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We describe a European Acheulean site characterised by an extensive accumulation of large cutting
tools (LCT). This type of Lower Paleolithic assemblage, with dense LCT accumulations, has only been
found on the African continent and in the Near East until now. The identification of a site with large
accumulations of LCTs favours the hypothesis of an African origin for the Acheulean of Southwest
Europe. The lithic tool-bearing deposits date back to 293-205 thousand years ago. Our chronological
findings confirm temporal overlap between sites with clear “African” Acheulean affinities and Early
Middle Paleolithic sites found elsewhere in the region. These complex technological patterns could be
consistent with the potential coexistence of different human species in south-western Europe during
the Middle Pleistocene.

Understanding the chronology and origin of the European Acheulean is of fundamental importance for unrav-
elling the Middle Pleistocene human occupation dynamics of the continent. Different explanations have been
proposed for the emergence of the Acheulean stone tool tradition in Europe. The most widely supported expla-
nation argues that the origin of the European Acheulean is linked to an “Out of Africa” scenario®?, potentially
one invoking a migration route through the Strait of Gibraltar’-®. An alternative explanation, albeit less popular,
proposes local re-invention of the Acheulean, without a direct connection with the African technocomplex”®
Most of the available dating evidence indicates that the Acheulean appeared in Europe from Marine Isotope Stage
(MIS) 12 onwards and lasted until MIS 6 (534-130ka)>*°-"!, which is significantly shorter than the documented
age range of the African Acheulean technocomplex (~1.7-0.5 Ma)>!>13, Scarce evidence of pre-MIS 12 Acheulean
occupation sites in Europe have also been reported'*~'8, but some of them are not exempt from interpretative
problems regarding their chronology or their technological identification. This is the case, for example, at La
Solana del Zamborino, whose chronology has been recently revised to <500 thousand years ago (ka)?, as well
as Cueva Negra and La Boella, which have both yielded too few diagnostic lithic elements to be unequivocally
considered as Acheulean assemblages®*. According to these data, any hypothetical re-invention of Acheulean
technology in Europe would have occurred one million years after the emergence of the Acheulean in Africaina
different environmental and techno-cultural context, and most likely by a human species that was very different
from the African inventor (Homo ergaster).

The broad-scale technological affinities between the Acheulean tradition of southwest (SW) Europe and the
African Acheulean have been widely documented, especially those identified in the large Atlantic basins of the
Iberian Peninsula and Aquitanian region (SW France)>**!-**. However, affinities between the types and function-
ality of Acheulean occupation sites on the two continents are less certain. Important differences also exist in the
specific technological characteristics of the Acheulean tradition across Europe. In particular, there are notable
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Figure 1. (A) Geographical location of Porto Maior. (B) Geomorphologic position of the site in relation to the
terrace system of the lower Mifo River basin. (C) Stratigraphic schematic section of the site and its relation with
the T4 (+34m) fluvial terrace deposits. The numbers represent the sampled zones. (D) Stratigraphy of the Porto
Maior site with the main archaeological levels, as well as the ESR and luminescence dating results. This map was
created with software ArcMap 10.4.1 and Adobe Illustrator CC.

differences in the occurrences of cleavers and the use of large flake blanks (LFB sensu Sharon®) for the configu-
ration of large cutting tools (LCTs) between the Iberian Acheulean tradition and Acheulean industries found in
northwest (NW) Europe®~>*2123, Against this complex geographic backdrop and the ongoing debate surrounding
the origins of the European Acheulean, we present important new archaeological evidence from the site of Porto
Maior (Galicia, Spain). This represents the first European site to document an Acheulean occupation pattern
comparable to that known exclusively from Africa, characterised by extensive accumulations of LCTs.

Results

Geomorphologic and morpho-stratigraphic setting. Porto Maior site (As Neves, Pontevedra) is
located in the Mifio River basin and corresponds to a >6 m-thick fluvial terrace (T4 terrace in the regional fluvial
sequence) located +34 m above the current level of the Mino River (Figs 1 and S2). The fluvial sequence rests on
chemically weathered granitic bedrock. In total, 5 stratigraphic levels have been identified and numbered from the
bottom upwards as PM1 to PM5 (see SI Geomorphologic and stratigraphic details). Of these levels, PM1 and PM2
are purely fluvial facies consisting of clast-supported gravels (quartzites, quartzes and weathered granitic pebbles).
Levels PM3 and PM4 are fluvial units with massive facies of silts and sands (overbank environment), both are
affected by pedogenesis. PM4 sits unconformably on PM3 and has an accumulation of LCTs at its base, which is
anthropic in origin. The base of PM5 comprises a colluvium gravel deposit with re-deposited lithic industry. In
contrast, the upper section of PM5 is composed of fine loam sediments of aeolian origin (Figs 1 and S3).

Chronological framework. Chronologies for the Porto Maior site were obtained using a combination
of electron spin resonance (ESR) dating of optically bleached quartz**? and post infrared-infrared stimulated
(pIR-IR) luminescence dating applied to K-rich feldspar grains?”-?%. In addition, optically stimulated lumines-
cence (OSL) dating of individual quartz grains® was applied to the uppermost unit preserved at the site (PM5).
The lack of preserved organic and faunal remains precluded the use of other numerical and relative dating tech-
niques. A total of 6 ESR and 4 luminescence dating sediment samples were collected from deposits bracketing
the main LCT accumulation; 9 samples were taken from the archaeology-bearing upper section of the sediment
sequence (PM3-PM5) and one sample was collected from the basal unit PM1.
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In accordance with the Multiple Centre (MC) approach?, two replicate ESR ages (Al and Ti-Li centre ages)
were obtained for each quartz sample from units PM1 to PM4 (Fig. 1). The Al centre ESR ages range from
181 +25ka to 452 £ 66 ka and, with the exception of sample MIN1402, are systematically older than the corre-
sponding Ti-Li centre ESR ages, which fall within a much narrower range from 206 & 20ka to 279 £ 26 ka (SI ESR
dating of optically bleached quartz grains). Out of the two replicate ESR datasets, the ages obtained for the more
rapidly and completely bleached Ti-Li centre signals are considered to provide the most reliable burial estimate
for the deposits, while the ESR ages obtained using the more slowly and incompletely bleached Al centre signals
are interpreted as providing a maximum chronology?. In comparison, the three pIR-IR ages obtained for units
PM3 and PM4 range from 231 &= 15ka to 268 = 24 ka. These bracketing ages for the in situ LCT accumulations
are statistically indistinguishable at 16 and are consistent with the paired Ti-Li ESR ages for units PM3 and PM4,
suggesting relatively rapid sedimentation rates for these deposits. Consequently, a weighted mean ESR and lumi-
nescence age of 268 = 12 ka may be derived for PM3 and the lower archaeological level. A second weighted mean
ESR and luminescence age of 226 & 10 ka may be obtained for PM4 and the associated archaeological level.

Unit PMS5, which is devoid of in situ artefacts, yielded non-overlapping pIR-IR and Ti-Li centre ESR ages of
17 4+ 1ka and 124 £ 12 ka, respectively. Unlike the other samples, an additional ESR age of 48 + 10ka was obtained
for MIN1401 using the Ti-H centre, which is usually considered to provide a more appropriate ESR dating sig-
nal for Late Pleistocene samples®. This Ti-H age is significantly younger than the Ti-Li and Al centre ESR ages
for unit PM5, but it remains systematically higher than the corresponding pIR-IR age. Although incomplete
bleaching of the Ti-H signal cannot be excluded for this sample, the observed difference in ages might simply
be explained by the fact that the ESR and luminescence samples were collected from two different zones within
the excavation area. The latter was positioned closer to the surface and might represent a younger depositional
event. However, given the potential complications of applying ESR quartz dating over low dose ranges of <100-
200 Gy*>?%, we consider the pIR-IR age of 17 + 1 ka to provide a more accurate depositional constraint for unit
PMS5. The reliability of this pIR-IR age is further supported by a replicate single-grain OSL age of 17 + 1ka for the
same sample.

The combined chronological results obtained using different methods and minerals reveal a coherent and
robust model of deposition for the in situ LCT accumulations at Porto Maior. The bracketing sedimentary units
of PM3-PM4 were deposited between 293-205ka (20 confidence interval of the weighted mean ages), during
the latter part of MIS 8 and the beginning of MIS 7 (Fig. 1). The basal unit of the sediment sequence (PM1)
was also deposited during MIS 8, which is compatible with the geomorphological position of the fluvial terrace
(T4 +30-39m) in this portion of the valley. The younger (MIS 2) age for unit PM5 is consistent with a major
change in sedimentary processes between PM4 and PM5, and potentially indicates the presence of a prolonged
sedimentary hiatus during the Late Pleistocene.

The LCT accumulation of level PM4. A total of 3698 lithic artefacts were recovered from the site as part of
excavations and superficial prospection (3077 and 621 pieces, respectively). Most of the recovered material from
the 17.5 m? excavation area came from the upper level PM5 (2614 pieces), but these are redeposited Acheulean
materials in allochthonous position. In the lower level of PM3, a small assemblage of lithic industry was recovered
(161 pieces), also with Acheulean characteristics. The 11.8 m? excavated area in level PM4 produced 290 lithic
artefacts and exposed a large concentration of Large Cutting Tools (LCTs) with an inhomogeneous distribution
through the excavated surface (Fig. 2). From these 290 implements we distinguish 159 pieces that do not have
fluvial abrasion (main assemblage; MA), while 131 pieces have fluvial abrasion (fluvial rolling assemblage; FRA)
(SI Site formation). These taphonomic findings indicate that the MA material is most likely in an autochthonous
position and not the result of fluvial transportation. This interpretation is further supported by the lack of a pre-
ferred orientation for the MA material (Fig. S14b, Table S14), as well as the dominant size range (Figs S15 and
16) and the preserved spatial patterns (Fig. S17). Consequently, the MA assemblage, which essentially comprises
handaxes, cleavers and trihedral picks, is considered to represent in situ evidence of human activities at this level.
The density of the MA is 13.4 pieces per m?, which appears to be relatively high in comparison to other Iberian
Acheulean sites in fluvial environments?. The density of LCTs in level PM4 at Porto Maior is 9.5 pieces per m?,
and represents one of the highest densities of LCTs recorded on a global scale (Fig. 3, Table S18). These high lithic
densities appear to reflect the types of human activities undertaken at the site, and are reinforced by the enlarged
excavation surfaces considered in this study.

The lithic industry of the MA collection. The MA material is made up of 159 pieces with a total weight
of 118.1 kg. The techno-typology is dominated by LCTs (69.8% of the pieces and 83.0% of the total weight). All
other technological categories have limited representation with 17.0% of flakes, 5.0% of waste, 4.4% of cores and
3.1% of flake tools. None of the pieces have macroscopic signs of percussion that could be interpreted as hammer
or anvil stones (Table 1).

The selected raw material was almost exclusively quartzite (91.9%). A reduced number of tools were identified
as being knapped on quartz, and these were composed essentially of flakes and waste (n=13). Quartzite and
quartz cobbles are abundant in the Mifio River fluvial load and represent the likely raw material source for the site.

The “chaines opératoires” analysis shows that one set of pieces is characterised almost exclusively by elements
related to the use and discard phase (LCTs and some flake tools). The number of pieces associated with the acqui-
sition and production phases —flakes, waste or cores- is insignificant (Table 1). The site contains a large number of
LCTs, without elements pertaining to the configuration process (flakes, large blanks or cores). These characteris-
tics suggest that the macro-tools were configured elsewhere and were brought to the site for usage and subsequent
abandonment. The provenance of 41 pebbles, with a mean length of 136 mm, whose presence in this sedimentary
context does not have a geological explanation, is yet to be determined.
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Figure 2. (A) Detail of the main archaeological concentration in level PM4. (B) Partial photogrammetric
model of LCTs accumulation. (C) Distribution of the main assemblage (MA) lithic industry and stones. The
main technological categories are differentiated. This map was created with software ArcMap 10.4.1 and Adobe
Mlustrator CC.

The high frequency of handaxes (n = 80; 65.0%) in relation to trihedral picks (n=12; 9.7%) and cleavers
(n=9;7.3%) is noteworthy. LCTs fragments (8.1%), flake tools (4.0%) and choppers (0.8%) have a particularly
reduced presence. Six of the flakes can be related to maintenance of the LCTs. In four cases, these flakes corre-
spond to “éclat de taille de biface” and in two cases they correspond to “coup de tranchet” flakes, but they cannot be
reassembled with any of the identified LCTs (SI Technological features of the LCTS implements).

The identified handaxes (n = 80), which are all on quartzite, are the most frequent LCT. Common morpholo-
gies include lanceolates (43.5%), amygdaloids (27.5%) and transverse cutting edge (15%)*'. Other types of mor-
phologies (oval or triangular) are very limited in occurrence (Fig. 4. 1-4; Figs S18-20). The frequency of cleavers is
significantly less compared to handaxes (ratio of handaxes to cleavers is 8:1). Seven cleavers (77.8%) were assessed
as being type O, one as type I (11.1%)? and one with intermediate characteristics between type O and I (11.1%)
(Fig. 4. 7-8). Trihedral picks are present in abundance, more so than cleavers, with 12 pieces shaped in quartzite
(Fig. 4. 5-6). These LCTs are larger than the macro-tools from other assemblages in Iberia and Europe; their
mean size is more similar to those measured on LCTs from African and Near Eastern collections (Figs 5 and 6).
At present, the LCTs of Porto Maior level PM4 of Porto Maior represent the largest lithic artefacts found on the
European continent (Figs 5 and 6; Table S18).

Use-wear analysis of LCT implements.  Preliminary analysis of the functionality of the LCTs has revealed
additional evidence for use-wear. For 13 of the 101 LCTs (12.9%) from the MA collection, we have identified edge
damage related to micro-flakes, scarring and rounding. The most significant alterations are damage to the distal
edges of some cleavers (Fig. S23). For four of the handaxes, we observe traces of scarring and rounding, mainly
on their distal edges. The same patterns are also observed in two trihedral picks, with some micro-flakes damages
on their points. However, further use-wear studies are needed on the Porto Maior assemblage to advance our
understanding of site functionality.
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Figure 3. Density of LCTs for different Acheulean sites from Africa, Near East and Europe (see references in SI
Overview of extra-European sites with large LCT accumulations).

n 0 0 1 0 1
“Manuport”

% 0.0% 0.0% 100.0% 0.0% 0.3%

n 27 39 33 1 100
Flakes

% 27.0% 39.0% 33.0% 1.0% | 34.5%

n 8 16 5 1 30
Waste

% 26.7% 53.3% 16.7% 3.3% | 10.3%

n 7 6 3 0 16
Cores

% 43.8% 37.5% 18.8% 0.0% 5.5%

n 5 5 10 0 20
Flake tools

% 25.0% 25.0% 50.0% 0.0% 6.9%

LITHIC IMPLEMENTS

n 80 5 1 0 86
Handaxes

% 93.1% 5.8% 1.2% 0.0% | 29.7%

n 9 2 2 0 13
Cleavers

% 69.2% 15.4% 15.4% 0.0% 4.5%

n 12 0 0 0 12
Trihedral picks

% 100% 0.0% 0.0% 0.0% 4.1%

n 1 0 0 0 1
Choppers

% 100.0% 0.0% 0.0% 0.0% 0.3%

n 10 0 1 0 11
LCT fragments

% 90.9% 0.0% 9.1% 0.0% 3.8%

n 159 73 56 2 290

Total
% 54,8% 25.2% 19.3% 0.7% | 100.0%

Table 1. Classification of lithic implements from PM4 level. The material is organized according to their state of
conservation. The RO material constitutes the MA, while the R1, R1-2 and R2 belong to the FRA.
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Figure 4. Examples of LCTs recovered from level PM4 at Porto Maior, 1-4: handaxes, 5-6: trihedral pick and
7-8: cleavers (each scale-bar represents 3 cm). See legend in Fig. S20 for an explanation of the colour scheme.
Drawing and photo by E. Méndez-Quintas.

This type of use wear has been identified elsewhere for tools made of similar raw materials, and has been
linked with the processing of hard material, mainly wood or bone, as well as the breakage of carcasses**=*. The
presence of use-wear suggests that these LCTs were used for specific activities developed on site, before their
subsequent abandonment.
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Figure 6. Mean weight for different Acheulean handaxe assemblages from Africa, Near East and Europe (see

references in SI Overview of extra-European sites with large LCT accumulations).
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Discussion

The LCTs identified in Iberian and European Acheulean sites consistently have smaller sizes and weights
than their African counterparts. In contrast, the technical features and size of the LCTs at Porto Maior (mean
length = 186.4 mm) show strong parallelisms with Plio-Pleistocene African Acheulean collections (Figs 5 and 6;
Table S17). Similarly, the density of tools recorded in Porto Maior level PM4 at Porto Maior is one of the highest
globally for this type of occupation (9.5 LCTs/m?) and closely matches the densities reported for LCT accumu-
lations in Africa and the Near East (Fig. 3; SI Overview of extra-European sites with large LCT accumulations).
European sites with large numbers of handaxes are common (e.g., the different sectors at Boxgrove**-*, Soucy
3P* and Grande Vallée?), but these sites have lower densities of archaeological finds; in part because they are
usually excavated over extensive areas and are associated with a high number of knapping products and faunal
remains. The highest densities of LCTs recorded in Iberia are Casal do Azemel*' and Pinedo*, although the latter
has a significant component of re-deposited material and its LCT accumulation has been derived from a thick
(>5m) vertical sedimentary sequence. In the vast majority of SW European sites, however, the density of LCTs is
clearly lower than those observed in African and Near Eastern sites. Therefore, Porto Maior stands out as the first
archaeological site in Europe (Fig. $25) for which both the technological features of the Acheulean LCT industry
and the type of tool accumulation displays unequivocal affinities with the Acheulean technocomplex of Africa.

The large size of the LCTs at Porto Maior could be explained by the corresponding large morphology and
size of the existing pebbles in the fluvial load of the Mifio River (Fig. S24). However, similarly large cobbles are
common in other Iberian fluvial systems, which are devoid of comparable LCT assemblages**4; hence it seems
possible that the size of the PM4 LCTs is directly related to the functionality of the site. The interpretation of
the function of such Plio-Pleistocene archaeological sites has generated vigorous academic debate over recent
decades®. Most of the postulated hypotheses have been developed on sites associated with the first members
of the genus Homo, and within pre-Acheulean African contexts. Sites with large accumulations of LCTs have
received less attention, and have sometimes been considered to be the result of natural sedimentary processes*®=.
However, a number of researchers have argued that these extensive LCT accumulations are the product of delib-
erate economic activities (mainly carcass consumption)***°, Such economic activities can be diverse depending
on the site?-*!, as has become evident in recent excavations of the TK site in Olduvai®***. The use-wear analysis
undertaken on 13 LCTs from Porto Maior indicate that this site was likely used to process hard material, mainly
wood and bones, as described elsewhere for a number of African or European sites***, This evidence is consistent
with targeted economic exploitation of LCT resources at Porto Maior. It indicates that the functionality of this site
parallels that of similar LCT sites in Africa, although the lack of faunal remains precludes further interpretation.

The age of the LCT accumulation at Porto Maior provides new insight into the spatial complexity of tech-
nological traditions existing across SW Europe during the Middle Pleistocene. The first human occupation of
the Iberian Peninsula occurred more than 1 Ma®>-%, and was characterised by non-Acheulean core and flake
industries. Some researchers consider that the first Acheulean presence in the region is recorded at the site of La
Boella (Tarragona), which has been dated to between 1.0 and 0.8 Ma®. However, the material recovered from
this site comprises a limited assemblage and cannot be unequivocally assigned to the Acheulean technocom-
plex?. Another controversial example of the early Acheulean occupation of SW Europe comes from the site of
Cueva Negra del Estrecho del Rio Quipar (Murcia), which exhibits a series of stratigraphic, chronological and
archaeological complications!'>**%*, Further examples that may have broadly analogous chronologies include
several small assemblages of lithic industry associated with fluvial terraces of the large rivers in the Iberian plateau
at heights of more than +40 m'*; some of which contain elements that would suggest an Acheulean attribu-
tion. Outside the Iberian Peninsula, several Acheulean sites older than 660-400ka®!7¢! have also been reported.
Recently, new chronologies have been published for a diverse number of Acheulean sites of “European facies”
from NW Europe®'®. The numerical age control available for these sites would place the earliest Acheulean in
this region and Italy to pre-MIS 12°'713, Importantly, however, the technological characteristics at these sites are
different to those observed in SW Europe (Iberia and Aquitanian region), whose distinguishing features include
the use of large flakes as blanks (LFB industries) for the LCTs and the presence of flake cleavers®>?*.

The first widespread and unequivocal evidence for Acheulean technology in the south-western part of the
European continent, including the Iberian Peninsula, emerges after MIS 13, and prevails until MIS 6, or even
MIS 5106263 Tn this interval of around 400 ka, the number of verified Acheulean sites increases exponentially over
time**. The majority of these Acheulean sites are associated with the middle terraces of the large Atlantic basins
(Duero, Tajo, Guadiana and Guadalquivir), which exhibit elevations of +40—20 m*!®?, as well as a smaller num-
ber of cave and open-air sites not directly associated with specific fluvial terrace heights*?!. Dating of the archae-
ological deposits in these Iberian basins confirms an age range of 400-200ka for the expansion of the Acheulean
in the region7.

Within this geographic and chronological context, level PM4 of the Porto Maior site is the only known
European example of an LFB Acheulean accumulation with pronounced African affinities. The occupation age
range of 293-205 ka for Porto Maior is consistent with that obtained for “non-African” Acheulean assemblages
from middle terrace (+40—20m) sites of the large Iberian rivers>'%¢>%_ It is apparent, therefore, that different
LFB Acheulean assemblages were being simultaneously exploited by different geographic populations of SW
Europe during the late Middle Pleistocene. Adding to this technological complexity is the fact that the age of
Porto Maior level PM4 also overlaps with sites displaying Early Middle Paleolithic (EMP) industries, which are
technologically different and not directly related to the LFB Acheulean**®-7!. Broadly contemporaneous EMP
sites in Iberia include the middle stratigraphic unit of Ambrona, Level TD10.1-2 at Gran Dolina (Atapuerca),
Bolomor Cave and Cuesta de la Bajada®>7. Our dating study of the LCT accumulation at Porto Maior provides a
new line of evidence for temporal overlap between these two techno-complexes in SW Europe®”*.

These chronological findings have important implications for understanding the complex human occupation
history of the continent. It is increasingly clear from the palaeoanthropological record that a mosaic of human
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populations of different geographic origins, and with varied biological and technological attributions, likely
co-existed in Europe at various times during the Middle Pleistocene’>~"”. The extensive LCT assemblage at Porto
Maior contrasts with those of contemporaneous LFB Acheulean sites and EMP sites in the region, and similarly
suggests the co-existence of culturally distinct human populations of different geographical origins. In this sense,
the African affinities of the LCT assemblage at Porto Maior may be consistent with a technology brought in by
an “intrusive” population, which differed from the core and flake industries of established human groups in SW
Europe.

The archaeological site of Porto Maior (Level PM4) represents the first European site characterised by an
extensive concentration of in situ LCTs with similar technological and occupation characteristics as those found
exclusively in Acheulean sites from Africa and the Near East. At present, the LCTs at Porto Maior are among the
largest lithic artefacts found on the European continent. The accumulation layer is within an overbank facies that
was deposited with insufficient energy to displace large lithic tools in a significant way. This geomorphic context,
and the lack of a preferred orientation for the MA material, supports the anthropic origin of the LCT assemblage.
The two independently derived chronological datasets (ESR and luminescence) for Porto Maior provide consist-
ent ages and indicate that these deposits accumulated sometime between 293-205ka, though the exact duration
of site occupation is difficult to resolve beyond our existing dating uncertainties. Use wear analysis of the MA
material shows that the LCTs were used for the processing of hard materials, such as bone and wood, or for the
processing of carcasses. These results indicate that tool accumulation was likely the result of specific activities
undertaken on-site, and was not merely the product of re-deposition via natural sedimentary processes.

The unique archaeological findings from Porto Maior provide a new line of evidence to support the rela-
tionship between the Iberian and African Acheulean industries. Until now, this affinity has been exclusively
founded on technological similarities. For the first time, the cultural connection between the two continents can
be extended to include the type of occupation site (extensive LCT accumulations), thereby providing additional
insight into the origin of the European Acheulean technology. The MIS 8-7 chronology obtained for Porto Maior
sequence confirms the co-existence of the LCT Acheulean and EMP industries in SW Europe®7478, This situation
would potentially suggest the co-existence of different human species in southwest Europe during the Middle
Pleistocene; a scenario also reflected by emerging palaeoanthropological evidence from European fossil hominin
Sites75’79_81.

Methods

Archaeology and stratigraphy. The archaeological investigations of Porto Maior were undertaken over
two seasons in 2012 and 2014, and consisted of excavations, stratigraphic analyses and the collection of dating
samples from the excavated levels. Likewise, geomorphologic work was undertaken to provide the geological
context of the site at a regional scale. These studies were based on the detection and description of fluvial forms
using digital elevation models (DEM) derived from LIDAR data. Archaeological materials were studied by means
of taphonomic, technological, typological and metric criteria. The maps of the site were obtained from a combi-
nation of topographic and photogrammetry of close object techniques. Data were processed using GIS software,
which produced high-precision cartographies and three-dimensional reconstructions. The use-wear analy-
ses included the observation of the cutting edges, which was made using a binocular stereomicroscope Motic
SMZ171. Images were taken with a microscope adapter and Nikon D7000 photographic camera with objective
lens Sigma 105/2,8 DG Macro OS.

Geochronology. ESR dating of quartz grains was carried out at CENIEH (Spain) following the Multiple
Centre approach as described in**. Quartz grains were dated using the standard Multiple Aliquots Additive
(MAA) dose method. Each natural sample was divided into several multiple-grain aliquots, which were gamma
irradiated up to ca. 40kGy. For each sample, the ESR signals of both the Aluminium (Al) and Titanium (Ti) cen-
tres were obtained from repeated measurements at low temperature. Equivalent Dose values were obtained for
each centre in order to check their consistency, and evaluate any possible incomplete bleaching of the Al signal
during sediment transportation, as described in*. The total dose rate value was derived from a combination of in
situ and laboratory measurements. External gamma dose rate was derived from in situ measurements with a Nal
probe by using the “threshold technique”®. Radioelement (U, Th, K) concentrations of the sediment were deter-
mined by ICP-MS analysis and used to derive external alpha and beta dose rate components using the dose rate
conversion factors from®. Additional High Resolution Gamma Spectrometry (HRGS) analysis did not show evi-
dence of significant disequilibrium in the U-238 decay chain. Internal dose rate was assumed to be 50+ 30uGy/a,
based on previous works. Values were corrected with beta and alpha attenuation values for spherical grains®#
and water attenuation formulae from®. ESR and luminescence age calculations were performed using consist-
ent water content values: 20 £ 5% (wet weight) was considered for all but one ESR sample, and 13 £ 5% for the
uppermost ESR sample. The cosmic dose rate was calculated using formulae from®’, with depth, altitude and
latitude corrections. ESR age calculations were performed using a non-commercial SCILAB based software, and
final errors are given at 1o error. Full details about the experimental conditions and the analytical procedure are
provided in Supplementary Information.

Luminescence dating was conducted at the University of Adelaide’s Prescott Environmental Luminescence
Laboratory. Luminescence dating samples were collected from levels PM3, PM4 and PM5 at Porto Maior. Post
infrared (IR) IR stimulated luminescence (pIR-IR) dating of coarse K-rich feldspar grains was applied to all
samples®”?. Additionally, single-grain optically stimulated luminescence (OSL) of quartz grains®® was applied
to sample PM16-4 from PM5. Samples were prepared using standard procedures under subdued red lighting to
isolate the coarse (90-125 pum) K-rich feldspar and (212-250 um) quartz fractions (see SI Luminescence dating for
details). Dose recovery tests were performed for the pIR-IR signal using the two protocols outlined in Table S7
and the rejection criteria described in®® (SI Luminescence dating). The elevated temperature IR measurements
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made at 225 °C (pIR-IR,,; protocol) produced a dose recovery ratio of 0.97 +0.02 in agreement with unity at
1o (Table S8), while the elevated temperature IR measurements made at 290 °C (pIR-IR,q, protocol) resulted in
dose overestimation (dose recovery ratio=1.29 £ 0.04). Therefore, the pIR-IR,,5; protocol was used to date the
samples in this study (see SI Luminescence dating for details). In total, 6 to 7 160-grain aliquots of K-feldspars
were measured for each sample. The natural D, datasets exhibited low overdispersion values (5-22%) and were
not significantly positively skewed, indicating full bleaching of the dating signal prior to burial. Mean D, values
and final burial ages were calculated using the central age model®. Dose rate evaluations were undertaken using a
combination of in situ gamma-ray spectrometry and low-level beta counting (SI Luminescence dating for details).
Gamma spectrometry data was analysed using the ‘windows” method described in* to obtain concentrations of
K, U and Th. Dose rates were calculated using the conversion factors of*?, accounting for beta attenuation®. For
the fluvial samples (PM16-3, PM16-5 and PM16-6) the long-term water content was taken as being equivalent to
50% of the saturated values measured for each sample (SI Luminescence dating), which ranged between 20% and
29% of dry weight. For the aeolian sample (PM16-4), a long-term water content of 15 4= 5% was used following
similar values adopted in other luminescence dating studies of wind-blown (loess) deposits from Europe (SI
Luminescence dating). An uncertainty of 20% was added to the water content to account for any potential minor
variations during the past. Final dose rates are shown in Table S5.

References

1. Rolland, N. The Early Pleistocene human dispersals in the Circum-Mediterranean Basin and initial peopling of Europe: Single or
multiple pathways? Quaternary International 316, 59-72, https://doi.org/10.1016/j.quaint.2013.06.028 (2013).

2. Turq, A. et al. The first human occupations in southwestern France: A revised summary twenty years after the Abbeville/Saint
Riquier colloquium. Quaternary International 223-224, 383-398 (2010).

3. Santonja, M., Pérez-Gonzalez, A., Panera, J., Rubio-Jara, S. & Méndez-Quintas, E. The coexistence of Acheulean and Ancient Middle
Palaeolithic techno-complexes in the Middle Pleistocene of the Iberian Peninsula. Quaternary International 411, 367-377, https://
doi.org/10.1016/j.quaint.2015.04.056 (2016).

4. Santonja, M. & Villa, P. in Axe Age. Acheulian Tool-making from Quarry to Discard (eds N. Goren-Inbar & G. Sharon) 429-478
(Equinox Publishers, 2006).

5. Sharon, G. & Barsky, D. The emergence of the Acheulian in Europe — A look from the east. Quaternary International 411, 25-33,
https://doi.org/10.1016/j.quaint.2015.11.108 (2016).

6. Bar-Yosef, O. & Belfer-Cohen, A. From Africa to Eurasia-early dispersals. Quarternary International 75, 19-28 (2001).

7. Nicoud, E. What Does the Acheulean Consist of? The Example of WesternEurope (MIS 16-9). Mitteilungen der Gesellschaft fiir
Urgeschichte 22, 41-60 (2013).

8. Carbonell, E., Barsky, D., Sala, R. & Celiberti, V. Structural continuity and technological change in Lower Pleistocene toolKits.
Quaternary International 393, 6-18, https://doi.org/10.1016/j.quaint.2015.04.008 (2016).

9. Moncel, M.-H. et al. The Early Acheulian of north-western Europe. Journal of Anthropological Archaeology 40, 302-331, https://doi.
org/10.1016/j.jaa.2015.09.005 (2015).

10. Rubio-Jara, S., Panera, J., Rodriguez-de-Tembleque, J., Santonja, M. & Pérez-Gonzalez, A. Large flake Acheulean in the middle of
Tagus basin (Spain): Middle stretch of the river Tagus valley and lower stretches of the rivers Jarama and Manzanares valleys.
Quaternary International 411, 349-366, https://doi.org/10.1016/j.quaint.2015.12.023 (2016).

11. Oll¢, A. et al. The Acheulean from Atapuerca: Three steps forward, one step back. Quaternary International 411, 316-328, https://
doi.org/10.1016/j.quaint.2016.01.042 (2016).

12. Diez-Martin, F. & Eren, M. In Stone Tools and Fossil Bones: Debates in the Archaeology of Human Origins (ed M. Dominguez-
Rodrigo) 310-358 (Cambridge University Press, 2012).

13. Gallotti, R. The East African origin of the Western European Acheulean technology: Fact or paradigm? Quaternary International
411, 9-24, https://doi.org/10.1016/j.quaint.2015.10.115 (2016).

14. Mosquera, M. et al. The Early Acheulean technology of Barranc de la Boella (Catalonia, Spain). Quaternary International 393,
95-111, https://doi.org/10.1016/j.quaint.2015.05.005 (2016).

15. Scott, G. R. & Gibert, L. The oldest hand-axes in Europe. Nature 461, 82-85 (2009).

16. Moncel, M.-H. et al. Early Evidence of Acheulean Settlement in Northwestern Europe - La Noira Site, a 700 000 Year-Old Occupation
in the Center of France. PLOS ONE 8, 75529, https://doi.org/10.1371/journal.pone.0075529 (2013).

17. Pereira, A. et al. The earliest securely dated hominin fossil in Italy and evidence of Acheulian occupation during glacial MIS 16 at
Notarchirico (Venosa, Basilicata, Italy). Journal of Quaternary Science 30, 639-650, https://doi.org/10.1002/jqs.2809 (2015).

18. Voinchet, P. et al. New chronological data (ESR and ESR/U-series) for the earliest Acheulian sites of north-western Europe. Journal
of Quaternary Science 30, 610-622, https://doi.org/10.1002/jqs.2814 (2015).

19. Alvarez-Posada, C., Pares, J. M., Sala, R., Viseras, C. & Pla-Pueyo, S. New magnetostratigraphic evidence for the age of Acheulean
tools at the archaeo-palaeontological site “Solana del Zamborino” (Guadix - Baza Basin, S Spain). Scientific Reports 7, 13495, https://
doi.org/10.1038/s41598-017-14024-5 (2017).

20. Jiménez-Arenas, J. M., Santonja, M., Botella, M. & Palmqvist, P. The oldest handaxes in Europe: fact or artefact? Journal of
Archaeological Science 38, 3340-3349, https://doi.org/10.1016/j.jas.2011.07.020 (2011).

21. Santonja, M. & Pérez-Gonzalez, A. Mid-Pleistocene Acheulean industrial complex in the Iberian Peninsula. Quaternary
International 223-224, 154-161 (2010).

22. Cologne, D., Jarry, M., Jaubert, J., Mourre, V. & Turq, A. Quel Paléolithique ancien en Quercy? Paleo. supplément 4,197-212 (2013).

23. Sharon, G. Flakes Crossing the Straits? Entame Flakes and Northern Africa-Iberia contact during the Acheulean. African
Archaeological Review, 1-16, https://doi.org/10.1007/s10437-011-9087-3 (2011).

24. Sharon, G. Acheulian Large Flake Industries: Technology, Chronology, and Significance. (BAR International Series 1701, 2007).

25. Duval, M. et al. Electron spin resonance dating of optically bleached quartz grains from the Middle Palaeolithic site of Cuesta de la
Bajada (Spain) using the multiple centres approach. Quaternary Geochronology 37, 82-96, https://doi.org/10.1016/j.quageo.2016.09.006
(2017).

26. Duval, M. & Guilarte, V. ESR dosimetry of optically bleached quartz grains extracted from Plio-Quaternary sediment: Evaluating
some key aspects of the ESR signals associated to the Ti-centers. Radiation Measurements 78, 28-41, https://doi.org/10.1016/].
radmeas.2014.10.002 (2015).

27. Arnold, L. ]. et al. Evaluating the suitability of extended-range luminescence dating techniques over early and Middle Pleistocene
timescales: Published datasets and case studies from Atapuerca, Spain. Quaternary International 389, 167-190, https://doi.
org/10.1016/j.quaint.2014.08.010 (2015).

28. Buylaert, J. P,, Murray, A. S., Thomsen, K. J. & Jain, M. Testing the potential of an elevated temperature IRSL signal from K-feldspar.
Radiation Measurements 44, 560-565 (2009).

SCIENTIFICREPORTS | (2018) 8:3082 | DOI:10.1038/s41598-018-21320-1 10


http://dx.doi.org/10.1016/j.quaint.2013.06.028
http://dx.doi.org/10.1016/j.quaint.2015.04.056
http://dx.doi.org/10.1016/j.quaint.2015.04.056
http://dx.doi.org/10.1016/j.quaint.2015.11.108
http://dx.doi.org/10.1016/j.quaint.2015.04.008
http://dx.doi.org/10.1016/j.jaa.2015.09.005
http://dx.doi.org/10.1016/j.jaa.2015.09.005
http://dx.doi.org/10.1016/j.quaint.2015.12.023
http://dx.doi.org/10.1016/j.quaint.2016.01.042
http://dx.doi.org/10.1016/j.quaint.2016.01.042
http://dx.doi.org/10.1016/j.quaint.2015.10.115
http://dx.doi.org/10.1016/j.quaint.2015.05.005
http://dx.doi.org/10.1371/journal.pone.0075529
http://dx.doi.org/10.1002/jqs.2809
http://dx.doi.org/10.1002/jqs.2814
http://dx.doi.org/10.1038/s41598-017-14024-5
http://dx.doi.org/10.1038/s41598-017-14024-5
http://dx.doi.org/10.1016/j.jas.2011.07.020
http://dx.doi.org/10.1007/s10437-011-9087-3
http://dx.doi.org/10.1016/j.quageo.2016.09.006
http://dx.doi.org/10.1016/j.radmeas.2014.10.002
http://dx.doi.org/10.1016/j.radmeas.2014.10.002
http://dx.doi.org/10.1016/j.quaint.2014.08.010
http://dx.doi.org/10.1016/j.quaint.2014.08.010

www.nature.com/scientificreports/

29.

30.

34.
35.
36.
37.
38.

39.
40.

41.
. Querol, M. A. & Santonja, M. El yacimiento achelense de Pinedo (Toledo). Excavaciones Arqueoldgicas en Espafia 103 (1979).
43.
44,
45.
46.
47.
48.

49.
50.

51.
52.
53.
54.
55.
56.

57.
58.
59.
60.
61.
62.

63.

64.
65.
66.

67.

68.

69.

Arnold, L. J. et al. OSL dating of individual quartz ‘supergrains’ from the Ancient Middle Palaeolithic site of Cuesta de la Bajada,
Spain. Quaternary Geochronology 36, 78-101, https://doi.org/10.1016/j.quageo.2016.07.003 (2016).

Beerten, K., Lomax, J., Clémer, K., Stesmans, A. & Radtke, U. On the use of Ti centres for estimating burial ages of Pleistocene
sedimentary quartz: Multiple-grain data from Australia. Quaternary Geochronology 1, 151-158, https://doi.org/10.1016/].
quageo.2006.05.037 (2006).

. Bordes, E Typologie du Paléolithique ancien et moyen. (Impriméries Delmas, 1961).
. Tixier, J. in XVe session du Congrés préhistorique de France. 914-923.
. Claud, E., Deschamps, M., Colonge, D., Mourre, V. & Thiébaut, C. Experimental and functional analysis of late Middle Paleolithic

flake cleavers from southwestern Europe (France and Spain). Journal of Archaeological Science 62, 105-127, https://doi.org/10.1016/j.
jas.2015.05.013 (2015).

Viallet, C. Macrotraces of Middle Pleistocene bifaces from two Mediterranean sites: Structural and functional analysis. Quaternary
International 411, 202-211, https://doi.org/10.1016/j.quaint.2016.01.024 (2016).

Viallet, C. Bifaces used for percussion? Experimental approach to percussion marks and functional analysis of the bifaces from Terra
Amata (Nice, France). Quaternary International 409, 174-181, https://doi.org/10.1016/j.quaint.2015.08.068 (2016).

Pope, M. The significance of biface-rich assemblages: An examination of behavioural controls on lithic assemblage formation in the
Lower Palaeolithic., University of Southampton, (2002).

Roberts, M. B. & Parfitt, S. A. Boxgrove: a Middle Pleistocene hominid site at Eartham Quarry, Boxgrove, West Sussex. (English
Heritage, 1999).

Roberts, M. B. et al. Boxgrove, West Sussex: Rescue Excavations of a Lower Palaeolithic Landsurface (Boxgrove Project B, 1989-91).
Proceedings of the Prehistoric Society 63, 303-358, https://doi.org/10.1017/s0079497x00002474 (1997).

Lhomme, V. Tools, space and behaviour in the Lower Palaeolithic: discoveries at Soucy in the Paris basin. Antiquity 81, 536 (2007).
Hérisson, D. et al. Between the northern and southern regions of Western Europe: The Acheulean site of La Grande Vallée
(Colombiers, Vienne, France). Quaternary International 411, 108-131, https://doi.org/10.1016/j.quaint.2015.12.100 (2016).

Cunha Ribeiro, J.-P. in 3° Congresso de Arqueologia Peninsular. Vol. 2: Paleolitico da Peninsula Ibérica (ed VV.AA) 137-167 (2000).

Moloney, N. Lithic production and raw material explotation at the Middle Pleistocene site of El Sartalejo, Spain. Papers from the
Institute of Archaeology (PIA) 3, 11-22 (1992).

Santonja, M. Yacimiento achelense de El Sartalejo (Valle de Alagon, Cdceres): estudio preliminar. (1985).

Dominguez- Rodrigo, M., Barba, R. & Egeland, C. P. in Vertebrate Paleobiology and Paleoanthropology 339 (Springer, 2007).
Schick, K. Geoarchaeological analysis of an acheulean site at Kalambo Falls, Zambia. Geoarchaeology 7, 1-26, https://doi.
org/10.1002/gea.3340070102 (1992).

Walter, M. J. & Trauth, M. H. A MATLAB based orientation analysis of Acheulean handaxe accumulations in Olorgesailie and
Kariandusi, Kenya Rift. Journal of Human Evolution 64, 569-581, https://doi.org/10.1016/j.jhevol.2013.02.011 (2013).

Shipton, C. Taphonomy and Behaviour at the Acheulean Site of Kariandusi, Kenya. African Archaeological Review 28, 141-155,
https://doi.org/10.1007/s10437-011-9089-1 (2011).

Isaac, G. L. Olorgesailie: archeological studies of a Middle Pleistocene lake basin in Kenya. (University of Chicago Press, 1977).

Potts, R., Behrensmeyer, A. K. & Ditchfield, P. Paleolandscape variation and Early Pleistocene hominid activities: Members 1 and 7,
Olorgesailie Formation, Kenya. Journal of Human Evolution 37, 747-788, https://doi.org/10.1006/jhev.1999.0344 (1999).

Potts, R. Olorgesailie: new excavations and findings in Early and Middle Pleistocene contexts, southern Kenya rift valley. Journal of
Human Evolution 18, 477-484 (1989).

Santonja, M. et al. Technological strategies and the economy of raw materials in the TK (Thiongo Korongo) lower occupation, Bed
11, Olduvai Gorge, Tanzania. Quaternary International 322-323, 181-208, https://doi.org/10.1016/j.quaint.2013.10.069 (2014).
Rubio-Jara, S. et al. Site function and lithic technology in the Acheulean technocomplex: a case study from Thiongo Korongo (TK),
Bed II, Olduvai Gorge, Tanzania. Boreas, https://doi.org/10.1111/bor.12275 (2017).

Dominguez-Rodrigo, M. Woodworking activities by early humans: a plant residue analysis on Acheulian stone tools from Peninj
(Tanzania). Journal of Human Evolution 40, 289-299, https://doi.org/10.1006/jhev.2000.0466 (2001).

Toro-Moyano, L. et al. The oldest human fossil in Europe dated to ca. 1.4 Ma at Orce (Spain). Journal of Human Evolution 65, 1-9,
https://doi.org/10.1016/j.jhevol.2013.01.012 (2013).

Martinez, K. et al. A new Lower Pleistocene archeological site in Europe (Vallparadis, Barcelona, Spain). Proceedings of the National
Academy of Sciences 107, 5762-5767, https://doi.org/10.1073/pnas.0913856107 (2010).

Carbonell, E. et al. The first hominin of Europe. Nature 452, 465-469, https://doi.org/10.1038/nature06815 (2008).

Vallverdu, J. et al. Age and date for early arrival of the Acheulian in Europe (Barranc de la Boella, la Canonja, Spain). PLoS One 9,
€103634, https://doi.org/10.1371/journal.pone.0103634 (2014).

Walker, M. J. et al. Cueva Negra del Estrecho del Rio Quipar (Murcia, Spain): A late Early Pleistocene hominin site with an “Acheulo-
Levalloiso-Mousteroid” Palaeolithic assemblage. Quaternary International 294, 135-159, https://doi.org/10.1016/j.
quaint.2012.04.038 (2013).

Angelucci, D. E. et al. Rethinking stratigraphy and site formation of the Pleistocene deposit at Cueva Negra del Estrecho del Rio
Quipar (Caravaca de la Cruz, Spain). Quaternary Science Reviews 80, 195-199, https://doi.org/10.1016/j.quascirev.2013.09.009
(2013).

Despriee, J. et al. The Acheulean site of la Noira (Centre region, France): Characterization of materials and alterations, choice of
lacustrine millstone and evidence of anthropogenic behaviour. Quaternary International 411, 144-159, https://doi.org/10.1016/j.
quaint.2015.12.101 (2016).

Cunha, P. P. et al. New data on the chronology of the Vale do Forno sedimentary sequence (Lower Tejo River terrace staircase) and
its relevance as a fluvial archive of the Middle Pleistocene in western Iberia. Quaternary Science Reviews 166, 204-226, https://doi.
org/10.1016/j.quascirev.2016.11.001 (2017).

Sanchez-Cervera, B., Santonja Gomez, M., Pérez-Gonzélez, A., Dominguez-Rodrigo, M. & Sanchez-Romero, L. La industria litica
del yacimiento achelense de Torralba (Soria, Espafia). Colecciones marqués de Cerralbo y Howell. Trabajos de Prehistoria 72, 41-63,
https://doi.org/10.3989/tp.2015.12143 (2015).

Rosina, P, Voinchet, P, Bahain, J.-J., Cristovao, J. & Falgueres, C. Dating the onset of Lower Tagus River terrace formation using
electron spin resonance. Journal of Quaternary Science 29, 153162, https://doi.org/10.1002/jqs.2689 (2014).

Martins, A. A. et al. K-Feldspar IRSL dating of a Pleistocene river terrace staircase sequence of the Lower Tejo River (Portugal,
western Iberia). Quaternary Geochronology 5, 176-180 (2010).

Moreno, D. et al. ESR chronology of alluvial deposits in the Arlanzon valley (Atapuerca, Spain): Contemporaneity with Atapuerca
Gran Dolina site. Quaternary Geochronology 10, 418-423, https://doi.org/10.1016/j.quageo.2012.04.018 (2012).

Silva, P. G., Roquero, E., Lopez-Recio, M., Huerta, P. & Martinez-Grafia, A. M. Chronology of fluvial terrace sequences for large
Atlantic rivers in the Iberian Peninsula (Upper Tagus and Duero drainage basins, Central Spain). Quaternary Science Reviews 166,
188-203, https://doi.org/10.1016/j.quascirev.2016.05.027 (2017).

Lopez-Recio, M. et al. Geocronologia de los yacimientos achelenses de Pinedo y Cien Fanegas (Valle del Tajo) e implicaciones en la
evolucion fluvial en el entorno de Toledo (Espana). Estudios Geolégicos 71, €029, https://doi.org/10.3989/egeol.41816.340 (2015).
Heérisson, D. et al. A new key-site for the end of Lower Palaeolithic and the onset of Middle Palaeolithic at Etricourt-Manancourt
(Somme, France). Quaternary International 409, 73-91, https://doi.org/10.1016/j.quaint.2016.01.055 (2016).

SCIENTIFICREPORTS | (2018) 8:3082 | DOI:10.1038/s41598-018-21320-1 11


http://dx.doi.org/10.1016/j.quageo.2016.07.003
http://dx.doi.org/10.1016/j.quageo.2006.05.037
http://dx.doi.org/10.1016/j.quageo.2006.05.037
http://dx.doi.org/10.1016/j.jas.2015.05.013
http://dx.doi.org/10.1016/j.jas.2015.05.013
http://dx.doi.org/10.1016/j.quaint.2016.01.024
http://dx.doi.org/10.1016/j.quaint.2015.08.068
http://dx.doi.org/10.1017/s0079497x00002474
http://dx.doi.org/10.1016/j.quaint.2015.12.100
http://dx.doi.org/10.1002/gea.3340070102
http://dx.doi.org/10.1002/gea.3340070102
http://dx.doi.org/10.1016/j.jhevol.2013.02.011
http://dx.doi.org/10.1007/s10437-011-9089-1
http://dx.doi.org/10.1006/jhev.1999.0344
http://dx.doi.org/10.1016/j.quaint.2013.10.069
http://dx.doi.org/10.1111/bor.12275
http://dx.doi.org/10.1006/jhev.2000.0466
http://dx.doi.org/10.1016/j.jhevol.2013.01.012
http://dx.doi.org/10.1073/pnas.0913856107
http://dx.doi.org/10.1038/nature06815
http://dx.doi.org/10.1371/journal.pone.0103634
http://dx.doi.org/10.1016/j.quaint.2012.04.038
http://dx.doi.org/10.1016/j.quaint.2012.04.038
http://dx.doi.org/10.1016/j.quascirev.2013.09.009
http://dx.doi.org/10.1016/j.quaint.2015.12.101
http://dx.doi.org/10.1016/j.quaint.2015.12.101
http://dx.doi.org/10.1016/j.quascirev.2016.11.001
http://dx.doi.org/10.1016/j.quascirev.2016.11.001
http://dx.doi.org/10.3989/tp.2015.12143
http://dx.doi.org/10.1002/jqs.2689
http://dx.doi.org/10.1016/j.quageo.2012.04.018
http://dx.doi.org/10.1016/j.quascirev.2016.05.027
http://dx.doi.org/10.3989/egeol.41816.340
http://dx.doi.org/10.1016/j.quaint.2016.01.055

www.nature.com/scientificreports/

70. Ashton, N. & Scott, B. The British Middle Palaeolithic. Quaternary International, https://doi.org/10.1016/j.quaint.2015.06.011
(2015).

71. Locht, J.-L. et al. Timescales, space and culture during the Middle Palaeolithic in northwestern France. Quaternary International
411, 129-148, https://doi.org/10.1016/j.quaint.2015.07.053 (2016).

72. Santonja, M. et al. The Middle Paleolithic site of Cuesta de la Bajada (Teruel, Spain): a perspective on the Acheulean and Middle
Paleolithic technocomplexes in Europe. Journal of Archaeological Science 49, 556-571, https://doi.org/10.1016/j.jas.2014.06.003
(2014).

73. Oll¢, A. et al. The Early and Middle Pleistocene technological record from Sierra de Atapuerca (Burgos, Spain). Quaternary
International 295, 138-167, https://doi.org/10.1016/j.quaint.2011.11.009 (2013).

74. Soriano, S. & Villa, P. Early Levallois and the beginning of the Middle Paleolithic in central Italy. PLoS One 12, 0186082, https://doi.
org/10.1371/journal.pone.0186082 (2017).

75. Bermudez de Castro, J. M. & Martinon-Torres, M. A new model for the evolution of the human Pleistocene populations of Europe.
Quaternary International 295, 102-112, https://doi.org/10.1016/j.quaint.2012.02.036 (2013).

76. Hublin, J. J. The origin of Neandertals. Proceedings of the National Academy of Sciences 106, 16022-16027, https://doi.org/10.1073/
pnas.0904119106 (2009).

77. Dennell, R. W,, Martinén-Torres, M. & Bermuidez de Castro, J. M. Hominin variability, climatic instability and population demography
in Middle Pleistocene Europe. Quaternary Science Reviews 30, 1511-1524, https://doi.org/10.1016/j.quascirev.2009.11.027 (2011).

78. Hérisson, D. et al. The emergence of the Middle Palaeolithic in north-western Europe and its southern fringes. Quaternary
International 411, 233-283, https://doi.org/10.1016/j.quaint.2016.02.049 (2016).

79. Arsuaga, J. L. et al. Neandertal roots: Cranial and chronological evidence from Sima de los Huesos. Science 344, 1358-1363, https://
doi.org/10.1126/science.1253958 (2014).

80. Daura, J. et al. New Middle Pleistocene hominin cranium from Gruta da Aroeira (Portugal). Proceedings of the National Academy of
Sciences, 201619040, https://doi.org/10.1073/pnas.1619040114 (2017).

81. Dennell, R. W,, Martin6n-Torres, M. & Bermudez de Castro, J. M. Out of Asia: The initial colonisation of Europe in the Early and
Middle Pleistocene. Quaternary International 223-224, 439-439 (2010).

82. Duval, M. & Arnold, L. J. Field gamma dose-rate assessment in natural sedimentary contexts using LaBr3(Ce) and NaI(Tl) probes:
A comparison between the “threshold” and “windows” techniques. Applied Radiation and Isotopes 74, 36-45, https://doi.
org/10.1016/j.apradis0.2012.12.006 (2013).

83. Guérin, G., Mercier, N. & Adamiec, G. Dose-rate conversion factors: update. Ancient TL 29 (2011).

84. Brennan, B. J. Beta doses to spherical grains. Radiation Measurements 37, 299-303, https://doi.org/10.1016/S1350-4487(03)00011-8
(2003).

85. Brennan, B. ], Lyons, R. G. & Phillips, S. W. Attenuation of alpha particle track dose for spherical grains. International Journal of
Radiation Applications and Instrumentation. Part D. Nuclear Tracks and Radiation Measurements 18, 249-253, https://doi.
org/10.1016/1359-0189(91)90119-3 (1991).

86. Griin, R. A cautionary note: use of ‘water content’ and ‘depth for cosmic ray dose rate’ in AGE and DATA programs. Ancient TL 12,
50-51 (1994).

87. Prescott, J. R. & Hutton, J. T. Cosmic ray contributions to dose rates for luminescence and ESR dating: Large depths and long-term
time variations. Radiation Measurements 23, 497-500 (1994).

88. Demuro, M., Arnold, L., Parés, ]. M. & Sala, R. Extended-range luminescence chronologies suggest potentially complex bone
accumulation histories at the Early-to-Middle Pleistocene palaeontological site of Huescar-1 (Guadix-Baza basin, Spain).
Quaternary International 389, 191-212, https://doi.org/10.1016/j.quaint.2014.08.035 (2015).

89. Galbraith, R. E, Roberts, R. G., Laslett, G. M., Yoshida, H. & Olley, J. M. Optical dating of single and multiple grains of quartz from
Jinmium Rock Shelter, Northern Australia: Part 1, experimental design and statistical models. Archaeometry 41, 339-364, https://
doi.org/10.1111/j.1475-4754.1999.tb00987 x (1999).

90. Arnold, L. J., Duval, M., Falguéres, C., Bahain, J. ]. & Demuro, M. Portable gamma spectrometry with cerium-doped lanthanum
bromide scintillators: Suitability assessments for luminescence and electron spin resonance dating applications. Radiation
Measurements 47, 6-18, https://doi.org/10.1016/j.radmeas.2011.09.001 (2012).

Acknowledgements

We are indebted to M. Ledo for his great contribution to the knowledge of the regional Lower Paleolithic and for
the discovery of this site. The 2014 season of excavation was supported by the Conselleria de Cultura, Educacién
y Ordenacién Universitaria (Xunta de Galicia). We thank the members of the excavation team for their invaluable
collaboration: A. Serodio, M. Alvarado, S. Goyanes, E. Rodriguez, R. Rojas, S. Covelo, E. J. Garcia, H. Rodriguez,
X. Groba, A. Martinez, J. J. Alvarez, T. Otero, J. M. Lopez, P. Gallego. Aspects of the ESR dating study were covered
by project CGL2010-16821 from the Spanish Ministry of Science and Innovation and Australian Research
Council (ARC) Future Fellowship Grant FT150100215. M. Duval is grateful to V. Guilarte for her invaluable
contribution in the different steps of the analytical procure, and in particular with the ESR measurements.
M. Demuro and L. Arnold were supported by ARC Discovery Early Career Researcher Award DE160100743 and
ARC Future Fellowship project FT130100195, respectively. We thank editors and the three anonymous reviewers
for their constructive comments and suggestions, which helped to improve this paper.

Author Contributions

E.M.-Q., M.S. and A.P.-G. designed research; EM.-Q., M.S., A.P.-G., M.Du., M.De., and L.J.A. wrote the
manuscript and prepared the figures and tables; A.P.-G. and E.M.-Q. performed the geomorphological and
stratigraphic research; M.Du., M.De., and L.J.A. conducted sampling and performed dating research; E.M.-Q.
performed the spatial analysis of the tools accumulation; E.M.-Q. and M.S. made the study of the lithic industry;
All authors discussed and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-21320-1.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS | (2018) 8:3082 | DOI:10.1038/s41598-018-21320-1 12


http://dx.doi.org/10.1016/j.quaint.2015.06.011
http://dx.doi.org/10.1016/j.quaint.2015.07.053
http://dx.doi.org/10.1016/j.jas.2014.06.003
http://dx.doi.org/10.1016/j.quaint.2011.11.009
http://dx.doi.org/10.1371/journal.pone.0186082
http://dx.doi.org/10.1371/journal.pone.0186082
http://dx.doi.org/10.1016/j.quaint.2012.02.036
http://dx.doi.org/10.1073/pnas.0904119106
http://dx.doi.org/10.1073/pnas.0904119106
http://dx.doi.org/10.1016/j.quascirev.2009.11.027
http://dx.doi.org/10.1016/j.quaint.2016.02.049
http://dx.doi.org/10.1126/science.1253958
http://dx.doi.org/10.1126/science.1253958
http://dx.doi.org/10.1073/pnas.1619040114
http://dx.doi.org/10.1016/j.apradiso.2012.12.006
http://dx.doi.org/10.1016/j.apradiso.2012.12.006
http://dx.doi.org/10.1016/S1350-4487(03)00011-8
http://dx.doi.org/10.1016/1359-0189(91)90119-3
http://dx.doi.org/10.1016/1359-0189(91)90119-3
http://dx.doi.org/10.1016/j.quaint.2014.08.035
http://dx.doi.org/10.1111/j.1475-4754.1999.tb00987.x
http://dx.doi.org/10.1111/j.1475-4754.1999.tb00987.x
http://dx.doi.org/10.1016/j.radmeas.2011.09.001
http://dx.doi.org/10.1038/s41598-018-21320-1

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:3082 | DOI:10.1038/s41598-018-21320-1 13


http://creativecommons.org/licenses/by/4.0/

	First evidence of an extensive Acheulean large cutting tool accumulation in Europe from Porto Maior (Galicia, Spain)

	Results

	Geomorphologic and morpho-stratigraphic setting. 
	Chronological framework. 
	The LCT accumulation of level PM4. 
	The lithic industry of the MA collection. 
	Use-wear analysis of LCT implements. 

	Discussion

	Methods

	Archaeology and stratigraphy. 
	Geochronology. 

	Acknowledgements

	﻿Figure 1 (A) Geographical location of Porto Maior.
	﻿Figure 2 (A) Detail of the main archaeological concentration in level PM4.
	Figure 3 Density of LCTs for different Acheulean sites from Africa, Near East and Europe (see references in SI Overview of extra-European sites with large LCT accumulations).
	Figure 4 Examples of LCTs recovered from level PM4 at Porto Maior, 1–4: handaxes, 5–6: trihedral pick and 7–8: cleavers (each scale-bar represents 3 cm).
	﻿Figure 5 Mean length for different Acheulean handaxe assemblages from Africa, Near East and Europe (see references in SI Overview of extra-European sites with large LCT accumulations).
	Figure 6 Mean weight for different Acheulean handaxe assemblages from Africa, Near East and Europe (see references in SI Overview of extra-European sites with large LCT accumulations).
	Table 1 Classification of lithic implements from PM4 level.




