar schemes, the presence 
of orthogonal bifacial/multifacial cores, and the utilization 
of the bipolar on an anvil technique. However, in mode 1 
assemblages, the application of different strategies seems 
to be a response to the raw materials constrains, whereas in 
the BB sites, it is independent of these characteristics. Other 
differences, such as the integrity of reduction sequences and 
large flake production, are more evident, suggesting a clearly 
different technological behaviour between BB and European 
mode 1 assemblages.

“Old” Behaviours: A Step Back in Complexity 
Compared to the European Early Middle Pleistocene 
Mode 2 (~ 780–600 ka)?

After evaluating the technological characteristics displayed 
by the three BB localities and considering the changes and 
similarities compared to other European mode 1 sites, it is 
essential to examine the core knapping strategies and tool 
shaping dynamics in slightly later assemblages (between 800 
and 600 ka) to provide a comprehensive context.

A) Core Reduction Sequences

A common trait found in early Middle Pleistocene sites is 
the selective management of raw materials. For example, at 
the US4 level of Bois-de-Riquet in France, dating between 
780 and 680 ka (Bourguignon et al., 2016a), there is a clear 
connection between the raw materials used, their size, and 
the type of tools produced. Basalt is employed for obtaining 
large flakes and large tools, while quartz is used for produc-
ing small flakes, and aplite is chosen for hammerstones and 
heavy-duty tools (Bourguignon et al., 2016a). Notarchirico 
in Italian peninsula (695–600 ka) shows the reduction of 
small-sized flint nodules through unifacial and multifa-
cial strategies, with minimal platform preparation, while 
other raw materials like quartz, quartzite, or limestone are 

occasionally used to obtain large flakes for handaxe produc-
tion (Carpentieri et al., 2023; Moncel et al., 2019, 2020b).

In Stratum a of La Noira (France), dated around 
665 ± 55 ka (Despriée et al., 2011, 2017; Moncel et al., 
2013, 2020a, 2021), the primary raw material is a tabular 
silicified limestone found in the vicinity of the site (Mon-
cel & Ashton, 2018). Selection is based on thickness, with 
thicker pieces used for flake production and those with more 
acute natural angles chosen for handaxe configuration and 
more structured knapping strategies for small flakes (Mon-
cel et al., 2020a, 2021). The core reduction dynamics docu-
mented at La Noira reveal two main reduction sequences: 
one for producing small flakes and another for larger ones. 
The production of small flakes involves multiple strategies 
depending on the platform type and number, with a preva-
lence of centripetal bifacial strategies characterized by short 
series of convergent and invasive removals. In contrast, the 
larger cores are characterized by disorganized and non-
standardized management (Moncel et al., 2020a, 2021).

Large cores intended for large flake production, also 
known as “giant cores” (sensu Sharon, 2009) have also been 
identified at the US4 level of Bois-de-Riquet. In both sites, 
giant cores exhibit partial exploitation, with the natural sur-
faces of the blank acting as percussion platforms and show-
ing a low degree of reduction and volumetric exhaustion. 
While the absence of platform facets could indicate good 
control over morphology and angular relationships between 
surfaces, this type of management suggests opportunistic 
behaviour related to blank morphology. However, some 
authors propose that the selection of the blank itself could 
indicate anticipatory behaviour (Bourguignon et al., 2016a).

Furthermore, early Middle Pleistocene assemblages 
exhibit an increased independence from raw material con-
straints compared to mode 1 assemblages. This is reflected in 
the growing prevalence of centripetal bifacial cores, allow-
ing for the independent management of the entire volume 
regardless of the initial blanks’ characteristics. Addition-
ally, there is a more deliberate selection of favourable mor-
phologies based on intended knapping strategies. While 
earlier sites like El Barranc de la Boella or the US4 level 
of Bois-de-Riquet primarily feature unipolar longitudinal 
and orthogonal strategies, more recent sites like La Noira 
introduce complex volumetric management strategies, with 
discoidal strategies being prominent. These strategies over-
come the constraints imposed by raw materials (Gallotti & 
Peretto, 2015). However, in the case of Notarchirico, core 
reduction strategies remain stable throughout the strati-
graphic sequence, regardless of the presence or absence of 
handaxes among different layers (Carpentieri et al., 2023; 
Moncel et al., 2019, 2020b; Santagata et al., 2020).

Other sites, such as Moulin Quignon in Abbeville 
(France), dating to 672 ± 54 ka (Antoine et al., 2019), show 
substantial variability in knapping strategies. This variability 
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includes cores reflecting opportunistic strategies, with few 
removals and rare platform preparation, as well as other 
cores with more structured strategies, like unifacial and bifa-
cial centripetal and orthogonal strategies, suggesting some 
raw material independence (Antoine et al., 2019).

In summary, early Middle Pleistocene mode 2 European 
assemblages demonstrate distinct features in their core 
reduction sequences, such as a strong reliance on locally 
available raw materials, selective management of raw mate-
rials, a combination of complex and more expedient reduc-
tion strategies, the ability to overcome raw material con-
straints, longer reduction sequences compared to mode 1, 
evidence of independent production of both large and small 
flakes, an increasing occurrence of centripetal strategies, 
and a higher frequency and intensity of platform prepara-
tion (Gallotti & Peretto, 2015).

The cores found in the three BB localities share several 
aspects with these observations (Table 4). Furthermore, BB 
assemblages mainly focus on the production of small-sized 
flakes, with giant cores being notably absent. Despite this 
absence, the management of large volumes is confirmed by 
the existence of five large schist flakes (both retouched and 
unretouched).

B) Large‑Shaped Tool Sequences

In the US4 level at Bois-de-Riquet, shaping sequences have 
been documented both from cobbles and from large flakes 
and are oriented towards obtaining cutting-edges limited 
to a specific sector of the blank, located at the opposite 
end of a prehensile surface, which generally occupies half 
the perimeter of the blanks. In the flakes, the configura-
tion presents a greater perimeter development, generating a 
semi-peripheral edge. These heavy-duty tools can be either 
unifacial or bifacial and generally show little modification 
and a low degree of morphological standardization, rang-
ing from cordiform to tools with transverse edges, although 
they do not correspond typologically to cleavers (Bourguig-
non et al., 2016a).

At Notarchirico, there are no clear differences between 
the different levels in terms of shaping processes or the final 
types. However, level F (< 670 ka) shows a greater diversity 
in the shaping and morphology of the handaxes, although 
their dimensions are very homogeneous. In contrast, more 
recent levels, such as B, show a higher frequency of less 
elaborated bifacial tools and a greater size diversity. In addi-
tion, in some levels, the presence of handaxes is accom-
panied by other shaped tools, such as choppers or pointed 
chopping tools (Moncel et al., 2019, 2020b).

At La Noira Stratum a, a variety of shaping processes 
have been identified (García-Medrano et al., 2022; Moncel 
et al., 2016, 2020a, 2021). These processes encompass (1) 
heavy-duty tools that feature partial modifications aimed 

at creating cutting edges, (2) bifacial tools shaped through 
peripheral extractions to produce convergent cutting edges 
without comprehensive volume management, (3) handaxes 
made from thinner blanks displaying complete volume man-
agement, and generating cordiform and triangular shapes 
through the use of hard and soft hammer percussion, as well 
as (4) bifacial cleavers and cleaver-like tools characterized 
by transverse cutting edges.

It is therefore possible to identify in the European con-
text the existence of large-shaped tools that demonstrate a 
capability for bifacial volume management on a wide variety 
of raw materials and blanks. These large-shaped tools pre-
sent a wide range of final shapes ranging from oval, cordate 
or pointed, as in the Moulin Quignon site (Antoine et al., 
2019). In general, in assemblages without handaxes, few 
large cutting tools have been recorded and they are charac-
terized by a low degree of formal standardization (Moncel 
et al., 2021).

Moncel and Ashton (2018) highlight the main character-
istics observed in the shaping processes of the early Mid-
dle Pleistocene assemblages. These characteristics include 
the major use of local raw materials; a low frequency of 
handaxes, which are always associated with partial bifacial 
tools; diversity in the configuration processes; and varia-
tions in the shape of the handaxes. Furthermore, there is an 
infrequent use of large flakes to produce heavy-duty tools or 
as cores for flake production.

In relation to these aspects, the large-shaped tools found 
at El Barranc de la Boella are shaped from locally available 
raw materials, predominantly schist, with chert slabs being 
less common. Notably, picks stand out from these assem-
blages, displaying some morpho-technical standardization 
such as triangular cross-sections and a consistent shaping 
pattern involving few invasive removals on the distal part of 
the tool. The predominant pattern of bifacial shaping is alter-
nate, although we have also observed cases of alternating 
bifacial flaking. The outcomes reveal robust, thick sections, 
moderately sinuous edges, and limited bifacial and bilateral 
symmetry (Ollé et al., 2023).

This morpho-technical standardization primarily revolves 
around the careful blank selection with more suitable natural 
shapes to produce picks, rather than focusing on creating 
long and complex shaping series as shown by the reduction 
intensity values. In some cases, shaping was restricted to 
two large invasive distal removals and minor adjustments 
on the lateral edges.

It is essential to remark that the El Barranc de la Boella 
lithic collection lacks classical handaxes, which are typi-
cally characterized as symmetrical tools with two lateral 
convex edges converging toward a pronounced tip, featur-
ing a lenticular cross-section, and shaped across their entire 
perimeter through invasive bifacial removals. This absence 
distinguishes El Barranc de la Boella from later mode 2 
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assemblages. Finally, the use of flakes to create heavy tools 
has been documented in some cases, especially in the pro-
duction of cleavers (n = 2), knives (n = 2) or even a pick. 
Cleavers also show some particularities, since they do not 
meet Tixier’s classic definition (Tixier, 1957), which implies 
an untrimmed bit (Ollé et al., 2023).

El Barranc de la Boella: Local Evolution, Diffusion, 
or Population Arrival?

Although some authors have vaguely discussed the mode 
2 character of El Barranc de la Boella (Méndez-Quintas 
et al., 2018; Santonja et al., 2016) based on “the presence 
of fragmented flakes and fragments in these localities” as 
well as the low number of LCTs recovered (Santonja et al., 
2016), the data presented and discussed here, together with 
the increased number of large-shaped tools recovered (Ollé 
et al., 2023) with respect to previous studies (Mosquera 
et al., 2015, 2016), allow us to confirm the adscription of 
these localities as mode 2 (see Table 4). BB represents the 
first known occurrence so far of this behaviour in western 
Europe.

Regarding the debate on whether BB represents a local 
evolution, a population migration with new technological 
behaviours, or an example of technological diffusion, we 
see that the possible answer is highly dependent on the type 
of approach or elements of the lithic assemblage that we 
consider.

If we understand gradual changes as the result of a local 
evolutionary process, we could interpret that the gradual 
evolution in knapping strategies from the mode 1, BB sites, 
and early Middle Pleistocene assemblages with progressive 
changes favouring more comprehensive and structured vol-
ume management that overcomes raw material constraints, 
as seen in the increased use of centripetal strategies (Gal-
lotti & Peretto, 2015), would reflect a possible local evolu-
tion from mode 1 technocomplexes. This is especially the 
case considering that the BB lithic assemblage presents 
some similarities not only with European mode 1 assem-
blages but also with early Middle Pleistocene assemblages 
(780–600 ka).

Nevertheless, these gradual changes do not appear to fol-
low a linear and homogeneous pattern, as seen in longer 
archaeological sequences such as Notarchirico, where 
no major changes in core knapping strategies have been 
detected over time (Carpentieri et al., 2023; Moncel et al., 
2019, 2020b). Furthermore, these changes in technological 
behaviour may or may not be accompanied by the presence 
of handaxes, as observed in Isernia la Pineta (Gallotti & 
Peretto, 2015), where no handaxes have been found, possibly 
due to the lack of adequately sized raw materials (Moncel 
& Ashton, 2018).

However, if we focus only in the large-shaped tools, we 
will have a completely different perspective regarding BB’s 
position compared to other contemporary assemblages. This 
difference stems from the categorical classification, where 
mode 1 is defined as a technology based on core and flake 
technologies (Clark, 1969), and mode 2 is characterized by 
the presence of large-shaped tools, which does not allow for 
gradations.

In that way, large-shaped tools are typological construc-
tions based on the presence of technical and morphologi-
cal elements that in many cases are defined by presence 
or absence and not by degree. For example, in the case of 
handaxes, their definition is mainly based on the coexistence 
of two elements: symmetry and bifacial character (Villa, 
2001). While new methods may quantify symmetry to some 
extent, the bifacial character can ultimately be summarized 
as categorical, and it is essentially binary — either bifacial 
or non-bifacial and does not accept intermediate degrees.

Consequently, using categorical variables to define an 
assemblage or some of its elements makes it difficult to 
identify transitional technologies or gradual technological 
changes. Although theoretically possible, such transitions 
would be challenging to distinguish in practice. In this sce-
nario, the only traceable evidence for a possible origin of 
these large-shaped tools might come from the cores or some 
retouched elements (like chopping tools, becs, among oth-
ers). Therefore, identifying a possible intermediate step to 
these large instruments is complex, if not impossible. This 
difficulty might explain the absence of transitional assem-
blages between both technocomplexes in the European 
record (Moncel et al., 2020a; Mosquera et al., 2016).

Regarding the position of BB assemblages with other 
European early Middle Pleistocene archaeological sites 
based on large-shaped tools types, we have seen that in the 
early Middle Pleistocene assemblages, large-shaped tools 
are predominantly characterized by bifacial management, 
where, despite a high degree of typological variability, picks 
and/or trihedrons are rare or absent. At BB, the large-shaped 
tools are primarily defined by the configuration of trihedron, 
either unifacial or bifacial, but morphologically trihedral. In 
contrast, bifacial management is mainly seen in the chop-
ping-tools and the cleaver-like tool.

Some authors consider BB to be an earlier local evolu-
tion (see Carpentieri et al., 2023). However, we have seen 
the problems derived from the classifications themselves, in 
which it would be necessary to find transitional morpholo-
gies in the archaeological record, something that, consider-
ing the abrupt discontinuity shown by the European record 
in these chronologies (Key & Ashton, 2023), seems unlikely.

If we consider the entire technological record — beyond 
the large-shaped tools types — the behaviours identified in 
BB, regarding specific reduction sequences for different raw 
materials, blank selection for large-shaped tool production, 
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large flake production, transport (spatiotemporal fragmenta-
tion of reduction sequences), and the existence of a mental 
procedural template inferred from the core knapping strate-
gies, seem to represent a new set of technological behav-
iours not seen in the European mode 1 assemblages. These 
“background” technological characteristics are more similar 
to those found in other early Middle Pleistocene sites.

The existence of a common behavioural “substrate” that 
manifests itself differently according to local particularities 
such as the raw material availability, site function (Moncel 
& Ashton, 2018), or other factors such as the occupation 
type or intensity could explain a large part of the technologi-
cal features of these assemblages. However, in other tech-
nological aspects, neither the available raw materials nor 
the intensity and type of occupations seem to be absolute 
responsible for some the technological characteristics such 
as large-shaped tool types in the case of BB. The existence 
of large-sized cores, together with the configuration of picks 
or cleavers, rules out raw material as an explanatory factor 
for the absence of handaxes. On the other hand, although the 
functionality of the different localities seems to condition the 
frequency of large-shaped tools, the presence of picks and 
cleavers seems to indicate that their existence is not exclu-
sively linked to the type of occupation represented.

If the causes of these differences are not only due to phys-
ical aspects such as raw material availability or occupational 
factors, perhaps BB is representing a first arrival of an early 
mode 2 technology to the European continent — the first 
wave of a surge of hominin dispersal that happens during 
late Early Pleistocene and early Middle Pleistocene.

The non-linearity in the evolution of core knapping strate-
gies together with the diversity of large shape tool produc-
tion in this period (900–600 ka) also seems to point to the 
existence of multiple waves of hominin dispersals in which 
the BB sites represent the oldest know arrival of this tech-
nological set of behaviours.

If we accept a hominin dispersal hypothesis, the next 
question is: Where did these populations come from? Vari-
ous potential dispersal routes have been proposed, such as 
the Gibraltar Strait (O’Regan, 2008) or the Aegean zone 
(Sakellariou & Galanidou, 2017; Tourloukis & Harvati, 
2018). However, we consider the coastal route along the 
northern Mediterranean basin to be the most plausible 
hypothesis since shared technological elements between 
‘Ubeidiya and BB, including the differential use of raw 
materials tailored to specific goals, the emergence of large-
shaped tools linked to a spatiotemporal fragmentation of 
reduction sequences, and the presence of picks, among other 
technological aspects (Herzlinger et al., 2021; Ollé et al., 
2023). In this context, BB and ‘Ubeidiya might represent 
different moments of the same hominin dispersal (Ollé et al., 
2023). Subsequent “demographic waves”, characterized by 
a more “classic” mode 2, could have occurred around 0.8 

million years ago and might be associated with the large 
flake technology from Gesher Benot Ya’aqov (GBY) (Goren-
Inbar et al., 2000). Detailed comparisons are necessary to 
explore the similarities between El Barranc de la Boella and 
‘Ubeidiya, and between GBY and early Middle Pleistocene 
mode 2 sites, to define their potential relationships more 
precisely.

Conclusion

We have conducted a comprehensive analysis of the lithic 
assemblages from three localities at El Barranc de la Boe-
lla, which represent the earliest appearance of the mode 2 
technocomplex in Europe. Our study focused on five key 
technological aspects: (1) raw material management, (2) 
core reduction strategies, (3) reduction intensity and volu-
metric depletion, (4) large flake production (> 10 cm), and 
(5) integrity of reduction sequence, comparing these find-
ings with earlier European mode 1 assemblages and subse-
quent early Middle Pleistocene mode 2 contexts to highlight 
the technological evolution in the late Early Pleistocene and 
early Middle Pleistocene.

The technological behaviour observed at BB demon-
strates significant technological advancements and antici-
patory behaviour. The existence of a procedural template 
inferred from core reduction strategies, coupled with the 
production of large-shaped tools characterized by a princi-
ple of gestural economy, as well as the presence of different 
reduction sequences tailored to specific purposes suggests a 
sophisticated level of foresight and planning.

Although the difficulty to find transitional assemblages, 
our findings suggest a greater likelihood of population dis-
persals rather than a local evolution from mode 1 to mode 2 
technologies at BB.

Furthermore, although BB shares a technological “back-
ground” with early Middle Pleistocene sites, there are some 
technological differences, particularly in the types of large-
shaped tools, that cannot be explained solely by the specific 
contexts of each site. This, along with the evidence of a non-
linear evolution in core knapping strategies during the late 
Early Pleistocene and early Middle Pleistocene, points to the 
existence of migratory flows involving different population 
waves. In this scenario, BB may represent an early dispersal 
of the Acheulean from Africa around 1.4 million years ago, 
which may be related with ‘Ubeidiya.
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