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a b s t r a c t

Understanding the temporal resolution of archaeological deposits is a critical issue for drawing behav-
ioural inferences. In the case of TD10.2 (Gran Dolina, Sierra de Atapuerca), this factor becomes essential
in defining the mass communal bison hunting level and the different butchering events that took place at
the sub-unit, which is characterised as a kill-butchering site. Traditionally, the dissection of events within
an assemblage is performed by visual archaeostratigraphic techniques. This method, however, can be
challenging in high-density sites without marked sterile gaps between levels. In this study, we present a
combination of archaeostratigraphic techniques, supervised machine learning, and lithic refits applied to
TD10.2. This integration of techniques offers a more automated and time-efficient archaeostratigraphic
analysis, supports a more quantitative strand of evidence, and enables final verification using refits, even
though it still requires prior visual archaeostratigraphic processing to set up qualitative data. Results
have allowed for the definition of three distinct levels within the sub-unit along the entire excavation
surface, highlighting the potential of these methods. Moreover, this approach facilitates the accurate
delineation of level boundaries in the bison bone bed level, assessing its high spatiotemporal resolution,
and identifying a minimum of two seasonal communal hunting events. This result reinforces previous
interpretations while also providing new insights into the subsistence and behavioural strategies of the
hominins that occupied the cavity.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The limited definition of the temporal readability of the
archaeological record, led to the consideration of many deposits as
palimpsests (Bailey, 2007; Binford, 1981a; Galanidou, 2000; Lucas,
2012). Archaeological deposits result from the interaction and
overlapping of anthropic and natural phenomena that introduce,
rework, disturb, and remove materials over different time spans,
and at diverse temporal and spatial scales (Bailey, 1983; Butzer,
Virgili (URV), Departament
5, 43002, Tarragona, Spain.
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1982; Foley, 1981; LaMotta and Schiffer, 1999; Schiffer, 1987,
1983; 1972; Stein, 2001). The recurrence of activities, agents, and
effects, generally produces the interstratification of materials
belonging to different events in the same space and in a single
analytical unit, giving rise to palimpsests (Villa, 1982; Bailey, 2007;
Sullivan, 2008; Malinsky-Buller et al., 2011; Henry, 2012; Lucas,
2012). This issue is especially relevant for caves, attractive sights
in the landscape where the recurrence of occupations in a physi-
cally constrained space, combined with habitually low sedimen-
tation rates, which often results in palimpsests of coarse-grain
resolution (Bailey and Galanidou, 2009).

In stratified deposits, archaeological assemblages are conven-
tionally defined through geological criteria, with geological time-
scales exponentially longer than archaeological times (Adler et al.,
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2013; Stern, 1994). Nevertheless, although geological units provide
important contextual information (e.g., palaeoclimatic conditions),
their conformation varies independently of past behaviour
(Mcpherron et al., 2005), and hence cannot be assimilated to cul-
tural units. The discrepancies between the time-scales of geological
and behavioural events imply that, through acritical aprioristic
assumptions, archaeological materials found in a lithologically and
sedimentologically defined archaeological unit, could be perceived
as the result of a single occupation. This leads to many events being
studied as contemporary activities, carried out at the same time
and by the same group of individuals. The implicit idea that arte-
facts within the same unit are synchronic, supports the misleading
illusion that assemblages represent a simple accumulation of
contemporary decisions and actions. This contributes to the ho-
mogenisation of both the behavioural variability of humans and the
different scales of analysis (Binford, 1981a; Dibble et al., 2017;
Romagnoli et al., 2018).

In recent years, estimating the time resolution of an archaeo-
logical assemblage has become a critical issue in the archaeological
discipline, leading to the formulation of a comprehensive theoret-
ical framework around time-perspectivism phenomena and the
archaeology of time (Bailey, 1981; Gowlett, 1997; Harding, 2005;
Holdaway and Wandsnider, 2008; Lucas, 2012 and references
therein). This time-averaged perspective (Stern, 2008, 1994), pro-
vided by the superimposition of multiple occupations in a single
area, has traditionally been considered a drawback, claiming that
the lack of discrete occupation episodes does not allow reliable
spatial or behavioural inferences to be made. From this standpoint,
archaeological endeavours have pursued the search for well-
preserved deposits as a faithful depiction of prehistoric activities,
delving into snapshots and high-resolution sites that approach the
archaeological time to the ethnographical one as a baseline for
interpretative analogies of the archaeological record (Bamforth
et al., 2005; Machado et al., 2013; Pettitt, 1997; Schiffer, 1985;
Smith, 1992; Vaquero, 2008).

Nevertheless, in a virtually dichotomous sense, some authors
have also stressed the pitfalls of disentangling assemblages into
minimal episodes where generalisations about prehistoric behav-
iour cannot be sustained (Bailey, 2007, 1983). If confronted with the
epistemological meaning of the archaeological discipline as a his-
torical science, concerned about time processes (Smith, 1992), then
the synchronic scale of ethnographic time cannot provide reliable
explanatory observations for large-scale evolutionary shifts
(Dunnell, 1982; Kuhn and Clark, 2015; Smith, 1992; Vaquero et al.,
2012).

From this perspective, several authors refer to the potential of
time-averaged deposits, or palimpsests, for bringing visibility to the
sites. This approach filters short-term noise, and provides broader
information about long-term processes, complex interactions and
adaptations, behavioural dynamics, or technological, ecological,
and social trends, that may not be visible at an ethnographic scale
of analysis (Bailey, 2007; Bailey and Galanidou, 2009; Kowalewski,
1996; Olszewski, 1999; Perreault, 2019; Reeves et al., 2019;
Wandsnider, 2008).

Regardless of the nature of the deposit, understanding the
temporal and spatial scale of the archaeological record becomes an
essential premise to discern the degree of bias in an assemblage.
This can additionally be used to address perspicuous research
questions and develop suitable techniques and units of analysis
(Bailey, 2007; Lyman, 2003; Sullivan, 2008). It is therefore funda-
mental to recognise palimpsests in terms of different events and
distinct diachronic sequences, so as to reconstruct occupational
patterns properly, and trace the subsistence strategies and eco-
social behavioural models of the different hominin groups
(Machado et al., 2015; Mallol and Hern�andez, 2016; Martínez-
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Moreno et al., 2016).
As pointed out by Romagnoli et al. (2018), the ability to craft a

comprehensive narrative is still a challenge, especially when inte-
grating the complexity of different temporal scales. This is appli-
cable from the search for individual events, discrete episodes, and
occupation floors, to the broader trends and evolutionary expla-
nations afforded by long-term processes.

Unravelling the temporal idiosyncrasy and the contemporaneity
of archaeological evidence has traditionally been the subject of
archaeostratigraphical practice. Archaeostratigraphy focuses on the
vertical dimension of sedimentary sequences, establishing mini-
mum temporal analytical units within cultural deposits. This
discipline pursues the identification of diachronic occupations and
synchronic relationships among the different archaeological re-
mains. Through this, analysts attempt to reconstruct individual
episodes of activity, unearth subjacent formation processes and
post-depositional disturbances, while providing a deeper under-
standing and resolution for the site. (Canals et al., 2003; Obreg�on
Labrador, 2012; S�anchez-Romero et al., 2017; Sa~nudo et al., 2012).

This approach can be further enhanced by a greater variety of
interdisciplinary proxies such as; micromammals distribution
(Giusti and Arzarello, 2016), the occurrence of medium to large-size
carnivores (Sa~nudo et al., 2016), taphonomic alterations (Discamps
et al., 2019; Yravedra et al., 2016), and spatial analyses (Marín et al.,
2019; Reeves et al., 2019; Romagnoli and Vaquero, 2016). Likewise,
high-resolution techniques are also of interest, such as soil micro-
morphology (Leierer et al., 2019; Mallol et al., 2013; Vallverdú and
Courty, 2012), charcoal examination (Mas et al., 2021; Vidal-
Matutano, 2017), archaeomagnetism (Carrancho et al., 2016),
tooth microwear analysis, or intra-tooth isotopic profiles (Julien
et al., 2015; Rivals et al., 2009a, 2009b), among others.

The contribution of lithic and faunal refits is also particularly
important to archaeostratigraphy. Refits sheds light on the
archaeological record's time variable and event scale. The links
between remains introduce punctual moments and discrete tech-
nical events while, at the same time, provide dynamic to the static
nature of the archaeological record (Gowlett, 1997, p. 163;
Romagnoli and Vaquero, 2019). The analysis of bone or artefact
linkages additionally supports the assessment of the integrity of an
assemblage, reinforces site formation reconstruction and tapho-
nomic processes, underlies the comprehension of diachronic and
synchronic relationships, corroborates archaeostratigraphic obser-
vations, and contributes to estimating the potential assemblage
time span (Ashton, 2004; Bargall�o et al., 2016; Bordes, 2003, de la
Torre et al., 2012; Deschamps and Zilh~ao, 2018; Fern�andez-Laso
et al., 2020; Hofman, 1986; L�opez-Ortega et al., 2019; Machado
et al., 2019; Morrow, 1996; Rosell et al., 2012; Sumner and
Kuman, 2014; Vaquero et al., 2017, 2012; Villa, 1982).

Nowadays, the archaeostratigraphic perspective is widespread
and incorporated into most academic research. Nevertheless,
despite the contribution of the methods mentioned above, or the
occasional inclusion of more advanced statistical techniques (e.g.,
Anderson and Burke, 2008; Ngoloyi et al., 2020), archaeostrati-
graphic practice is essentially a qualitative method, highly condi-
tioned by the techniques used to document the archaeological
record. Likewise, human induced factors, such as the observer's
training and experience, are also important, while the nature of the
deposit itself is also likely to condition subsequent interpretations.
This is particularly clear in large open surface excavations with
densely clustered materials, no anthropogenic structures, and
blurred stratigraphic boundaries, where the dissection of palimp-
sests is rather limited and reliant on the observer's subjective
criteria.

Recently, a new proposal has been published applying unsu-
pervised and supervised machine learning (ML) algorithms to
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identify palaeontological fossiliferous levels (Martín-Perea et al.,
2020). ML algorithms are a subset of Artificially Intelligent (AI) al-
gorithms, based on the construction of mathematical functions to
perform specific tasks. Several types of algorithms exist under
different “learning” paradigms, all of which have distinct advan-
tages or disadvantages according to the task at hand. In ML, the
concept of “learning” is based on the use of well-known data
(training set) to train the algorithm over a series of iterations, using
trial and error to reduce the number and severity of mistakes made
(Bishop, 2006; Goodfellow et al., 2016). Throughout this process,
algorithms adjust their own internal parameters, thus “learning”
from this data. Once trained, algorithms are provided with new
data (test set) to be tested and evaluated. When exposed to more
data over time, these methods improve and can produce models
with high predictive accuracy from almost any data type.

In the last decade, these quantitative methods have increasingly
been introduced into the archaeological discipline (Bickler, 2021),
with special emphasis on several areas of taphonomic research
(Arriaza and Domínguez-Rodrigo, 2016; Cifuentes-Alcobendas and
Domínguez-Rodrigo, 2019; Courtenay et al., 2021, 2020;
Domínguez-Rodrigo and Baquedano, 2018; Mocl�an et al., 2019),
lithic technology and experimental replication (Archer et al., 2021;
Bustos-P�erez and Baena, 2021; Gonz�alez-Molina et al., 2020; Grove
and Blinkhorn, 2020; Nash and Prewitt, 2016; Orellana Figueroa
et al., 2021), rock art identification (Jalandoni et al., 2022), as well
as geological and archaeological surveys (Elliot et al., 2021; Orengo
et al., 2020; Thabeng et al., 2019).

These studies highlight the significant improvement in the ac-
curacy and reliability of the results compared to other statistical
techniques or more conventional procedures. ML algorithms are
thus highly efficient at processing large and complex multidimen-
sional datasets and provide a more robust and empirical approach
to processing such data (Cobo-S�anchez, 2020; Domínguez-Rodrigo,
2019).

Based on these renewed approaches, this study presents, for the
first time, the application of supervised ML algorithms for the
archaeostratigraphic study of the archaeological cave deposit of the
Gran Dolina TD10.2 sub-unit (Atapuerca), in combination with
conventional archaeostratigraphic methods and information
derived from lithic refits. This sub-unit provided evidence for a
monospecific bison kill-butchering site, interpreted as the earliest
evidence of mass communal hunting (see further details below)
(Rodríguez-Hidalgo et al., 2017). Due to the relevant implications of
this assemblage, which reflects high organisational capabilities,
sophisticated subsistence strategies, and social cooperation, it has
been considered essential to discern its spatio-temporal definition
and estimate its potential to infer behavioural trends.

The aims of this research are; a) to define the different formation
phases of the sub-unit TD10.2; b) to evaluate the applicability and
effectiveness of ML-based approaches for dissecting sedimentary
units; and c) to explore whether the archaeological layer formed by
the bison bone bed (TD10.2-BB) can be disentangled into smaller
analytical units to gain insight into its temporal and functional
significance. From this perspective, we aim to provide a better time
and spatial resolution framework for the study of human activities
and occupational patterns carried out in Gran Dolina TD10.2.

2. The litostratigraphic sub-unit TD10.2

The archaeo-palaeontological site of Gran Dolina is part of the
intermediate karst level of the Sierra de Atapuerca, Burgos (Spain),
being the northernmost site of the Trinchera del Ferrocarril
archaeological complex. The cavity presents a keyhole section
morphology, infilled with 25m of autochthonous (units TD1-2) and
allochthonous sediments (TD3/4-TD11) (Campa~na et al., 2017;
3

Duval et al., 2022; Ortega et al., 2013), where originally eleven
lithostratigraphic units were identified, from bottom to top (TD1-
TD11) (Gil et al., 1987; Par�es and P�erez-Gonz�alez, 1999; P�erez-
Gonz�alez et al., 2001) and subsequently revised (Campa~na et al.,
2017; Par�es et al., 2018; Rodríguez et al., 2011; Vallverdú, 2017)
(Fig. 1).

TD10 is the youngest archaeo-palaeontological lithostrati-
graphic unit, with ESR-U/Th, TL-IRSL, and ESR OB dates that situate
the deposits between MIS11 and MIS8 (Berger et al., 2008;
Falgu�eres et al., 1999; Moreno et al., 2015). It is divided into four
lithostratigraphic sub-units, TD10.1 to TD10.4, from top to bottom
respectively. Sedimentary processes are mainly exokarstic in origin.
The dominant mechanism is the gravitational fall of sloping debris
at the cave entrance (falling blocks, debris flows, and furrow flows);
however, small inputs of secondary lateral entries of material have
also been documented (Campa~na, 2018; Campa~na et al., 2017;
Mallol and Carbonell, 2008; Vallverdú, 2013). These breccia-filling
sedimentary processes form ordered debris deposits.

This 3 m-thick succession has recently been concluded through
an extensive excavation over approximately 95 m2 (Fig. 2). It re-
flects a relatively continuous succession of hominin occupations,
technologically evolving from the Acheulean (TD10.4 and TD10.3),
to assemblages showing certain transitional features pointing to an
early Mode 3 technology in TD10.2 (ongoing study), and TD10.1
(Carbonell et al., 2001; Men�endez Granda, 2009; Terradillos Bernal
and Díez Fern�andez, 2012; Oll�e et al., 2013, de Lombera-Hermida
et al., 2020).

Despite some disagreements between the different proxies
employed, no significant climatic changes have been detected. The
main environmental reconstructions thus point to climates similar
to interglacial conditions, with occupations of TD10 occurring in a
rather temperate period (Blain et al., 2009; Cuenca-Besc�os et al.,
2005; Rodríguez et al., 2011).

Formation processes and occupational patterns also vary
throughout the sequence. TD10.1 is divided into two major
archaeological deposits (Fig. 2a). The top of the sequence (Upper
TD10.1) reveals a succession of logistical and short-term occupa-
tions (Saladi�e et al., 2018). The bottom of the sub-unit (TD10.1-BB)
exhibits a high-density bone bed of about 10 cm-thick, interpreted
as a long-term residential camp (de Lombera-Hermida et al., 2020;
L�opez-Ortega et al., 2017; M�arquez et al., 2001; Oll�e et al., 2013;
Pedergnana and Oll�e, 2020; Rodríguez-Hidalgo et al., 2015). Other
studies have also focused on the intermediate part of the sub-unit,
tracing punctual activities or occupations that do not always
correlate with comprehensive archaeostratigraphic entities (Blasco
et al., 2013; Rosell, 2002).

Conversely, the current ongoing analysis of sub-units TD10.3
and TD10.4 suggest sporadic occupations of low intensity and
relatively reduced anthropogenic impact.

Sub-unit TD10.2, the focus of this study, is approximately 1 m-
thick. Current available geochronological studies (Fig. 1c) have
provided two ESR/U-series dates (418 ± 63 ka and 337 ± 51 ka) on
ungulate teeth (Falgu�eres et al., 2001, 1999), for the upper part of
the sub-unit, and ESR dates on quartz grains (375 ± 37 ka and
378 ± 10 ka) for the medium and basal portions (Moreno et al.,
2015). OSL dating, however, has reported a slightly discordant
mean date of 244 ± 26 ka for the deposit (Berger et al., 2008) (from
one sample at the top and two at the bottom), which substantially
rejuvenates the results provided by ESR. The inconsistencies and
uncertainty about the established dates may be related to the
different radiometric methods applied, since ESR/UeTh tends to
provide older dates than luminescence (Rodríguez et al., 2011). A
new series of OSL dating is in progress (single grain TT-OSL and pIR-
IR, Arnold et al., 2015), which will hopefully help clarify these
discrepancies.



Fig. 1. a) Location of Gran Dolina and Sierra de Atapuerca, in the North of the Iberian Peninsula; b) Gran Dolina's paleomorphology from the railway trench (south archaeological
section) and main lithostratigraphic units; c) Synthetic sedimentary facies column of Gran Dolina site and location of available dates for TD10 (Berger et al., 2008; Falgu�eres et al.,
1999; Moreno et al., 2015). (Figures modified from Campa~na et al., 2017, p. 79; Duval et al., 2022, p. 2; Rodríguez-Hidalgo et al., 2017, p. 91).
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The TD10.2 deposit consists of a reddish-brown mud matrix
with heterogeneous limestone gravels and blocks derived from the
structural degradation of the cave. It presents a texture with a
polymodal composition (granules, fine gravels, medium gravels,
and microgranular massive muds) and a homogeneous appearance
that blurs the recognition and mapping of possible stratigraphic
discontinuities (Vallverdú, 2013). Accordingly, the archaeological
excavation has highlighted the homogeneity of the sedimentary
matrix, with no significant macroscopical changes in colour,
texture, or structure, although a progressive decrease of gravels
towards the bottom in favour of an increment of clays has been
observed (Campa~na, 2018).

Despite the aforementioned sedimentological uniformity,
fieldwork revealed an archaeostratigraphic horizon with a note-
worthy concentration of lithic and faunal remains at the bottom of
the sub-unit. The previous archaeostratigraphic analysis
(Rodríguez-Hidalgo, 2015; Rodríguez-Hidalgo et al., 2017) defined
this accumulation as a specific archaeolevel within the sub-unit,
called bison bone bed (TD10.2-BB). This horizon, however, could
not be confidently traced over the entire excavation surface, as it
decreased in entity at its periphery. TD10.2-BB was, therefore,
restricted to the northern and northwestern area of the excavation
surface (approx. 55 m2), until further in-depth archaeostratigraphic
study of the entire excavation area (Fig. 2b).
4

Additionally, during the 2011 and 2012 field seasons, slight
compositional changes were noticed at the bottom of the bone bed.
These included a decrease in the density of remains, a gradual
transition to smaller and unidentifiable bones, the increased
carnivore occurrence and taxa variability, occasional appearance of
large lithic formats, a greater weight of sandstones and quartzite in
the overall composition, and minor shifts in sediment colouration
and compaction. These factors led to the decision to give this record
its own entity and designate it as archaeolevel TD10.2.2.

The information supplied by the zooarchaeological study of
24,216 faunal remains from the bison bone bed archaeolevel re-
veals a highly monospecific assemblage dominated by Bison sp.,
with at least 60 individuals. The intensive and systematic pro-
cessing of carcasses testifies early and primary access of hominins.
Scavenging by medium-sized and large carnivores is registered
after hominins abandoned the area. The dominance of axial bones,
selective transport of the high-yield elements (limbs) outside the
cave, seasonality death patterns, and catastrophic mortality profiles
(closely resembling a living population structure, see Rodríguez-
Hidalgo et al., 2017, p. 97), point to mass predation as the hunting
strategy. The available evidence supports the interpretation of the
site as a monospecific bison kill-butchering site (Rodríguez-
Hidalgo, 2016, 2015; Rodríguez-Hidalgo et al., 2017, 2016).

Preliminary technological analysis of the overall TD10.2 lithic



Fig. 2. a) Profile picture of the TD10 sequence; b) Transverse cross-section (20 cm-thick) of TD10.1, TD10.2 and the upper part of TD10.3 projected in a stratigraphic drawing of the
northern section of TD10. Figure modified from Saladi�e et al. (2018); stratigraphy representation done by Josep Valverdú; c) Excavation area of Gran Dolina site, field season 2009.
The bleached polygon indicates the area analysed by Rodríguez-Hidalgo et al. (2015, 2017); d) Detail of bison remains from TD10.2-BB, lying on a barely sterile sediment. Pictures by
Andreu Oll�e.
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assemblage indicates intense knapping activities at the site, with
the presence of complete reduction sequences, and an over-
representation of small flake products. Shaping processes are
focused on the production of a notable variability of small tools on
flake while, on the contrary, the occurrence of large cutting tools
(LCT) is very limited. Knapping strategies are diversified, but the
centripetal reduction is predominant and is generally carried out
through bifacial volumetric strategies (Arteaga-Brieba et al., 2020;
Oll�e et al., 2013). Preliminary use-wear results coincide with
zooarchaeological and taphonomic data, which point to mainly
butchery-related activities, while the working of bone, wood and
hide have also been identified (Asryan et al., 2022, 2021;
Rodríguez-Hidalgo et al., 2017).

Raw material procurement is local and reveals an extremely
high specialisation in Neogene and Cretaceous chert, not docu-
mented in other sites of the Sierra de Atapuerca complex. Materials
from the nearby terraces (quartzite, sandstone, and quartz) are
scarcely represented and mainly related to LCT and hammerstones
(García-Ant�on, 2016; Oll�e et al., 2013; Soto et al., 2021).

3. Materials and methods

As part of the fieldwork protocol at Gran Dolina, all lithic arte-
facts, identifiable faunal remains (regardless of size, yet excluding
micromammals and mesovertebrates such as leporids and small
birds), and any bone greater than 2 cm have been registered on
horizontal and vertical planes through three-dimensional Cartesian
coordinates, established with a 3COORDsystem (Canals et al., 2008),
and a total station theodolite. Limestone blocks larger than 10 cm
have been recorded by taking an upper and lower central point. The
entire perimeter of limestone blocks bigger than 50 cm was also
digitised. The use of a total station records the position of each data
point with an accuracy to the closest millimetre, thus enabling the
subsequent 3D virtual reconstruction of the archaeological deposit
(Dibble, 1987; Mcpherron et al., 2005).

Archaeostratigraphic analyses were conducted by considering
all faunal and lithic data. Materials recovered through sieving
sediments were excluded due to the inaccuracy of their co-
ordinates. Small blocks have also been omitted owing to their
overwhelming presence, very homogeneous throughout the
sequence, a circumstance that obscures the identification of
discrete layers. Blocks larger than 50 cm have been accounted for in
the projections since large block falls can be considered as part of
the (natural) architecture of the occupational surfaces of the cave.
They may also be indicative of cavity abandonment phases and a
potential source of vertical distortion, as well as material vacuum
gaps (Mora Torcal et al., 2020, p. 46).

Instead of focusing only on sub-unit TD10.2, the information
provided by previous archaeostratigraphic studies concerning
lower TD10.1 (de Lombera-Hermida et al., 2020; Obreg�on Labrador,
2012), TD10.2 (Rodríguez-Hidalgo et al., 2017), and ongoing anal-
ysis for the top of TD10.3 (Mosquera et al. in prep), was also used as
a frame of reference for the current analysis. This approach facili-
tates a better definition of the upper and lower boundaries of
TD10.2, while checking for possible sub-unit ascription in-
consistencies during archaeological fieldwork. Overall, 158,831
coordinate points have been considered for this study (43.79%
corresponds to lower TD10.1; 45.85% to TD10.2; 2.72% to TD10.2.2;
and 7.64% to the upper part of TD10.3; according to ascriptions
made in field seasons; see Table A.1).

3.1. Visual identification of archaeostratigraphic levels

The entire surface of the assemblage (bottom of TD10.1, TD10.2
and upper part of TD10.3) has been dissected into adjacent cross-
6

sections of 20 cm thickness on its transversal (east-west) and
longitudinal (north-south) axes. Some diagonal cross-sections have
also been made, following the direction of the main slope.

A visual test of multiple thicknesses (10, 20, 40, 50 cm and 1 m)
led to this thickness choice as it contains enough density of mate-
rials, allowing for the exploration of spatial distributions and the
detection of different sublevels. Furthermore, this thickness avoids
overlapping and obliteration effects caused by the dip and strike of
the archaeological horizons, thus preventing thin sterile hiatuses
from being obscured.

Cross-sections have been created by the Geographic Information
System (GIS) ArcGIS® software (v.10.8.1) and have been processed
and displayed with its software extensions ArcMap (Gallotti et al.,
2011, p. 378) and ArcScene. The latter allows for the 3D visual-
isation of data, enabling the user to rotate and adjust each projec-
tion according to the dip and topography of each section (Roy
Sunyer, 2016).

All the projections have been analysed sequentially, following
the main stratigraphic criteria proposed by Canals (Canals et al.,
2003; Canals and Galobart, 2003). First, the continuous vacuum
space along the surface was used as the primary source of evidence
to establish the boundary between two archaeological entities.
These voids, or spaces of low archaeological density, represent
sterile hiatuses, moments of sedimentation during which there is
no input of archaeo-palaeontological material, or its density is
drastically lower compared to the upper or underlying level. Next,
the slope or surface of each deposit is identified by considering the
base of the first elements deposited in the level. Their outline al-
lows for the reconstruction of the original palaeosurface, revealing
its slope and the direction of sedimentation. Finally, vertical void
spaces can be used as potential indicators of block falls, bio-
turbations, small water channels, or runoffs partially eroding the
assemblage (Obreg�on Labrador, 2012).

We have observed the vertical distribution of various categorical
variables, including the type of remains (fauna, lithic), size, pres-
ence of carnivores, raw materials, taxa, as well as limestone blocks
larger than 50 cm. When possible, seasonality-related data
(Rodríguez-Hidalgo et al., 2016) have also been incorporated into
visualisations. In Fig. 3, some examples are illustrated.

The verification of the stratigraphic assignment has been carried
out by establishing control points at the intersections between the
transversal and longitudinal projections. A sequential analysis has
been employed to guarantee coherence and consistency in the level
assignment, testing each section against the prior and the subse-
quent ones. In those circumstances where there is a discrepancy
between the level designated in transversal and longitudinal pro-
jections, a cautious stance has been adopted, and no level has been
preliminarily assigned to the specific point, keeping them as
indeterminable.

3.2. Supervised machine learning

Visualising vertical cross-sections across the site allows for the
classification of different archaeological levels within TD10.2.
Nevertheless, issues regarding the density of points and the
complexity of depositional processes hindered this procedure for
several data points. In order to overcome this, two different su-
pervised ML classification algorithms were implemented to assign
these pieces to a level, following the methodological proposals of
Martín-Perea et al. (2020). These include:

- Support Vector Machines (SVM): Algorithm developed in the
1990s, based on the classification of points in a sample by
creating optimal hyperplanes used as discriminant decision
surfaces. Hyperplanes are constructed and learned from the



Fig. 3. Process of archaeostratigraphic classification in the M-line cross-section (Y coord. 1280e1300 cm): a) In grey, materials with levels assigned according to classical
archaeostratigraphic techniques; in red, indeterminate material to be classified through ML algorithms; b) Projection of faunal (yellow) and lithic (blue) remains; c) Projection
according to raw materials. In green, Neogene and Cretaceous chert, in blue (*), materials from the fluvial terraces in the surroundings of Sierra de Atapuerca (quartzite, sandstone,
and quartz), grey colour indicates faunal remains; d) Presence of carnivores (purple).
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training data using an optimisation procedure that maximises
hyperplane margins and thus reduces overfitting. In non-linear
datasets, data separation is achieved by applying kernel func-
tions, which allow additional dimensions to be added to the
workspace (Cortes and Vapnik, 1995). SVMs are highly complex
and powerful algorithms that work well for both classification
and regression tasks. SVMs were implemented in the R (v.4.0.4)
programming language via the “e1071” (v.1.7) and “caret” (v.6.0)
libraries (Kuhn, 2020; Meyer et al., 2021).

- Random Forest (RF): This algorithm is based on a decision tree
classification that uses random samples selected by bootstrap
aggregationwithin the dataset to build an independent decision
tree for each sample. Multiple decision trees are generated on
trained datasets, and the results are subsequently averaged to
obtain a single robust classification model. The unestimated
observation in the performed trees (out-of-bag) is used for
automatic validation of the model (Breiman, 2001). RFs were
implemented via the “caret” (v.6.0) library (Kuhn, 2020).

Both algorithms were trained using a cross-validation approach
(k ¼ 10), with a 70:30% train-test split (70% of the data are used for
training while the remaining 30% is reserved for evaluation).

Algorithms were trained gradually across the assemblage,
dividing the site into a series of profiles, training the algorithms on
these profiles, and then using algorithms to propagate level
boundaries across the whole assemblage. Algorithms were
retrained on each section until the entire surface had been pro-
cessed (Table A.2). This stepwise process enhances the classifica-
tion strength and robustness of algorithms, allowing both SVMs
and RFs to adapt their decision boundaries to the different topo-
graphical changes across the archaeological levels.

One metre thick sections were chosen for this step as no sig-
nificant differences in the results have been perceived with 20 cm
thick sections. This option also improves the computational cost of
using this system on larger sites.

Standardised ML protocols have been applied to evaluate the
different models. This includes calculating accuracy, sensitivity and
specificity metrics when using algorithms to classify the test sets.
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Accuracy refers to the total classified data among the total data
given for training. This score sometimes does not reflect model
performance when data are imbalanced, therefore must be
accompanied by other measurements, such as Sensitivity (the true
positive rate), Specificity (the true negative rate) and Balanced
Accuracy values (the arithmetic mean between Sensitivity and
Specificity). Each of these indices is derived from confusion matrix
results, and is particularly useful for assessing each model's effi-
ciency. The Kappa (k) statistic can also be used to test inter-rater
reliability. k evaluates the probability that predicted labels will
coincide with the original labels. k is normally interpreted
considering values above 0.5 to present moderate agreement,
values between 0.6 and 0.8 to present substantial agreement, and
0.8 to 0.99 presenting near perfect agreement (Landis and Koch,
1977).

The final classification of the archaeological assemblage was
made by evaluating results produced by the two models, estab-
lishing 80% as the probability threshold to consider a fossil confi-
dently associated with a level (Martín-Perea et al., 2020).
Archaeological remains assigned to a level with less than 80%
confidence are thus classed as indeterminable. In cases where SVM
and RF algorithms disagree on the level adscription, the model with
the greatest confidence in the prediction is chosen.

The root of the Mean Squared Error (RMSE) and the median
confidence were calculated for each model to assess the quality of
the overall system when combining SVMs and RFs, as well as a
means of assessing the quality of the final profiles. Additionally, k
statistics were once again calculated to assess the efficiency of the
artificially intelligent system. This was performed by evaluating the
inter-observer agreement between SVMs and RFs (Cohen, 1960).
3.3. Lithic refitting

A systematic refitting program has been carried out entailing
the lithic remains from the whole sub-unit TD10.2, recovered in the
field seasons from 2006 to 2013. 488 artefacts (4.34% of the
assemblage) from previous seasons have been omitted from the
study. The first step was to separate artefacts by raw materials,
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where six different lithological groups were identified; Neogene
and Cretaceous chert, quartzite, sandstone, quartz, and limestone.
In this process, hardly any raw material units (Roebroeks, 1988)
have been identified, except in particular circumstances, due to the
presence of a covering whitish patina over the entire surface of
chert that obliterates any macroscopic differential features.

Apart from complete manuports and hammerstones, all
quartzite, quartz, and sandstone items, have been considered. This
was performed irrelatively, as their representation in the assem-
blage is scarce. Objects smaller than 15 mm have been excluded for
the case of chert. All poorly preserved materials have also been
discarded for analyses. This affects certain sandstones with a high
degree of erosion due to a loss of surface grain cohesion, as well as
the particular case of Neogene chert, which is notably altered by
chemical weathering, even involving the disintegration of its in-
ternal structure (Font et al., 2010; Oll�e et al., 2013). After this initial
screening, circa 3.500 artefacts have been considered as potential
artefacts that can be refitted.

The refitting analysis is integrated into a broader and more
exhaustive study focused on its technological features and spatial
distribution (preliminary results in Arteaga-Brieba et al., 2021). In
this study, only information with direct archaeostratigraphic
applicability is discussed. For this purpose, all lithic connections
have been classified according to their link type as refit or conjoin
(Cziesla, 1990; Sisk and Shea, 2008), and have been projected
individually and within their refit group. Firstly, the archae-
ostratigraphic positions of refitted artefacts were classified using
ML algorithms, independently of their condition as refits and their
archaeological significance, while using them as an independent
strand of evidence to evaluate the stratigraphic integrity of TD10.2.
Afterwards, each piece's previous classification was checked and
verified with 3D cross-sections.

4. Results

In this section, we will show how the combination of the in-
depth visualisation of the 3D cross-sections and artificial classifi-
cation methods has led to the identification of three different levels
across the entire surface within sub-unit TD10.2; Upper TD10.2
(top), TD10.2 bison bone bed (TD10.2-BB) and TD10.2.2 (bottom).
The detailed examination of each fine-tuned projection has
confirmed previous archaeostratigraphical studies, allowing the
ascription of nearly all the archaeological remains, and has also
helped in refining the boundaries of each level. Several groups of
lithic refits have also corroborated the observations made in the
field, alongside each of these archaeostratigraphic assessments.

4.1. Cross-section analysis

In the initial step, manual archaeostratigraphic subdivision
allowed for the majority of remains to be assigned to a specific level
(n ¼ 152,734). 6097 items (3.84% of the sample), however,
remained indeterminable due to their uncertain ascription. Most of
these archaeological remains are located on the limits between the
different levels observed in TD10.2. In these instances, the locations
were separated for subsequent classification using supervised ML
algorithms (Fig. 3a).

A decisive criterion for the manual archaeostratigraphic subdi-
vision in TD10.2 is the evident change in density between the upper
part and the underlying bison bone bed, with a noticeably higher
material concentration (Figs. 4 and 5). The bone bed located at the
base of TD10.1 (TD10.1-BB), usually delimits the lower boundary of
the sub-unit, while beneath it, there is a more or less continuous
scattering of materials across the entire excavation surface. This
phenomenon terminates with the appearance of a second bone
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bed; the so-called bison bone bed. Two main aspects have rein-
forced this visual perception: the continued over-representation of
bison remains in TD10.2-BB, as opposed to a slight increase of
cervids and equids in Upper TD10.2, as well as the uneven distri-
bution of raw materials in the different sublevels, with the over-
riding presence of chert in the bison bed (Fig. 3c). For the definition
of level TD10.2.2, we have again considered the drastic drop in the
density of materials, linked in large parts of the excavation to a thin
sterile hiatus and the reappearance of non-chert raw material
varieties.

The disposal of large limestone blocks has also played a signif-
icant role in delimiting these sublevels. The visualisation of each
cross-section has enabled the discrimination between two main
events of large block falls; one between Upper TD10.2 and TD10.2-
BB, and a second event below the bison horizon. These large blocks
cause ruptures in the continuous scattering of the remains across
the surface, while their individualisation helps in the reconstruc-
tion of the cavity's original palaeotopography in the different
occupational periods. Particularly relevant is the documentation of
a block fall in the southeast area of the site, with great affectation to
level TD10.2.2 (Fig. 5c).

Other variables observed, such as the presence of carnivores
(Fig. 3d), or the size of the remains, seem to behave uniformly and
have not proved useful for establishing discriminant criteria for
each of the levels.

4.2. Fine-tuned classification with supervised ML

The application of ML algorithms for indeterminate materials
has been able to classify 5595 (91.77%) of these remains (Table A.3).
502 (8.23%) specimens, however, were assigned to a level with less
than 80% confidence, and thus remained indeterminable.

Results obtained from confusion matrices reveal accuracy and
kappa values to be above 98% for both algorithms, reflecting a
confident degree of classification. TD10.2.2 yields the lowest
sensitivity values (SVM¼ 0.81; RF¼ 0.88) although, in all cases, the
median of the balanced accuracy is higher than 90% (Table 1).
Weaker scores for TD10.2.2 are explained by the lower number of
components in this sublevel, compared to the rest of the dataset.
The overall probability of level association reveals models to
bez 91.17% confident with each of their classifications. An in-depth
analysis of confusion matrices reveals RF algorithms to be less
sensitive to sample imbalance.

When comparing the performance of combining both algo-
rithms in an artificially intelligent system, SVM and RF agreed on
83.34% of their classifications. SVM appears to be the most decisive
algorithm 58.37% of the timewhen there is a disagreement. Cohen's
k calculation shows inter-rater reliability of 0.66, which indicates a
substantial agreement (Landis and Koch, 1977). Although
agreement-disagreement rates are not optimal, we can conclude
that the combination of both algorithms still provides a powerful
and robust method for automatic archaeostratigraphic classifica-
tion, considering how the predicted probabilities of label associa-
tion are still high (see further details in the discussion).

Owing to the particular circumstances of this study, the decision
of applying AI algorithms was adopted once the visual assignment
of levels was at a very advanced stage, so that the number of un-
determined materials to be classified by ML is a very small per-
centage of the overall remains.

Considering this disjunctive, it was hypothesised whether the
good performance of the algorithms is attributable to the sub-
stantial amount of information provided, and the threshold of prior
information required to ensure reliable results. For this purpose, a
single 1 m thick cross-section (line M) was examined and used to
retrain the algorithms, randomly resampling from the training set



Fig. 4. Representative transversal (EeW) 20 cm thickness cross sections observed from the South profile of Gran Dolina; a) Line J (Y coord. 960e980 cm); b) Line L (Y coord.
1120e1140 cm); c) Line M (Y coord. 1280e1300 cm). The complete sequence of transversal cross sections can be found in Appendix C.
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to use different percentages (1%, 5%, 10%, 20% … 90%) of informa-
tion so as to classify the fossils from the test set.

Results yield kappa values above 0.8 in all training operations,
providing a good performance of both algorithms even when only
1% of the overall data is employed as archaeostratigraphic
9

information (Table 2). In all instances, RF trains more efficiently
than SVM. This might be explained mainly on the basis that RF
appears to be less conditioned by the sample imbalance phenom-
enon in the present case study. Sensitivity values show that RF
manages to overcome the classification threshold of 0.8 from 10%,



Fig. 5. Representative longitudinal (NeS) 20 cm thickness cross sections, observed from the West profile of Gran Dolina; a) Line 13 (X coord. 1200e1220 cm); b) Line 16 (X coord.
1500e1520 cm); c) Line 20 (X coord. 1900e1920 cm). The complete sequence of longitudinal cross sections can be found in Appendix C.
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Table 1
Model performance for each of the ML algorithms when used to classify the test set. Summary (median) of parameter values for each ML algorithm. Extended version in
Table A.4.

Algorithm Accuracy Kappa Level Sensitivity Specificity B. Accuracy

SVM 0.983 0.972 TD10.1 0.997 0.996 0.997
Up. TD10.2 0.867 0.995 0.932
TD10.2-BB 0.990 0.984 0.987
TD10.2.2 0.810 0.999 0.904
TD10.3 0.985 0.999 0.992

RF 0.991 0.986 TD10.1 0.999 0.998 0.998
Up. TD10.2 0.949 0.998 0.973
TD10.2-BB 0.996 0.993 0.995
TD10.2.2 0.884 0.999 0.941
TD10.3 0.990 0.999 0.995
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while SVM does not overcome the problems derived from unequal
simple size until 40% of the total information is given for training
(see appendix B). Archaeostratigraphic observation of the different
re-trainings does not reveal significant changes in level assignment.

Results indicate that only a rough prior manual classification is
required to obtain robust classification with supervised ML tech-
niques. This could be a substantial advantage, greatly reducing time
investment in archaeostratigraphic processing.

4.3. Lithic refitting

The refit process has yielded 70 refit groups, entailing a total of
225 lithic artefacts. Cretaceous chert is the raw material with the
highest number of lithic connections, some of which represent
nearly complete exploitation processes. While Neogene chert
dominates the assemblage, refits are far less common given the
poor preservation of their surfaces and are mostly related to tech-
nological or post-depositional conjoins. Although only three refit-
ting groups have been identified within quartzite, this rawmaterial
returns the highest refit success rate, displaying long reduction
sequences. Sandstones and especially quartz are minority raw
materials and yield limited results (Table 3).

The most represented knapping activity in the refit groups is the
core exploitation for obtaining small flakes; however, shaping and
maintenance activities have also been identified, verifying the ex-
istence of complete chaîne op�eratoires in the site.

The vertical distribution of refitted artefacts is largely aligned
with the general slope of the assemblages, conforming to the
palaeotopography. The archaeostratigraphical classification of the
refits, by means of artificially intelligent algorithms and posterior
cross-section verification, has enabled the assignment of each
group to its corresponding archaeolevel (Table 4). In general, results
from refitting are highly consistent with the identified horizons,
Table 2
Model performance parameters for each ML algorithm in line M (1 m), by percentage of

Nº Training Points Percentage TD10 SVM

Sensitivity Specificity Acc

329 1% 0.600 0.968 0.90
1641 5% 0.664 0.982 0.94
3281 10% 0.699 0.985 0.95
6561 20% 0.737 0.988 0.96
9842 30% 0.763 0.991 0.97
13,122 40% 0.811 0.992 0.97
16,402 50% 0.805 0.991 0.97
19,683 60% 0.846 0.992 0.97
22,963 70% 0.856 0.993 0.97
26,244 80% 0.877 0.994 0.98
29,524 90% 0.890 0.993 0.98
32,804 100% 0.904 0.994 0.98
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with almost no migrations or vertical displacements detected
within the elements of the same set (Fig. 6). Only two groupswithin
TD10.2-BB present stratigraphic mismatches, with two single
connections between adjacent levels.

The first is SC-01-TD10.2. The group consists of a Cretaceous
chert set of nine elements, reflecting part of an orthogonal reduc-
tion strategy of a core. While eight elements (including the core)
are found at the top of TD10.2-BB, a fragmented flake which refits
directly to the core is located at the base of Upper TD10.2, 84 cm
away (see Fig. 7). The second group is SC-21-TD10.2. This set
comprises two Cretaceous chert elements, a core on flake and a
flake, separated 319 cm from each other, whose connecting line is
against the general slope of the level. In this case, the exploitation
flake is clearly inserted in TD10.2-BB, while the core is located into
TD10.2.2, 2 cm below the bottom of the bison bone bed archae-
olevel. In both cases, the refitted artefact is in the contact area
between different levels; therefore, the limited vertical displace-
ment may be due to minimal post-depositional disturbances of to a
punctual misassignment.

The Upper TD10.2 archaeolevel contains all quartzite groups and
one sandstone refit. Notable examples of these are two groups
featuring two discrete sequences of longitudinal unipolar exploi-
tation, located in the areawith the highest density of lithic remains,
whose scattering corresponds to what would be expected in a
knapping area, as illustrated in Fig. 8b (further details in discus-
sion). In TD10.2.2, only one dorso-ventral connection on quartz has
been found, highlighting very different management of raw ma-
terials, with fragmented chaîne op�eratoires and the input of arte-
facts already configured into the cavity (Fig. 8f).

In contrast, TD10.2-BB comprises the entire Cretaceous and
Neogene lithic connections and three sandstone refit groups (two
of them post-depositional conjoins), emphasising the unique chert
specialisation of the archaeolevel and confirming the occurrence of
material trained.

RF

uracy Kappa Sensitivity Specificity Accuracy Kappa

8 0.840 0.620 0.970 0.908 0.843
9 0.911 0.709 0.987 0.961 0.933
8 0.929 0.834 0.992 0.974 0.956
4 0.940 0.875 0.994 0.981 0.969
3 0.954 0.886 0.995 0.983 0.972
7 0.961 0.938 0.996 0.990 0.983
3 0.954 0.920 0.997 0.990 0.983
5 0.959 0.915 0.996 0.985 0.976
8 0.963 0.935 0.997 0.990 0.984
0 0.967 0.951 0.997 0.991 0.986
0 0.967 0.934 0.996 0.992 0.987
0 0.967 0.934 0.997 0.992 0.987



Table 3
Lithic connections from sub-unit TD10.2 by raw materials.

Neogene chert Cretaceous chert Quartzite Sandstone Quartz

Nº groups 23 39 3 4 1
Pieces refitted 52 137 25 9 2
Nº min. elements 2 2 3 2 2
Nº max. elements 5 20 11 3 2
Mean elements 2.26 3.51 8.34 2.25 2

Table 4
Number of refitting groups and refitted lithic artefacts by archaeolevels. *Artefacts
whose refit group is contained in TD10.2-BB but located in adjacent levels.

Raw Material Upper TD10.2 TD10.2-BB TD10.2.2

Groups Artefacts Groups Artefacts Groups Artefacts

Neogene chert 0 0 23 52 0 0
Cret. chert 0 1* 39* 135 0 1*
Quartzite 3 25 0 0 0 0
Sandstone 1 3 3 6 0 0
Quartz 0 0 0 0 1 2
Total 4 29 65 193 1 3
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in situ knapping activities. An inside inspection of the refits’ vertical
distribution has revealed three different patterns of refit alignment.
There are 11 refit groups having all their elements at the top of the
level (example in Figs. 7), 15 groups whose components are located
at the bottom of the level, and another 11 sets with their artefacts in
the intermediate part of TD10.2-BB. The remaining groups show
their constituent elements scattered along the vertical sequence, or
are discarded from the analysis owing to their minimum connec-
tion distance.
4.4. TD10.2 occupation sequence

The integration of traditional archaeostratigraphy, supervised
ML, and lithic refitting has allowed the sub-unit TD10.2 to be
dissected into three main archaeological levels over the entire
excavation area. This refined classification includes a total of 87,491
archaeological remains (Table 5 and appendix C).

Upper TD10.2 sublevel (n ¼ 13,717) is spread across the whole
excavation surface with a thickness ranging from 45 cm in the
northeastern area, to 60 cm in the thickest spots. It presents an
average intensity of 159.3 items/m2, distributed inhomogeneously,
with an increasing density towards the east archaeological profile
and the northeast corner. This archaeolevel is perfectly delimited
from the base of the TD10.1 bone bed in the north area by a mainly
sterile line, however, its spacing becomes blurred towards the
southwest of the excavated area. The separation between Upper
TD10.2 and TD10.2-BB is generally neat and defined by a fall of large
blocks. Nevertheless, the boundary between these two levels is
sporadically unclear or awkward to trace, especially in areas of
highermaterial density (Figs. 4 and 5). The depositional slope of the
materials follows the same topography as the underlying TD10.2-
BB level (see below).

A preliminary overview of the technological assemblage reveals
a broader representation of quartzite and sandstone materials with
respect to TD10.2-BB, although chert remains the predominant raw
material (90.77%). No refits have been found in this lithotype,
however. Conversely, quartzite is outstanding, with 40.98% (n¼ 25)
of elements refitted.

TD10.2-BB includes 69,310 archaeological items. It presents a
very compact line of imbricated remains, with a sparse sedimen-
tary matrix among them. The assemblage has a maximum thick-
ness of 15 cm on the north-eastern section of the site, and decreases
12
towards the south and west to a thickness of about 8 cm. Despite its
lesser thickness compared to the preceding Upper TD10.2, the
density of archaeological artefacts is substantially higher, with an
intensity of 696.28 items/m2.

This level tilts steeply from west to east, with a gradient of
approximately 22% between the west boundary (line 10), and the
central area (line 18), thereafter flattening to a slope of about 4%.
From north to south, the level also presents a pronounced depo-
sitional slope, with an average gradient of 15% in the eastern area.
As one moves towards the west, the dip becomes more variable,
with slopes reaching 30% in the south and moderating towards the
north, smoothing out to 6%. These results are coherent with the
description made by Campa~na et al. (2016), based on 3D models.

TD10.2-BB discloses a continuous succession of archaeological
materials with some undulations and voids due to distortion by
medium to large sized limestone blocks. Materials extend from the
whole surface, although abundance increases towards the archae-
ological north and east, matching the slope directions.

Archaeostratigraphic outlining of this level has strengthened
the previously observed specialisation in chert, which represents
98.75% (n ¼ 10,604) of the whole lithic assemblage.

Numerous chert refits (n ¼ 188) also reinforce the existence of
complete chaîne op�eratoires in the cavity. The remaining raw ma-
terials are circumstantial and are closely related to percussive
materials and large formats. Preliminary visual analysis of osteo-
logical and lithic remains points to a differential distribution, likely
derived from the occurrence of knapping areas not totally coinci-
dent with the carcass processing or disposal areas, but an in-depth
analytical study is needed to delve deeper into this issue.

Inside level TD10.2-BB, it is noteworthy that in some sections
(transversal lines N-M and longitudinal 20e22), two possible
sublayers, separated by a very narrow gap line with a lower density
of materials, are visible (Fig. 9). Nonetheless, this segmentation
cannot be traced along the entire excavation area.

In contrast to the previous levels, TD10.2.2 (n ¼ 4464) displays a
very scattered assemblage, with an inhomogeneous distribution
throughout the site, mainly concentrated in the SE area of the
excavation, where it reaches a thickness of about 50 cm (Fig. 8e and
f). Precisely in this area, a significant fall of large blocks has been
recorded, along with an archaeostratigraphic alteration, likely
caused by bioturbations and a lateral sediment input (Fig. 5c). There
is another slight aggregation of materials in the central archaeo-
logical area as well as a localised accumulation on the southwestern
side. The rest of the materials are distributed in the form of more or
less isolated spots along the surface.

5. Discussion

5.1. Methodological considerations

Literature has widely emphasised the importance of dissecting
palimpsest to obtain greater spatial and temporal resolution
(Dibble et al., 2017; Machado et al., 2015; Malinsky-Buller et al.,
2011; Mallol and Hern�andez, 2016; Mora Torcal et al., 2020;
Sa~nudo et al., 2016; Spagnolo et al., 2016; Way, 2018). Traditionally,



Fig. 6. a) Cross-section with different refit groups. In green, quartzite refit CT-02-TD10.2, from Upper TD10.2 sublevel. In blue, Cretaceous refit SC-13-TD10.2, from TD10.2-BB. In
fuchsia, quartz refit CZ-01-TD10.2.2, from TD10.2.2 sublevel. Only lithic artefacts are projected (grey points); b) Horizontal distribution of the selected refit groups. Refits are
represented by solid lines that indicate the direction of the link. Conjoins are illustrated with dash lines. The grey polygon represents the section of the vertical profile; c) Refitted
groups from TD10.2. Pictures by María Guill�en.
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the archaeostratigraphical definition of different levels in a site, has
been carried out through the visualisation of vertical cross-sections,
proving to be a useful technique for isolating different discrete
episodes or archaeolevels (Canals et al., 2003; Diez-Martín et al.,
2014; S�anchez-Romero et al., 2017; Sa~nudo et al., 2012). Never-
theless, when confronted with large quantities of remains in ho-
mogeneous sediments, and without continuous or evident sterile
hiatuses, archaeostratigraphy turns out to be more time-
consuming, challenging, and quite subjective. This is particularly
noticeable at sites that have a substantial extension, or areas with
densely concentrated remains, such as sub-unit TD10.2.

Recent implementation of artificial intelligence has introduced a
new quantitative dimension in the archaeological discipline, lead-
ing to the potential of automating classification and prediction
tasks, while avoiding or minimising noise imposed by the subjec-
tive perception of the observer. ML algorithms not only automate
and reduce data processing, but also assist in decision-making
based on robustly defined mathematical criteria (Bishop, 2006;
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Goodfellow et al., 2016).
In this research, we have implemented two ML algorithms

(sensu Martín-Perea et al., 2020), in combination with more tradi-
tional techniques for the identification of distinct levels within an
archaeological assemblage. The results obtained show the potential
of artificially intelligent procedures in the fine-tuning and defini-
tion of final archaeostratigraphical models.

Metrics derived from RFs and SVMs (Table 1 and Table A4)
demonstrate a positive and robust performance with notably
higher confidence in all classification tasks performed. Further-
more, subsequent archaeostratigraphic verification shows vertical
and lateral consistency of the different levels. The implementation
of lithic refitting provides further assistance for verifying the
archaeostratigraphic observations, testing the accuracy and reli-
ability of ML algorithms, proving the vertical integrity of the de-
posits, and assessing the incidence of post-depositional
disturbance processes.

When considering the efficiency of the method outlined in this



Fig. 7. a) Vertical distribution of SC-01-TD10.2 Cretaceous refit, projected over TD10.2-BB lithic and faunal remains (grey points). Note how all the elements scatter on the top of the
subunit, with the exception of one flake (encircled), ascribed to Upper TD10.2; b) Horizontal distribution of SC-01-TD10.2. Grey dots indicate the distribution of lithic artefacts from
sub-unit TD10.2-BB. The grey polygon represents the section of the vertical profile; c) Picture of SC-01-TD10.2, by María Guill�en.

A. Arteaga-Brieba, L.A. Courtenay, L. Cobo-S�anchez et al. Quaternary Science Reviews 309 (2023) 108033
paper, in comparison with other palaeontological sites where
similar approaches were adopted (Batallones 3: Martín-Perea et al.,
2020, 2021a; Batallones 10: Martín-Perea et al., 2020, 2021b; and
Venta Micena 4: Luz�on et al., 2021), slightly different results have
been obtained. Firstly, it should be noted that a previous archae-
ostratigraphic dissection using more traditional approaches was
opted for this study, as opposed to the unsupervised expert-in-the-
loop system proposed by Martín-Perea et al. (2020, pp. 4e5). This
decision was motivated firstly by the advanced state of visual
archaeostratigraphical analysis, and secondly, by the unsuccessful
results of unsupervised learning in this particular case study.

By conducting a first review by means of cross-section obser-
vation, a certain degree of qualitative bias has been introduced into
the classification. Nevertheless, in the referred work, although a
first automated phase of cluster detection is involved, a subsequent
decision-making process by the researcher is still required (Martín-
Perea et al., 2020, p. 6). Moreover, as detailed in Table 2, a very large
number of pre-assigned materials is not necessary to obtain high
performance results in the ensuing computational processing.
Therefore, only those points with a trustworthy assignment can be
chosen for training, leaving all other data that present uncertainties
as indeterminable, so as to control and minimise potential bias in
the process.

In Batallones 3 (Martín-Perea et al., 2021a), Batallones 10
(Martín-Perea et al., 2021b) and Venta Micena 4 (VM4), (Luz�on
et al., 2021), high agreement rates between algorithms were
highlighted, with RF being the most decisive and confident classi-
fier. Conversely, although the mean values of the trained models
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from the present study are minimally better in RF, SVM is the al-
gorithm with the highest decision power for classification.

In all these paleontological sites, k values for the overall
assessment of system inter-rate reliability vary between 0.75 for
Batallones 3 to 0.85 for VM4. Our model, however, yields a value
below the expected threshold for a nearly perfect agreement.
Nevertheless, although the present calculated k is lower, the per-
centage of classified material is significantly higher compared to
Batallones 3.

These slightly weaker values may be attributed to the intrinsic
nature of the present case study. Firstly, the number of points
analysed for the archaeostratigraphic study of TD10 sequence is
noticeably higher than those of the sites compared. VM4 and
Batallones 10, which have the best performance, contain less than
8,000 fossil elements. Batallones 3, withmore than 16,000 remains,
yields a higher number of indeterminate points and a lower accu-
racy rate for the model. Secondly, surface area of TD10 is signifi-
cantly larger than these deposits, which can lead to a greater lateral
and vertical variability. Thirdly, all three palaeontological sites un-
dergo different post-depositional processes from those derived
from the karst cave system of Gran Dolina. These studies report
rapid sedimentation rates and excellent preservation of remains for
Batallones, with most of the individuals in anatomical connection
(Martín-Perea et al., 2021b), or low tomoderate disturbance impact
for the open-air site of VM4 (Luz�on et al., 2021).

Finally, TD10 is an archaeological deposit, as opposed to palae-
ontological, which likely increases the complexity of the accumu-
lation, abandonment, and reuse dynamics of the site due to



Fig. 8. Left column: Horizontal distribution patterns of the TD10.2 levels: a) Upper TD10.2, c) TD10.2-BB, e) TD10.2.2. Yellow colour for faunal remains and blue for lithic artefacts.
Limestone blocks larger than 50 cm are drawn. Right Column: Spatial distribution of lithic connections by raw materials: b) Upper TD10.2, d) TD10.2-BB, f) TD10.2.2. Refits are
indicated with a solid line and conjoins with a dotted line. Arrows indicate the artefact's movement directionwithin a refit group. The base map shows the Kernel density estimation
of lithic remains (performance with Arcmap software).
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Table 5
Osteological and lithic artefacts classified by archaeolevels within sub-unit TD10.2.

Upper TD10.2 TD10.2-BB TD10.2.2 Total

Fauna remains 12,179 58,572 3993 74,744
Lithic artefacts 1538 10,738 471 12,747
Total 13,717 (15.68%) 69,310 (79.22%) 4464 (5.10%) 87,491

Fig. 9. Detail of TD10.2-BB in the North archaeological profile and 20 cm thick cross section (
dotted lines). Picture by María D. Guill�en. At the bottom, Kernel density map with osteolog
function (sigma ¼ 1.140), in the Spatstat package (Baddeley et al., 2015).
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hominin activity. Archaeological artefacts are deposited through
adaptive systems, subject of both cultural and natural processes,
thus affecting the separation between different events (Schiffer,
1983, 1975). While unsupervised pattern recognition tasks have
proven highly useful in palaeontological contexts, in the specific
case of TD10.2 sequence, a shorter time-scale, and thus higher
Line N, Y coord. 1360e1380). Note how at some spots two distinct layers are visible (red
ical and lithic remains of TD10.2-BB (same cross-section), performed with “bw.diggle”
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resolution is required to dissect human activities and making
behavioural inferences (Brooks et al., 1982; Diez-Martín et al., 2014;
Vaquero et al., 2012).

The application of supervised ML algorithms could be
strengthened by the integration of new variables in the training
data, such as taxonomic representation, raw material information,
and taphonomic analysis, among others. Nevertheless, to contem-
plate the introduction of new data inputs, an initial knowledge of
the peculiarities of each archaeological level would be required.
Therefore, this second step can be considered for refining previous
archaeostratigraphic work in the pursuit for higher resolution, but
not for a preliminary dissection of archaeological units.

5.2. The spatio-temporal resolution of TD10.2

The different archaeolevels included in TD10.2 display a diverse
nature, leading us to consider their integrity and degree of spatial
and temporal resolution to raise the pertinent questions and ob-
jectives to be addressed when studying each one of them.

5.2.1. Upper TD10.2
Upper TD10.2 stands out as a distinct entity, clearly different

from the bone beds that vertically enclose it. As a rule, it is feasible
to map and delimit it along the whole archaeological surface due to
the density change in relation to the adjacent levels. The applica-
tion of various archaeostratigraphic techniques, however, has not
been conclusive in untangling the deposit, making it unfeasible to
distinguish sequences of events. From this perspective, the
archaeological level of Upper TD10.2 presents an unclear scenario,
with an aggregation of diverse materials, possibly derived from the
lumping and mixing of several archaeological and post-
depositional accumulative and/or erosive events that occurred
over an undetermined time span.

These observations are consistent with the definition of an
accumulative palimpsest (sensu Bailey, 2007). This type of
palimpsest is commonly observed in Palaeolithic contexts and
represents the aggregation and overlapping of different discrete
activities and events into a single package, involving time-averaged
occupations that cannot be disentangled into individual episodes.
As pointed out by Bailey (2007, p. 204), “it is entirely possible that
occasional high spots of patterning representing individual epi-
sodes may be preserved at random, unaffected by the mixing
process” . The same phenomenon can be observed in Upper TD10.2,
where, among all the materials, we can still detect discrete knap-
ping episodes evidenced by lithic refits.

Noteworthy examples are two groups of quartzite refits,
comprising 11 items respectively, featuring longitudinal unipolar
exploitation sequences. CT-02-TD10.2 contains almost the entire
reduction sequence, from the introduction of a small nodule into
the cavity until its subsequent abandonment (see Fig. 6). CT-01-
TD10.2 represents an intermediate step of the exploitation pro-
cess, but the core and final products are absent. The location of
these refit groups, in the peripheral area and close to the artificial
walls of the excavation, does not allow us to confidently formulate
behavioural inferences, as we are unable to discern if the lack of
certain artefacts is due to an intentional anthropic action (e.g.,
transported tool-kit) or they are buried in an unexcavated area of
the cavity.

Both quartzite set's spatial distribution and average distances
suggest anthropogenic spots remaining relatively intact within the
archaeostratigraphic unit (Fig. 8b). Despite a certain displacement
of the artefacts, the radios and scattering of those groups corre-
spond to what would be expected in a knapping area, with an
average distance of 165 cm for CT-01-TD10.2, and 82 cm for CT-02-
TD10.2 (Bargall�o et al., 2018; de la Torre et al., 2019; Kvamme,1997;
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Newcomer and Sieveking, 1980; Zorrilla-Revilla et al., 2021).
The last quartzite set (CT-03-TD10.2) involves a small retouch

flake located into the densest concentration of lithic remains, close
to the aforementioned refits and a tool on a large flake, split in two
by a transversal fracture after its shaping. The latter are located
more than 7 m away, in a second area of clustered lithic remains
(Fig. 8aeb). The shaping sequence, distance, and distribution of the
artefacts, suggest a possible intentional movement from a knapping
area to a use area (or eventual final abandonment) (Bargall�o et al.,
2020; L�opez-Ortega et al., 2017; Vaquero et al., 2017).

Regardless of the identification of discrete episodes and isolated
individual occurrences, however, these insights remain anecdotal
within the general Upper TD10.2 picture. Understanding formation
processes, time recorded, or site's functionality, requires micro-
morphological and sedimentological analyses, accompanied by in-
depth zooarchaeological, taphonomic, and technological studies to
be carried out in the forthcoming research.

5.2.2. The Bison bone bed
TD10.2-BB exhibits very different conditions from those dis-

cussed for the overlying level. The archaeostratigraphic observa-
tion, the preliminary analysis of the refits and the technological
assemblage, and the previous zooarchaeological and taphonomic
studies, enable us to characterise this deposit as a palimpsest but
with a high degree of temporal and spatial resolution (sensu Mora
Torcal et al., 2020; Sa~nudo et al., 2016), likely reflecting features in
line with the “rapid-accumulation” model proposed by Malinsky-
Buller et al. (2011, p. 90).

Taphonomic analysis of TD10.2-BB faunal remains reveals min-
imal post-depositional bone surface alterations, reflecting optimal
preservation conditions of the deposit (Rodríguez-Hidalgo, 2015;
Rodríguez-Hidalgo et al., 2017, p. 95). Apart from the occurrence of
manganese oxide precipitation, which is widespread across the
whole assemblage, and subaerial modifications (sensu Capaldo,
1997), which are rare and never exceed 2% of the analysed mate-
rial, the scarcity of hydric runoff exposure traces, like surface
abrasion or rounding, suggests a stable sedimentary environment,
unaffected by high-energy post-depositional processes. Neverthe-
less, an area with a small channel of low-energy water circulation
has been documented (Rodríguez-Hidalgo et al., 2017), but its de-
gree of impact is low.

Macroscopic observation of bone and lithic surfaces (excluding
Neogene chert altered by chemical desilicification) reveals fresh
ridges and edges with no discernible traces of rounding, polishing,
or abrasion, despite of being (in the case of chert) entirely covered
by awell-developed whitish patina. Additionally, edge examination
supported by use-wear analysis indicates no significant trampling
damage. This observation coincides with the faunal taphonomic
results, which return minimal evidence of trampling (Rodríguez-
Hidalgo, 2015), and with the vertical integrity found in most lithic
refits.

All these modifications display a preferential distribution in the
northern sector of the excavation (Rodríguez-Hidalgo, 2015, p. 134),
corresponding with the highest density of faunal remains. Future
studies would be needed to clarify whether this higher concen-
tration of remains is attributable to the presumed anthropogenic
configuration of the space, or to other phenomena such as the
cumulative effect of post-depositional processes. Solely the pres-
ence of root etching, again anecdotal, exhibits a different distribu-
tion, with one concentration at the entrance of the cavity and
another in the northeast corner of the archaeological surface
(Rodríguez-Hidalgo, 2015, p. 135). The latter presumably implies
the existence of a roof opening, providing natural light into the
deepest area of the site. Interestingly, the two refit pieces placed in
adjacent sublevels (see section 4.4) are located in these root-
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affected areas, which may explain their slight vertical displacement
(Deschamps and Zilh~ao, 2018; Wood and Johnson, 1978).

Regarding the integrity of the level (Binford, 1981b, p. 19), pre-
liminary technological analyses reveal the existence of nearly
complete chaîne op�eratoires, with a high percentage of microdebris
and small flake products, and evidence of resharpening activities
that reinforce the idea of intensive knapping processes developed
in situ (Arteaga-Brieba et al., 2020; Oll�e et al., 2013). Spatial analysis
of the lithic connection distribution unveils the preservation of
discrete knapping episodes (see Fig. 8d), supporting the idea that,
despite minor postdepositional affections, the remains are close to
their primary position (Arteaga-Brieba et al., 2021). Furthermore,
their vertical distribution shows, in most cases, a high intra-level
consistency and stratigraphic integrity, being able even to isolate
discrete phases within level TD10.2-BB.

Additionally, there is a high prevalence of axial elements, low-
survival items, such as ribs, and elements with reduced visibility
in other Pleistocene sites, such as hyoid bones (Rodríguez-Hidalgo,
2015; Rodríguez-Hidalgo et al., 2017), further supporting the evi-
dence of the high integrity of this assemblage. However, as pointed
out before, a moderate incidence of carnivore scavenging is
documented.

One of the initial questions when addressing this research was
to attempt to estimate the number of hunting and carcass pro-
cessing events that took place in TD10.2-BB. Unfortunately, the
archaeostratigraphic data obtained do not support this distinction,
as it does not offer the desired degree of technical resolution. The
intensity of the occupation and the sediment compaction prevents
the division of the assemblage at present, while it may be necessary
to develop new, more precise methods, for obtaining a greater
precision in distinguishing between different episodes and activ-
ities within assemblages of these characteristics.

Nevertheless, evidence of possible sublayers in archaeolevel
TD10.2-BB have been detected, allowing us to reject the hypothesis
of a single occupation event and to consider the temporal frame-
work of the deposit. Data provided by dental eruption, meso- and
micro-wear patterns, reveal that bison were slaughtered in two
separate seasonal windows, each followed by periods of low or
non-anthropogenic activity (Rodríguez-Hidalgo et al., 2016). These
results lead to two possible scenarios: a) a succession of short and
recurrent occupations during early spring and autumn seasons, or
b) a few occupations of longer duration but seasonally limited
(Rodríguez-Hidalgo et al., 2016, p. 788).

The archaeostratigraphic visualisation of the seasonality data
(Fig. 10) does not yield any strong evidence to support the identi-
fication of occupational events. Seasonality estimators, albeit
numerous (n ¼ 45), represent a tiny percentage of the whole
assemblage and do not facilitate statistical inferences. Nevertheless,
certain trends can be observed, with a predominance of spring
signals at the bottom of the bison bed horizon, and autumn in-
dicators at the top. The density plot (Fig. 10d) also suggests the
same pattern. Although there is an overlapping, the two seasonal
peaks show a separation, with a dominance of spring markers at
higher depths than the autumn ones.

This outcome leads to two possible interpretations; a) there is
temporal isolation (at least partial) between one or more events
occurring in spring, followed by autumn events, or b) there is a
certain spatial separation between the episode(s) that occurred in
spring (preferably located at lower depths of the cavity) and the
episode(s) that occurred in autumn. This second explanation seems
less plausible since, firstly, the plan view of the remains (Fig. 10c)
does not sustain this hypothesis and, secondly, most of the seasonal
data are located in the flatter excavated area. Therefore, the slope
does not appear to play a relevant role in the vertical spacing
observed.
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The vertical distribution of the refits in different elevations also
sheds light on the minimum number of occupational events
(calculated at two), which are consistent with archaeostratigraphic
observations (Fig. 9), and seasonality information. To date, the
available data do not allow us to further estimate the number of
occupations in TD10.2-BB. Nevertheless, several strands of evidence
support the second scenario drawn by the seasonality patterns: few
but intense occupations of longer duration and seasonally limited.
Catastrophic mortality patterns, associated with mass predation
events, rule out the occurrence of isolated prey-hunting episodes
(Rodríguez-Hidalgo et al., 2017). The limited variability of the
assemblage in both taxonomic and raw material composition may
also reflect low episodes of occupation, considering that both the
temporal factor and the recurrence of occupations are sources that
introduce variability in the archaeological record (Shott, 2008;
Vaquero et al., 2012). Finally, the high density of anthropogenically
modified remains and evidence of recurrent in situ knapping ac-
tivities suggest prolonged or very high intensity occupations
(Barton and Riel-Salvatore, 2014; Kuhn and Clark, 2015).

In sum, the cumulative evidence suggests that TD10.2-BB,
despite being a palimpsest in the strict sense, possesses enough
resolution and integrity towarrant behavioural insights to bemade.
The recurrence of the same function over time and the low inci-
dence of post-depositional disturbances have allowed the assem-
blage to largely reflect the tasks carried out in the cavity. While the
occurrence of other activities cannot be ruled out, these have little
or no visibility in the current archaeological record. Indeed, the
features of TD10.2-BB allow for an analysis on a nearly individual
scale (based on lithic refits), as well as on a larger temporal scale, by
approaching the preneandertal bison-hunters’ subsistence strate-
gies, cultural dynamics, or social complexities.

5.2.3. TD10.2.2
The casuistic of archaeolevel TD10.2.2 is completely different

from that of TD10.2-BB. This assemblage has been defined as an
intermediate level between the TD10.3 lithostratigraphic sub-unit
and the bison-bone bed horizon. The archaeological materials are
patchy along the cavity surface, while it is hard to determine if
there is any synchronic association between them. Furthermore,
the southeast area, with the highest density of materials, is asso-
ciated with a block fall and a lateral sedimentary input, causing
significant disturbances and remobilisation of materials.

The low density of archaeological remains in comparison with
the other levels, as well as their scattered distribution, may be
indicative of short and sporadic cavity occupations, with dynamics
probably similar to those interpreted for Upper TD10.1 (Saladi�e
et al., 2018). A unique quartz refit reveals a punctual knapping
gesture, but it is an isolated occurrence, which evidences the high
degree of fragmentation of the chaîne op�eratoires. As has been
pointed out for Upper TD10.2, an in-depth study of the faunal and
lithic composition is required to further understand the nature of
this level.

Nevertheless, the separation of this assemblage within the
TD10.2 sub-unit and the analysis of its vertical dispersion, enabled
us to define the deposit as a true palimpsest, with significant post-
depositional modifications, which makes it unsuitable for drawing
behavioural inferences on a small temporal scale. Nevertheless, its
distinction within TD10.2 represents a breakthrough in the un-
derstanding of technological evolution and occupation patterns
across the TD10 sequence.

6. Conclusions

Recognising the temporal and spatial scale of archaeological
assemblages is a critical issue for formulating behavioural



Fig. 10. At the top, cross-sections of TD10.2-BB level with seasonality data. The profiles with the most data available have been selected; c) Horizontal spread of seasonality markers,
plotted over the distribution of TD10.2-BB fauna remains (in grey); d) Vertical distribution of seasonality markers from TD10.2-BB.

A. Arteaga-Brieba, L.A. Courtenay, L. Cobo-S�anchez et al. Quaternary Science Reviews 309 (2023) 108033
inferences and deeper, more comprehensive, interpretations of the
past. Particularly when dealing with palimpsests, an exhaustive
data recording system is stressed, with accurate techniques that
allow their eventual virtual reconstruction and enable palae-
oethnographic readings.

Classical archaeostratigraphic methods remain a fundamental
first step in discerning between several events or significant for-
mation episodes; however, these studies are time-consuming
(especially for extensive surface excavations), and can be chal-
lenging if there are no noticeable gaps among levels. Therefore,
additional possibilities have been explored to complement this
initial approach.

This study has shown how applying ML algorithms is a powerful
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technique for automating these types of analyses, while reducing
sample processing time, and providing a robust quantitative tool
for associating fossils and artefacts from problematic areas to their
corresponding levels. Needless to say, it is imperative to start with
reliable and verified data, as this will have a notable impact on the
quality of results and algorithm performance.

From an archaeostratigraphic standpoint, the contribution of
the refits becomes essential for recognising formation processes
and post-depositional modifications, understanding the internal
chronology of each assemblage, and confirming previous observa-
tions of the archaeostratigraphic record, as well as the spatio-
temporal integrity of the deposit.

The combination of these three proxies has proved to be very
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effective for the analysis of the TD10.2 sub-unit, allowing us to
define three main assemblages with diverse resolutions and com-
positions. Upper TD10.2 and TD10.2.2 are palimpsests with a low
degree of temporal resolution, although the first level still contains
vestiges of isolated activities. TD10.2-BB, on the other hand, has
been defined as a high spatiotemporal resolution palimpsest. The
analysis of its vertical dimension has led to the identification of (at
least) two main formation and occupational events, both of which
are integrally related to seasonal anthropogenic subsistence
practices.

Mass communal hunting techniques have no analogues or are
barely discernible in Lower Palaeolithic sites. We have a remarkable
opportunity to acquire a deeper knowledge of these exceptional
communal hunting activities owing to the high resolution of
TD10.2-BB. The potential to draw cultural and behavioural in-
ferences is improved by the high visibility of the activities under-
taken and their reflection in the spatial organisation. A more
thorough examination of the particular idiosyncrasies of this
assemblage will be possible through future technological, traceo-
logical, and spatial studies.
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