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Abstract

Levallois technology, a hallmark of Middle Palaeolithic stone tool manufacture, involves sophisticated core reduction strat-
egies that have major implications for understanding human cognitive and technological evolution. However, traditional
methods of analysing Levallois cores often fail to capture the nuanced variability in their morphology. This study introduces
a novel application of three-dimensional geometric morphometrics (GM) to quantify the shape variability of Nubian Leval-
lois cores from the Nile Valley and Dhofar regions. By employing this technique, we analysed core surfaces and preferential
scar shapes, identifying distinct regional and technological patterns. Our results reveal significant inter-regional differences
in core elongation and surface convexity, highlighting the importance of shape-oriented, rather than metric-based, analysis
of prepared cores. This new GM approach offers a robust and replicable tool for investigating lithic variability and holds
potential for broader applications in Palaeolithic research, enhancing our understanding of human technological adaptations.
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Introduction

Levallois technology is regarded as a hallmark of stone
tool manufacture in the Middle Stone Age in Africa and
the Middle Palaeolithic of Europe and western Asia, asso-
ciated with at least three hominin species — early humans,
anatomically modern humans and Neanderthals (Foley and
Lahr 1997; Tryon et al. 2005; Hublin 2009). Named after the
area in France, Levallois-Perret, where it was first described
(Boucher de Perthes 1857; de Mortillet 1883; Commont
1909), Levallois is a type of prepared core technology that
involves preparation of the convexities of the core surface
and faceting of the striking platform to control the shape
and size of the final end-product. The degree of planning
involved in the pretermination of the Levallois end-product
has been viewed as an indicator of cognitive complexity
owing to the conceptualisation of the final core and product
form, the sequential method required to achieve it, and social
learning to transmit the process (Schlanger 1996; Lahr and
Foley 2001; Wynn and Coolidge 2004; Lycett et al. 2016).

< Emily Hallinan
Eshallinan@ualg.pt

Interdisciplinary Center for Archaeology and Evolution
of Human Behaviour, University of Algarve, Faro, Portugal

The implications of Levallois for technical and economic
behaviour has also seen varied interpretations, related to its
efficiency (Brantingham and Kuhn 2001; Sandgathe 2004;
Lycett and Eren 2013) and the role of its end-products (Sisk
and Shea 2009; Eren and Lycett 2016; Shimelmitz and Kuhn
2018). Despite the central place that Levallois occupies in
human evolution, its definition (Copeland 1983; Van Peer
1992; Dibble and Bar-Yosef 1995) and identification of both
the technology (Hu et al. 2019a, 2019b; Li et al. 2019; Pallo
2022) and specific Levallois methods in assemblages (Rose
et al. 2011; Goder-Goldberger et al. 2016; Blinkhorn et al.
2021a, 2021b; Hallinan et al. 2022a) remain highly debated
topics.

Definitions of Levallois have shifted over the past dec-
ades, yet shape remains a key concept in all of them. In
an early typological approach, Bordes (1950, 1961, 1980)
emphasised that the predetermined shape of the Levallois
flake was achieved through special preparation of the core
prior to its removal, whereby different configurations of
preparatory flaking generated end-products with different
morphologies — flakes, blades or points. Accordingly, the
morphology of the Levallois core was strongly tied to the
end-product shape: an oval core produced an oval flake, a
triangular core produced a triangular flake. Subsequent tech-
nological approaches shifted attention away from the final
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flake form towards understanding the Levallois reduction
process (Bar-Yosef and Dibble 1995). Boéda’s (1988, 1994,
1995) widely applied Levallois concept focuses on the geo-
metric structure of the core as a volume, worked through a
series of steps and fulfilling certain criteria. The volume of
the Levallois core must consist of two asymmetric convex
hemispheres that possess a plane of intersection at the core’s
margin. These hemispheres or surfaces are hierarchically
related, each serving a specific, fixed role in reduction: a
preparation surface for the production of striking platforms,
and a flaking surface for the removal of the Levallois prod-
uct. The flaking surface possesses both lateral and distal
convexities that must be maintained to control the direc-
tion of force for the end-product, which is removed parallel
to the plane of intersection. Viewed within a technological
framework, it is the pattern and orientation of the prepara-
tory flaking — not the core shape itself — that determines
the morphology of the end-product (Boéda 1995; Van Peer
1992). However, whether lithic analyses are conducted from
a typological or technological perspective, they encounter
the same limitations — that shape is a qualitative, rather than
quantitative variable.

Geometric morphometrics and Levallois
morphology

Geometric morphometric (GM) approaches provide a statis-
tical framework for studying shape variation — where shape
is the specific geometric configuration of a specimen — inde-
pendently of size (Slice 2007). Originally developed for
applications in biological sciences (Rohlf and Marcus 1993;
Adams et al. 2004), GM has gained traction as a powerful
tool for quantitative analysis of shape across different aspects
of lithic studies, though most commonly applied to bifaces,
flakes and points since these can be consistently orientated
and aligned according to geometrically correspondent points
(e.g. Lycett et al. 2006; Archer and Braun 2010; Iovita 2011;
Archer et al. 2016, 2018; Herzlinger et al. 2017; Herzlinger
and Grosman 2018; Archer and Presnyakova 2019; Okumura
and Araujo 2019; Timbrell et al. 2022a). As a consequence,
most current GM studies that relate to Levallois technol-
ogy have focused on debitage, using two-dimensional (Eren
and Lycett 2012; Picin et al. 2014; Buchanan et al. 2023)
and, occasionally, three-dimensional techniques (Chacon
et al. 2016; Gonzalez-Molina et al. 2020; Delpiano et al.
2021; Bustos-Perez et al. 2024). The problem of identifying
homologous points between specimens for comparison has
meant that the application of GM to cores has been lim-
ited, since this artefact type displays marked variability in
form through continuous, non-uniform reduction trajecto-
ries. However, the highly structured geometry of Levallois
cores means that common features can be identified between
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specimens and therefore shape can be compared objectively
(Lycett et al. 2010; Lycett and von Cramon-Taubadel 2013).

Prior application of 3D GM to shape variability in Leval-
lois cores compared centripetal preferential Levallois spec-
imens from Africa and Eurasia (Lycett and von Cramon-
Taubadel 2013). This found relatively limited differences
between core samples across space and time, with outline
(planform) shape showing the greatest variability, whereas
the least variation was seen in the topology of the upper
flaking surface. This is consistent with the Levallois con-
cept which concerns controlling the convexity of the upper
surface. Critically, this also implies that outline shape of
Levallois cores is the attribute most likely to reflect region-
ally or temporally distinct traditions, with Nubian Leval-
lois cited as one possible example of this (Lycett and von
Cramon-Taubadel 2013). Nubian Levallois technology
was also central to an earlier study of the factors affecting
Levallois end-product shape in Van Peer’s (1992) analysis
of Nile Valley Middle Palaeolithic assemblages. Through
attribute analysis and refitting, Van Peer demonstrated that,
rather than core shape, the organisation of scar ridges on the
Levallois surface is key in guiding the preferential removal
and thus are what dictate the end-product shape. In Nubian
cores, the steep angle of this guiding distal median ridge
(DMR) is regarded as a characteristic feature of Nubian core
morphology (Usik et al. 2013).

Nubian Levallois describes a specific method for produc-
ing pointed end-products, named after the Nubian region of
present-day southern Egypt and northern Sudan where it
was first defined (Guichard and Guichard 1965; Hallinan and
Marks 2023). Recently, the strict definition of Nubian Lev-
allois cores has become important for identifying cores in
regions beyond Nubia, with implications for the distribution
of Nubian technology in terms of human demographic and
cultural behaviour (Usik et al. 2013; Hallinan et al. 2022b).
Shape is an important variable in a number of the defin-
ing attributes of Nubian technology and its end-products,
but currently this is recorded descriptively (e.g. triangular,
cordiform, pitched; Usik et al. 2013), or characterised using
indices of elongation (length to width ratio), and flattening
(width to thickness) (e.g. Blinkhorn et al. 2021a; Samawi
and Hallinan 2024). However, this does not adequately cap-
ture shape either in two-dimensional outline or three-dimen-
sional volume, and therefore important aspects of Nubian
Levallois morphology and variability remain unexplored.

This paper presents a new approach for using 3D digital
techniques to characterise the attributes that define Nubian
Levallois cores, addressing morphological variability within
and between Nubian core assemblages. In this proof-of-con-
cept study, we apply our method to 3D analysis of Middle
Palaeolithic assemblages from sites with Nubian Levallois
cores from two regions: the Nile Valley in Egypt, and Dho-
far in southern Oman. Using the analytical tools of a GM
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approach, we test a series of hypotheses arising out of prior
work on shape in Levallois technology:

Shape and size relationship: Differences in Levallois
core shape will be independent of size, because shape
is maintained throughout the knapping process (Boéda
1995, 2013).

Core and end-product shape covariation: The mor-
phology of the core is related to the morphology of the
end-product (Bordes 1980).

Technological variability: The organisation of scar
ridges (i.e. core preparation strategy) determines end-
product shape (Van Peer 1992).

Regional variability: Core outline shape, as opposed
to topology of the two surfaces, is most likely to reflect
regionally distinct traditions (Lycett and von Cramon-
Taubadel 2013).

Materials and methods
Materials

The lithic samples derive from the Nile Valley sites of Nazlet
Khater 1 (Middle and Upper levels) and Nazlet Khater 3
(NK), and two unpublished Dhofar surface artefact collec-
tions (TH). These assemblages contain Nubian Levallois
cores whose technological characterisation is not disputed,
meeting the generally-accepted criteria for this artefact type
(Usik et al. 2013; Hallinan et al. 2022b). Nubian reduction
is characterised by three main strategies of preparation to
create the central ridge that guides the preferential removal.
This can be achieved through distal removals (elsewhere
described as ‘Type 1 Nubian’ (Guichard and Guichard
1965)), lateral removals (“Type 2’), and a combination of
both distal and lateral removals (‘Type 1/2° (Olszewski et al.
2010; Usik et al. 2013)). The analysed samples in this study
include only complete cores which preserve a preferential
scar outline and a clear DMR (Tables S1-S2). Levallois end-
products from NK were included for comparison with the
scar outline. These possessed varied dorsal scar patterns,
meaning that they could derive from both Nubian or ‘Clas-
sical’ Levallois cores (Van Peer 1992). Products in the ana-
lysed sample had a generally convergent distal end shape,
although this encompassed products with wide-ranging mor-
phologies (Table S3).

Nazlet Khater (NK)

The NK sites were identified during surveys on the west
bank of the River Nile in 1976 as part of the Belgium Middle
Egypt Prehistoric Project, with the lithic material currently
curated at KU Leuven, Belgium (Vermeersch et al. 1977,

1979). The studied assemblages derive from buried — albeit
undated — stratified contexts, at NK1 divided into Middle
(NK1-M) and Upper (NK1-U) assemblages. The underlying
Lower assemblage was excluded from this analysis owing
to the small sample size, and although the Upper layer was
initially divided into A and B horizons, these were later
deemed to be homogenous by the excavators (Vermeersch
et al. 2002a). Both NK1 and NK3 were interpreted as chert
quarrying sites owing to the availability of high-quality chert
cobbles in nearby Nile and wadi deposits (Vermeersch et al.
2002a, 2002b).

The Nubian Levallois reduction method occurs alongside
‘Classical’ centripetally-prepared Levallois flake production.
While Nubian cores substantially outnumber ‘Classical’
cores (the latter comprising 25% and 18% of the Levallois
cores in the Middle and Upper assemblages respectively),
these proportions do not correspond with Levallois end-
products attributed to each method based on dorsal scar pat-
terns (‘Classical’: NK1-M 55%; NK1-U 49%) (Vermeersch
et al. 2002a, 2002b). This raises two questions; firstly,
whether end-products can be reliably distinguished from dif-
ferent Levallois reduction methods, and secondly, whether
during a full reduction sequence the two methods could be
applied to the same cores. Van Peer (1992) rejects this latter
scenario of flexible implementation of different Levallois
methods since it is unsupported by the refit sequences. How-
ever, in a brief reassessment of 35 ‘non-Nubian’ Levallois
cores from NK1-Upper (presumed to be categorised as Clas-
sical in previous analyses), numerous cores were observed to
possess a remnant distal platform and muted distal median
ridge, suggesting there may be some more nuanced aspects
to Levallois reduction at the sites. The 115 Nubian cores
included in the sample show a predominantly distal prepa-
ration strategy (75.7%), with a small number of bilaterally
prepared cores (6.1%), and in contrast to previous analyses
of the assemblages, Nubian cores with both distal and lateral
removals were also distinguished (16.5%) (Table S2).

Dhofar (TH)

The TH assemblages were collected in 2023 as part of the
Czech ARDUQ Expedition to the Dhofar Nejd Plateau in
southern Oman, where Nubian Levallois technology has
been identified at hundreds of surface localities (Rose et al.
2011, 2023). Two new surface collections were made for the
purposes of generating comparative samples for this study
to test the analytical potential of the GM method. These
were systematic but selective, including only complete and
unambiguous Nubian Levallois cores. TH.571 derives from
a desert pavement at the edge of a sedimentary basin, while
the TH.584 artefacts were eroding from a buried pediment.
Chronometric ages are pending from both deposits, but
an OSL age of 106 ka has been obtained from sediments
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containing a buried core at nearby site Aybut Al Auwal
(TH.59), located approximately 250 m from TH.584 (Rose
et al. 2011). Both assemblages are primary exploitation sites
associated with large, tabular chert slabs outcropping nearby.
Future studies will use systematic collections from prior
work in Dhofar (e.g. Rose et al. 2011; Usik et al. 2013) to
investigate regional variability within Levallois technology
more comprehensively.

There are several key differences between the TH and
NK assemblages: first, Nubian Levallois is the only Lev-
allois core reduction strategy present in almost all Dhofar
Middle Palaeolithic assemblages, and furthermore there
are very few non-Levallois cores. Additionally, Levallois
end-products are scarce at most sites which may reflect dif-
ferent patterns of landscape use between the Nile Valley
and the Nejd plateau, as well as the types of site studied.
The Dhofar Nubian cores also show more varied patterns of
preparation than the predominantly distal preparation at NK,
using mainly bilateral (41.2%) and a combination of distal
and lateral (45.1%) removals (Table S2). It is worth noting
that at several other Dhofar sites, distally-prepared cores are
proportionally more common than in these two particular
assemblages (Usik et al. 2013; Rose et al. 2018).

Methods

The specific features that define Nubian cores were captured
on 3D models of artefacts using landmark and semilandmark
(SLM) points, complemented by qualitative attribute data
(Table 1). Landmark processing, GM and statistical analyses
were carried out in R (R Core Team 2024) using functions in
the packages Morpho (Schlager 2017) and geomorph (Baken
et al. 2021; Adams et al. 2024). Full details are provided in
the accompanying research compendium (https://doi.org/10.
17605/0SF.I0/SJ8ZV), and supplementary figures and tables.

3D data acquisition

Artefacts were scanned by one of us (EH) using an Einscan
Pro 2 X Plus structured light scanner. Each specimen was
captured in multiple orientations to ensure complete cover-
age and these scans were automatically aligned in the associ-
ated Shining 3D software. Mesh models were also generated
with this software at medium resolution, exported in PLY
format, and simplified using the quadric edge decimation
resampling tool in Meshlab (quality threshold 0.3).

Landmarking: Cores

Defining landmarks as homologous points that correspond
between specimens is complex on archaeological artefacts
and therefore these must be chosen carefully and consist-
ently. Nubian cores possess more distinctive and standard-
ised morphological features than some other Levallois core
types, making them an ideal test-case. A new protocol for
landmarking cores was adapted from the method used by
Archer et al. (2018, 2021) for blanks, using the software
Landmark V3 (University of California, Davis) for landmark
placement with subsequent processing in R (R Core Team
2024). Technologically meaningful, homologous points
were identified based on defining morphological features of
Nubian cores: the opposed proximal (preferential) and distal
(preparation) platforms. One landmark was placed at the dis-
tal extremity and two at the lateral extremities of the proxi-
mal platform. Three curves consisting of 20 semilandmarks
(SLMs) each were placed around the core edge between
these points, bisecting the upper and lower surfaces of the
Levallois core (Fig. 1A). Seven SLMs were placed along the
DMR in order to take digital angle measurements; however,
they are excluded from the analysis presented here due to
complicated measurement parameters (discussed further

Table 1 Characteristics defining Nubian Levallois cores (after Usik et al. 2013, updated in Hallinan et al. 2022b) and how these attributes were

recorded

Criteria in Hallinan et al. 2022b

Attribute in Usik et al. 2013

In this paper

1. Steep distal ridge of 90 degrees or less Numerical:
60-120 degrees
2. Distal (preparation) and proximal (prefer-  Qualitative

ential removal) platforms serving alternate
roles

3. Distal and/or lateral preparation strategy
4. Convergent core morphology

5. Production of pointed end-products Qualitative

Qualitative: Nubian Types 1, 2 or 1/2

Semilandmarked surface patch captures the distal
ridge morphology in 3D*

Landmarked points at the distal tip and extremes of
the proximal platform

Qualitative: distal, left lateral and right lateral
preparation (and combinations of these), and
Nubian Types 1, 2 and 1/2

Qualitative: triangular, pitched, cordiform Semilandmarked outline at intersection of Levallois

surfaces captures planform morphology

Semilandmarked outline of final/preferential scar
negative

*Seven semilandmarks were also positioned along the distal ridge for digital angle measurement of the DMR; this is excluded from the analyses

presented here
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Fig.1 Landmark configurations for cores and end-products during
processing steps. A core outline landmarks after manual placement;
B preferential scar landmarks after manual placement; C core outline
semilandmarks after resampling and sliding; D preferential scar out-
line semilandmarks after resampling and sliding; E upper and lower

below; Valletta et al. 2020; Yezzi-Woodley et al. 2021;
Schunk et al. 2023; Muller et al. 2024). The preferential (or
final) scar was outlined with 10 platform and 40 edge SLMs
(Fig. 1B). Two surface patches were placed on the upper
and lower core faces of one arbitrarily selected artefact to be
used as a template for other specimens (Fig. 1E).

These co-ordinate configurations were imported into R
with the platform points treated as fixed landmarks and the
points around the core and preferential scar outline as slid-
ing SLMs. Using functions in R, these were resampled as
equally-spaced SLMs and then slid along the mesh model

surface patch placement on a template core; F platform, dorsal and
ventral surface patch placement on a template product; G platform
and outline landmarks after manual placement (different colours
reflect curves); H product outline semilandmarks after resampling
and sliding; I extracted ventral outline after resampling and sliding

surface (Fig. 1C-D). The SLM configuration of the surface-
patched specimen was deformed onto the other specimens to
generate geometrically correspondent surface co-ordinates
across all cores.

Landmarking: End-products (blanks)
The landmarking protocol followed by Archer et al. (2018,
2021) for blanks was replicated on Levallois end-products.

Three fixed landmarks were placed on the platform (at the
point of percussion and lateral extremities of the platform)

@ Springer
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to allow uniform orientation of the artefacts. Four curves
formed of SLMs between these points (three platform curves
of 5, 5 and 10 SLMs, and one of 40 around the flake edge)
served to capture the flake outline (Fig. 1G). Three surface
patches were placed on the platform, dorsal and ventral
faces of one arbitrarily selected template artefact (Fig. 1F).
Following the same steps as for cores outlined above, edge
curve SLMs were resampled and slid (Fig. 1H), and the sur-
face-patched template was deformed across all of the other
specimens. Lastly, the SLMs outlining the ventral face were
extracted and resampled for shape comparison with core
preferential scar outlines (Fig. 11).

GM analyses

The processed landmark configurations were subjected to
Procrustes superimposition, a process required for statistical
shape analysis that removes differences related to size and
orientation by scaling and aligning all specimens (Goodall
1991). Generalised Procrustes Analysis (GPA) superimposes
landmark configurations using the mean shape as the target
for comparison (Slice 2007; Adams and Otérola-Castillo
2013). Subsequent statistical analyses were carried out on
the co-ordinates of these Procrustes-aligned shapes.

To assess allometry (i.e. whether size and shape vary
independently), artefact shapes were regressed against their
log-transformed centroid sizes using a generalised linear
model (Klingenberg 2016). In GM, centroid size is a meas-
ure of overall size that treats size as mathematically inde-
pendent of shape, therefore does not rely on the distance
between any two points (Bookstein 1991). It is calculated as
the square root of the sum of squared Euclidean distances of
all landmarks from their centroid (the mean of all landmark
coordinates; the centre of gravity). The regression slope of
the (Type 1) linear model was compared against a null model
of isometric change in a Procrustes ANOVA on the sum
of squared Procrustes distances (Goodall 1991). In the null
model, isometric change (size and shape are independent)
has a slope of zero, and allometric change (size and shape
are dependent) a non-zero slope. The significance of covari-
ation of shape and size was tested using a non-parametric
residual randomised permutation procedure with 1000 per-
mutations, based on Goodall’s F-statistic (Goodall 1991).

Principal Components Analysis (PCA) was performed on
the covariance matrix of the aligned artefact shapes, with
each component capturing aspects of variation in shape
space. Outliers were identified as specimens with Procrustes
distances exceeding three standard deviations of the mean
shape and were excluded from the PCA (Table S1). PC plots
of the components accounting for the greatest variability
in the dataset allowed comparison of groups in the data
(core surfaces, preferential scars and NK products), using
attributes such as region and core preparation strategy. The
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minimum and maximum extremes of shape on each PC axis
were visualised in relation to the mean landmark configu-
ration in order to understand the nature of shape variation
each component described. One-way ANOVAs using Type
III sums of squares were conducted on individual PC scores
to test for significant differences between groups. Further
multivariate ANOVAs (MANOVA) were used to examine
interactions between variables where relevant. To under-
stand the specific differences between pairs of attributes,
post-hoc Tukey’s Honest Significant Difference (HSD) tests
compared the means of each combination of categories.

To compare covariation between two sets of co-ordinates
on the same specimen (core outline shape and preferential
scar shape), a two-block partial least squares method (PLS)
was used (Rohlf and Corti 2000). This relationship was vis-
ualised by plotting two-block PLS scores of core outlines
against those of preferential scars on the first dimension (i.e.
the maximum covariance) using a generalised linear model.

Results
Shape and size relationship

All prior comparative studies of Nubian Levallois cores have
used core size as the primary quantitative basis for analysis
(e.g. Hilbert et al. 2016; Groucutt & Rose 2023; Samawi
and Hallinan 2024). Dimensions (length, width, thickness
and their ratios) are the most commonly quantified attrib-
utes on lithic artefacts, yet these measurements not always
replicable between researchers (Pargeter et al. 2023). Three-
dimensional models offer an alternative to dimensional met-
rics, with centroid size used as the standard measure of size
in GM analyses (Klingenberg 2016). Centroid size is calcu-
lated as the square root of the sum of squared distances from
all landmarks to their centroid (the geometric centre; the
average of all landmark x, y and z coordinates), providing a
relative measure of overall geometric scale that is independ-
ent of shape. The relationship between Nubian core size and
shape in the NK and TH samples was first examined using
standard artefact dimensions, followed by GM methods to
test whether centroid size was representative of traditional
size measurements.

The mean length of TH cores is nearly twice that of NK
cores (TH mean: 111 mm, NK mean: 60 mm), with even the
smallest TH cores larger than the NK average (TH range:
68.2—-174.5 mm) (Table S5). Although metric variability
is limited between the three NK assemblages, TH.571 is
markedly larger than TH.584, by a factor of 1.3 across all
dimensions. Elongation (Ilength/width) and flattening (width/
thickness) indices indicate that TH cores are more elongated
(1.4) than NK (1.2), while NK1 cores are flatter (2.6) than
those at NK3 and the TH sites (2.4). Therefore, the principal
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differences between regional assemblages are that TH cores
are both substantially larger, and are more elongated, than
NK cores. When centroid size is used as an overall indica-
tor of core size, this upholds the same patterns as length,
whereby the mean value for TH cores is also double that
of NK (TH: 835, NK: 443) Fig. 2A, Table S6). These dif-
ferences were found to be strongly statistically significant
in a Welch’s T-test (T=19.8, P<0.001). Similarly, there
is limited variation in mean centroid size among the NK
assemblages (NK1-M: 455, NK1-U: 436, NK3: 445), while
TH.571 (892) is larger than TH.584 (684) by a factor of
1.3, as observed in the dimensional metrics. Using the coef-
ficient of variation (CV, calculated as the ratio of the stand-
ard deviation to the mean, expressed as a percentage) to
assess size standardisation (Eerkens and Bettinger 2001),
all assemblages show very high standardisation; NK3 shows
the lowest (21%), and TH.571 the highest (10%) (Table S6).
Regional mean values indicate higher standardisation among
Dhofar cores (16%) than the Nile Valley (17%), which is
similar to observations of CV on length for other assem-
blages from Dhofar (16%) and the Nile Valley (22%)
(Samawi and Hallinan 2024). The overall strong agreement
with standard metric results demonstrates that centroid size
can be a useful — replicable — substitute in place of taking
standard dimensional measurements on specimens that are
subject to 3D scanning and GM analysis.

The covariation of size and shape is evaluated in GM in
terms of allometry (a dependent relationship), or isometry
(an independent relationship) (Klingenberg 2016). Allom-
etry was assessed for core surfaces (i.e. 3D shape) and pref-
erential scar outline by regressing these shapes against the
natural log of their centroid sizes using a generalised linear
model (Fig. 2B-C). The regression for all shapes shows a
positive correlation, with distinct regional clusters of NK
and TH cores. A Procrustes ANOVA for the whole Nubian
core sample (i.e. not separating samples regionally) shows
statistically significant weak to moderate positive allometry
across all shapes (core surfaces: F=11.00, P<0.001; core
outlines: F=16.65, P <0.001), being strongest for preferen-
tial scars (F=33.26, P<0.001) (Table 2, Table S7). How-
ever, given the marked centroid size differences between
TH and NK cores, separate Procrustes ANOVAs were car-
ried out to test whether region was the driver behind (albeit
weak) positive allometry. The results for core surfaces show
much lower F-statistic values, with weaker statistical sig-
nificance (NK: F=2.14, P<0.05; TH: F=1.60, P<0.1),
indicating that centroid size is a limited explanatory factor
for intra-regional shape variation in Nubian cores (NK: 1.9%
of variation; TH: 3.2%) (Table 2). Similarly low, though sta-
tistically significant, F-values were observed for preferential
scars on cores (Table 2), favouring the null hypothesis that
Nubian core shape variation is independent of differences
in size in each region. Overall, when regional differences

are removed, size is not a significant factor in determining
Nubian core shape variation. This is consistent with a Lev-
allois strategy that focuses on preparing a core surface to
produce an end-product of a specific shape. Furthermore, it
suggests that there may be other behavioural factors related
to raw material, environment, function or culture that explain
inter-regional core size differences (Samawi and Hallinan
2024).

Principal components analysis of shape variability

A PCA was conducted to explore aspects of Nubian core
shape variation independent of size. The different principal
components (PC) capture both the nature and percentage of
total shape variance, showing that for all core surfaces, PC1
explains 19.7% of variance, followed by PC2 (14.9%) and
PC3 (11.2%), with 66% of variance accounted for by the first
six PCs (Table S8). PC1 mainly explains elongation, with
high values indicating short, wide cores, while low values
correspond to long, narrow cores (Fig. 3). High PC1 values
also indicate a steep distal ridge angle, whereas this angle is
shallow for low values. PC2 is driven by lateral skew, relat-
ing to the orientation of the distal tip and lateral twist in the
profile of the plane of intersection (Fig. 3). PC3 relates to
core profile and the distribution of mass between the two
flaking surfaces (Fig. 4). Cores with high PC3 scores have
greater volume concentrated in their upper surface, whereas
the lower surface volume is greater for low scores. Addition-
ally, cores with high PC3 values possess a steeper distal
ridge, though this may partly be explained by the increased
convexity of the upper face. Likewise, low PC3 scores cor-
respond to a shallower distal convexity. PC4 describes the
pointedness of the distal end of the core; low scores indicate
a triangular shape, while high scores are more ovate with a
rounded distal (Fig. 4). PCs 5 and 6 account for only 6-7%
of the variance each but capture important differences in
core thickness and convexity. High PC5 scores reflect thicker
cores with pronounced surface convexities and a steep distal
ridge, with low scores indicating flatter surfaces and a muted
distal ridge angle (Fig. S1C). PC6 captures core thickness,
particularly in the volume of the lower surface. Cores with
low PC6 scores are flat with limited lower surface volume,
while cores with high scores are thick with a large lower
surface volume (Fig. S1C).

Regional variability

ANOVAs and appropriate post-hoc tests were performed
on the key variables associated with the specimens: region,
assemblage, preparation strategy and Nubian core type
(Table 3, Table S9). High F-statistics indicate more vari-
ability between, than within, groups. The strongest shape
differences are seen inter-regionally between the Nile Valley
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Fig. 2 Boxplot and linear regression plots of centroid size. A Boxplot
of centroid size by assemblage; B-C Linear regression plot compar-
ing shape changes (regression scores) against the natural logarithm of

Log Centroid Size (Preferential scars)

The shapes representing minimum and maximum regression scores
(black spheres), in relation to the mean shape (grey spheres) are
shown adjacent to the y-axis

centroid size for core surfaces (B) and (C) preferential scar outline.
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Table2 ANOVA results for regressions of core and preferential scar
shapes on the natural logarithms of centroid sizes (full results in
Table S7)

Model DF R? F v4 P

All core surfaces 1,164 0.061 10.633 5.632 0.00] ***
All core outlines 1,164 0.092 16.650 6.017 0.001 *#*
All preferential scars 1,164 0.169 33.257 5.051 0.001 ***
NK core surfaces 1,113 0.019 2.143 1928 0.024 *
TH core surfaces 1,49 0.032 1.601 1.492 0.073.
NK preferential scars 1,113 0.033 3.881 2.431 0.006 **
TH preferential scars 1, 49 0.078 4.140 2.281 0.005 *=*

DF Degrees of freedom; R? Coefficient of determination; F Goodall’s
F-statistic; Z Effect size; P Significance levels: P<0.001 (¥%%),
P<0.01 (*%), P<0.05 (*), P<0.1 (.)

(NK) and Dhofar (TH), particularly on PC1 (F=44.97) and
PC3 (F=39.84, P<0.001), with moderate strength on PC2
(F=8.33) and PC4 (F=9.29, P <0.005), and weak on PC5
(F=6.20) and PC6 (F=5.80, P <0.01). TH cores have gen-
erally lower PC1 scores and are therefore more elongated
than NK, thus supporting the elongation index based on
length-to-width ratios (Table S5). TH cores tend to have
higher PC3 values, indicating greater upper-surface convex-
ity and correspondingly steep distal ridges. This difference
is also expressed in higher PC5 and lower PC6 scores for
TH cores, reflecting thick cores with a convex upper surface
volume and a flatter lower surface. In contrast, NK cores
have a more typical Levallois core morphology, with a flatter
upper surface and convex lower surface. Both NK and TH
encompass a similar range of variability on PC4, describ-
ing distal shape, although the highest-scoring specimens
(ovate) are from the Nile Valley, and the lowest score (most
pointed) is from Dhofar. It is likely that both extremes rep-
resent advanced stages of reduction.

At an assemblage level, strongest differences are
expressed on PC1 (F=13.52) and PC3 (F=12.17,
P <0.001), with high significance still observed on PC2
(F=5.23) and PC6 (F=5.06, P <0.001) (Fig. S1). Most of
this variation is explained by regional differences, but NK3
presents an interesting case. The core sample from NK3
lies in between the other NK and TH sites on PCs 1 to 4,
showing no statistically significant differences (Fig. S1A-
B, Table S10); however, on PC6, NK3 significantly differs
from NK1-M (P <0.05), TH.571 (P <0.05) and TH.584
(P<0.001) (Table S10). NK3 cores concentrate at the higher
end of the spectrum (Fig. S1C), indicating greater lower
surface volume and convexity. Based on dimensions alone,
NK3 has similar mean values to the NK1 assemblages,
but shows slightly higher elongation and lower flattening
(Table S5). The volumetric concept underpinning Leval-
lois cores emphasises the role of two asymmetric volumes
(Boéda 1995), but this is difficult to capture quantitatively

using standard metrics (Ranhorn et al. 2019). Thus, the
insights offered here by comparing these aspects of shape
reveal some nuanced differences between NK assemblages,
as well as clear inter-regional distinctions between the Nile
Valley and Dhofar (Fig. S2A-B).

Technological variability

Core preparation strategy (using Nubian core type as a
simplified indicator of scar pattern) was considered to test
whether technological, rather than regional, factors drive
shape variation. The strongest differences are observed
on PC3 (F=14.01) and PC4 (F=7.62, P<0.001), with a
low F-statistic but still high significance on PC1 (F=5.44,
P <0.005) (Table 3, Fig. S3). Post-hoc tests identify that
these differences are between Type 1 (distal preparation) and
Type 2 (bilateral) cores on PCs 3 and 4, and between Type 1
and Type 1/2 (distal and bilateral) cores on PC3 (Table S10).
Shape variation on PC3 corresponds to the relative volume
and convexity of the core surfaces, therefore Type 1 cores
have a shallow upper surface convexity, whereas this con-
vexity is steep on Type 2 cores. PC4 relates to the distal
shape of the core, indicating that Type 2 cores are generally
more pointed than Type 1.

There are regional differences in the principal core prepa-
ration strategy used; Type 1 dominates at NK (76% of cores),
whereas TH has high proportions of both Type 2 (41%) and
Type 1/2 (46%). Therefore, a MANOVA was carried out for
PC3 (showing the strongest relationship) to test for interac-
tion between region and core type. This yielded significant
results, with a low F-statistic of 7.06 (Table S11), mean-
ing that while different core types have distinct shapes on
PC3 (i.e. surface convexity), these may also vary according
to region. The addition of Nubian core samples from fur-
ther assemblages and regions will contribute to testing the
strength of regional differences in future analyses.

Preferential scar shape variability

The shape of the Levallois end-product was represented by
the preferential (or final) scar outline on the cores. PC1 cap-
tures 52.1% of variance, with moderate contributions from
PC2 (16.6%) and PC3 (11.5%) (Table S12). PC1 represents
the elongation of the scar, reflecting contrasting long, narrow
(low scores) and short, wide (high scores) shapes (Fig. 5).
PC2 captures asymmetry in terms of left or right skew of
the product distal. PC3 corresponds to whether the distal
shape is convergent (high scores) or divergent (low scores),
reflecting pointed or ovate shapes.

Scar shapes show strong regional differences, particu-
larly on PC1 (F=64.52) and PC3 (F=22.96, P<0.001)
whereby products from TH cores tended to have higher PC3
and lower PC1 scores, representing very narrow pointed

@ Springer



88 Page 10 of 22

Archaeological and Anthropological Sciences (2025) 17:88

By ©00493%°%,

S

>
.
S
.

1
[
>
. by

PC1 min. 0.0-

1>

“ » >
r .

»e |~
1

>
.
°
.

Fig.3 PCA plot of principal components 1 and 2 for core surfaces,
grouped by region. The mean PC score for each group is indicated by
a cross (X). Mean (grey), minimum (blue), and maximum (red) theo-

shapes (Fig. 5, Table 3, Table S13). NK scars showed the
inverse, reflecting products with short and wide shapes that
might be better classified as flakes than points Fig. S2(C-
E). There were also statistically significant differences at
an inter-assemblage scale (PC1: F=17.39; PC3: F=7.89,
P <0.001), although this is most strongly expressed as
regional differences between Nile Valley and Dhofar assem-
blages (Table 3). However, some finer-grained patterns sug-
gest that NK3 scar shapes are more similar to TH.584 than
the other NK assemblages (Table S14). This reinforces the
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observations for overall core shape, indicating that NK3
shares more similarities with TH assemblages than the other
NK1 assemblages do.

Significant differences in scar shape are also present
between cores of different Nubian types. As observed
for core surface shape, on PC1, Type 1 core scars are
significantly different from Type 2 and Type 1/2, with
a post-hoc test indicating that the Type 1/2 scar pattern
with the greatest (albeit weak) difference is distal-bilat-
eral (P<0.1) (Table S14). A MANOVA was also carried
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Fig.4 PCA plot of principal components 3 and 4 for core surfaces,
grouped by region. The mean PC score for each group is indicated by
a cross (X). Mean (grey), minimum (blue), and maximum (red) theo-

out for scar shape on PC1, but no significant interaction
between region and scar type was detected (Table S15).
This means that in terms of the elongation of preferential
scar, the shape differences observed between regions and
Nubian type are independent of each other.

O.IO
PC4 min. (7.4%)

retical shapes are depicted alongside actual minimum and maximum
specimen shapes

End-product shape variability
The shape (and size) of the final removal from a Levallois

core will be sensitive to the stage and extent of core reduc-
tion, often encountering knapping accidents as the core
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Table 3 ANOVA results for core and preferential scar shape for significant variables for the first 6 PCs (full results in Tables S9 and S13)

Shape PC % var Region F Region P Type Type Assem Assem Prep Prep

F P F P F P
Core surface PC1 19.7 44971 0.000 *** 5.445 0.005 ** 13.418 0.000 **3* 2.650 0.018 *
Core surface pPC2 14.9 8.325 0.004 ** - - 5.225 0.001 *** - -
Core surface PC3 11.2 39.838 0.000 *** 14.011 0.000 *** 12.170 0.000 **3* 5.320 0.000 ***
Core surface PC4 7.4 9.294 0.003 ** 7.618 0.001 *** 3.201 0.015 * 2.907 0.010 *
Core surface PC5 7.0 6.200 0.014 * - - - - - -
Core surface PC6 59 5.799 0.017 * - - 5.059 0.001 *** - -
Pref. scar outline PC1 52.1 64.528 0.000 *** 14.796 0.000 *** 17.390 0.000 *** 5.580 0.000 ***
Pref. scar outline PC3 11.5 22.962 0.000 *#** 2.564 0.080 . 7.885 0.000 ***

DF Degrees of freedom; F Goodall’s F-statistic; P Significance levels: P <0.001 (¥*¥), P<0.01 (¥*), P<0.05 (*), P<0.1 (.)

is exhausted (e.g. step or hinge terminations). This places
potential limitations on how indicative the scar shape is
of products removed earlier in the core reduction. The NK
assemblages contain substantial numbers of Levallois end-
products, providing the opportunity to test for significant
differences between last scar and product shape.

Considering first the 3D shape of product surfaces, PC1
explains 43.7% of variance, with moderate contributions
from PC2 (15.0%) and PC3 (11.0%) (Table S16). PC1 rep-
resents product elongation, with low values reflecting long
and narrow shapes and high values indicating short and wide
shapes (Figs. 6 and S2F). PC2 captures asymmetry in terms
of left or right skew of the product distal tip. PC3 corre-
sponds to the convergence of the laterals, with low scores
reflecting triangular shapes, while high scores have a cir-
cular shape. PC4 describes whether the greatest width of
the product is at the proximal (low) or the distal (high) end.
The only statistically significant shape differences between
assemblages is on PC3, where NK1-U differs from both
NK1-M and NK3 (Tables S17-S18). This contrasts with
earlier results on cores that instead separate NK3 from the
other NK assemblages, which may indicate biases either in
the shapes of products taken away from the site, or in the
product sample used for analysis.

A direct comparison of preferential scar and product
outline shape shows significant differences on PC1 (49.5%
of variance) and PC3 (10.7%) (Table S19, Fig. S4). Dif-
ferences between scar and product shape are significant in
terms of artefact type only on PC1, relating to elongation
(Tables S20-S21). Significant inter-assemblage differences
are expressed on PC3, describing the distal shape of the
Levallois product removal (Tables S20-S21). This limited
difference in shape suggests that core preferential scars suf-
ficiently represent product shape variability, making this
a useful proxy for studying assemblages where Levallois
products are scarce, as is the case for many Nubian core
assemblages (Chiotti et al. 2009; Usik et al. 2013).

@ Springer

Shape covariation and standardisation

To test the hypothesis of shape covariance — based on the
principle that Levallois reduction aims to produce a prod-
uct of a predetermined shape (Bordes 1980; Boé&da 1995)
— core outline and preferential scar shape were compared
using a two-block PLS analysis. For the entire core data-
set, this indicated a strong, statistically significant posi-
tive correlation between core outline and preferential scar
shape (r-PLS =0.63, p<0.001), with 87% of covariance
explained on the first dimension (Table 4). The test was then
carried out for each regional sample separately to examine
intra-regional patterning. For NK, a moderate correlation
is observed (r-PLS =0.46, p <0.001), explaining 58% of
covariance. In contrast, TH showed higher shape correla-
tion, accounting for 57% of covariance, but this was not
statistically significant (r-PLS =0.56, p=0.1), which could
indicate more variability in shapes, or less distinct covari-
ation compared to NK cores. Additional comparisons with
other Dhofar assemblages could clarify this pattern region-
ally. For Nubian core types, moderate to strong correlations
were found, with the highest significance for Type 1 cores
(Table 4).

Linear regression analysis of scores for Block 1 (core
outline as the predictor variable) and Block 2 (scar out-
line as the response variable) demonstrated that the model
explained 40% of the variance for the entire core sample
(Table 4, Fig. 7). Separate regression analyses were also
conducted on regions and core types, finding a weak lin-
ear relationship for NK cores (R2=0.21), indicating a less
predictable correlation between core and scar shape. TH
cores showed a stronger relationship (R?=0.31), which
suggests there is less variability compared to NK. Type 2
cores displayed the strongest model fit (R?>=0.52), indi-
cating a more robust and predictable relationship between
core and scar shape than for Type 1 (R*=0.27) or Type
1/2 cores (R2=0.35). Overall, while the two-block PLS
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Fig.5 PCA plot of principal components 1 and 3 for preferential
scars, grouped by region. The mean PC score for each group is indi-
cated by a cross (X). Mean (grey), minimum (blue), and maximum

identifies strong covariation between core outline and scar
shape in general — supporting the expectation of Levallois
reduction — the linear regression results suggest that core
outline shape alone is not a fully predictive determinant
of scar shape. This may be due to the final scars capturing
a range of states of core reduction, as well as knapping
errors that cause early flake termination, thus not achiev-
ing a predetermined shape.

A further test of predetermination in the Levallois reduc-
tion process involves measuring the degree of shape stand-
ardisation among the samples. Standardisation is calculated

(red) theoretical shapes are depicted alongside actual minimum and
maximum specimen shapes

as the coefficient of variation (CV) based on the Procrustes
distance from the mean shape (Muller and Clarkson 2023).
The CV for overall core shape was similarly low for all
assemblages with a mean of 21 (range: 20-22, Table S22).
For preferential scar shape, there was lower standardisation
and more inter-assemblage variability, with the lowest and
highest CV values for TH.571 (26) and TH.584 (39), while
the NK sites ranged between 31 and 39 (mean: 36). The
products from NK have a mean CV of 30 (range: 28-32),
suggesting slightly higher standardisation in products at the
sites than reflected by core removals. However, this may
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be influenced by the extent of core reduction, removal of
products of certain shapes, or product sample selection
which favoured convergent distal morphologies. It has been
argued elsewhere that Nubian Levallois is a highly stand-
ardised reduction method compared with other Levallois
methods (Groucutt and Rose 2023), and Dhofar in particu-
lar shows higher levels of size standardisation than Nubian
cores from other regions (Samawi and Hallinan 2024). The
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observed covariance between core and scar shape supports
a deliberate relationship in Nubian Levallois reduction,
yet less standardisation in end-product shape is observed
in each region. Since the final scar shape only represents
the last stage of core reduction, it cannot account for the
products from earlier phases — a general limitation in lithic
studies (Dibble et al. 2017). Despite this, strong similarities
between NK products and core scars suggest the final scar is
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Table 4 Results of two-block

. . Two-block partial least square Linear regression
Partial Least Square and linear
regression analyses examining Sample -PLS Z P % covar S R? Adjust. R”> F P
covariation between core
outline (Block 1/predictor) and All 0.629  6.342  0.001 ***  86.6 0.060 0.395 0.391 106.5  0.000 3
preferential scar outline (Block NK 0.463  3.030 0.003 **  57.6 0.062 0214 0.207 30.5  0.000 ##*
2fresponse) TH 0559 1295 0.102 574 0057 0313  0.299 223 0.000
Type 1 0.525 3.382 0.001 ***  81.5 0.064 0.276 0.268 34.7  0.000 ***
Type 2 0.718 1.896 0.028 * 69.85 0.049 0.516 0.498 27.7  0.000 ***
Type 1/2  0.595 1.781 0.036 * 81.44 0.060 0.395 0.338 21.9  0.000 ***
r-PLS PLS correlation coefficient; Z Effect size; S Residual standard error; R? Coefficient of determination;
F Goodall’s F-statistic; P Significance levels: P <0.001 (¥**), P<0.01 (¥*), P<0.05 (*).
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A by region, B by core type

@ Springer



88 Page 16 of 22

Archaeological and Anthropological Sciences (2025) 17:88

nevertheless a useful proxy for end-product shape, allowing
insights into the goals of Nubian Levallois production even
when products are scarce in assemblages.

Discussion

Our analyses present a new replicable protocol for applying
GM techniques to Levallois cores to study shape — a key char-
acteristic of the Levallois concept. Using Nubian cores from
two regions as a case study, we tested a series of expectations
concerning different aspects of shape variability arising out
of previous discussions of Levallois technology. The widely
accepted definition of Levallois conceptualises the core as two
hierarchically-organised surfaces, whose convexities are care-
fully controlled to produce a specific predetermined product
shape (Boéda 1995). Boéda (2013) further introduced the char-
acteristic of “autocorrelation”, meaning that the overall shape
of Levallois cores is preserved, regardless of size due to pro-
gressive reduction. Our results support this by demonstrating
low allometry at an intra-assemblage scale, even though there
are marked size differences between cores regionally.

Van Peer’s (1992) prior refitting and attribute-based study
of the NK assemblages found that the organisation of scar
ridges (i.e. the preparation strategy) was a stronger determi-
nant of end-product shape than core shape itself. While his
work specifically compared Nubian and Classical cores, we
tested variation between Nubian reduction strategies. GM
analysis showed that the strongest influence of preparation
(i.e. core type) was on the relative volume and convexity of
the core surfaces, rather than outline shape. Type 1 (distal
preparation) cores had a shallower upper surface convex-
ity than Type 2 (bilateral) cores. However, this pattern may
be influenced by region since NK cores are predominantly
Type 1 whereas TH contributes the most Type 2 cores. Other
Nile Valley sites show more variation in the Nubian strat-
egy applied, seeing higher frequencies of Type 2 and 1/2
cores (Olszewski et al. 2010; Samawi and Hallinan 2024).
Based on samples from Abydos (90 km from NK), Chiotti
et al. (2009) argue for fluidity between Nubian preparation
strategies, observing minimal differences in size and shape
that, they reason, negate differentiation between core types.
Comparisons of these and other assemblages with varying
proportions of distal and lateral preparation (e.g. Usik et al.
2013; Oron et al. 2024) may help to further clarify the rela-
tive role of region and scar organisation on Nubian core (and
end-product) shape.

For Bordes (1950, 1980), differences in Levallois core
morphology were fundamentally linked to end-product
shape, serving as a key factor in distinguishing between
different core types (i.e. Levallois flake, point and blade
cores). Our analysis of covariation between scar and core
shape confirms that this principle applies to Nubian cores
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specifically, revealing a strong relationship between the two.
Although pointed end-products are often regarded as the
primary target of Nubian reduction, GM captures a variety
of preferential scar shapes (i.e. ovate to pointed), that cor-
respond with end-product variability at NK. In prior study of
the NK assemblages, Van Peer (1992) observed that Nubian
end-products were more standardised than those from cen-
tripetal Levallois cores, proposing that the Nubian prepara-
tion strategy allowed for better shape control. However, Van
Peer also noted that distinguishing between Nubian and cen-
tripetal end-products was not straightforward, as suggested
by the presence of less pointed flake-like scar shapes on NK
Nubian cores. In other Nile Valley contexts, the low fre-
quency of pointed end-products has prompted the suggestion
that pointedness may not be as critical for Nubian core prod-
ucts as generally assumed (Chiotti et al. 2009). Many studies
observe that end-product elongation is a characteristic that
differentiates Nubian from other Levallois (point) methods
(Van Peer 1992; Usik et al. 2013; Hilbert et al. 2016; Oron
et al. 2024; Samawi and Hallinan 2024); therefore, extending
GM comparisons to include other Levallois core types could
further test the distinctiveness of Nubian end-product shape.

In the only previous GM study of Levallois core morphol-
ogy, Lycett and von Cramon-Taubadel (2013) predicted that
the planform shape of Levallois cores was more likely to
reflect spatial or temporal variations than surface topology,
citing Nubian cores as one example. Our results show that
the aspects of shape represented by PC1 (explaining 20%
of variance) and PC2 (15%) do primarily relate to outline
shape, specifically in terms of elongation (PC1) and distal
skew (PC2). Only elongation showed regionally significant
differences, whereby TH cores were more elongated than
NK samples. However, PC1 also describes the convexity
of the upper surface at its distal end — capturing a defin-
ing feature of Nubian cores, the distal median ridge. This
also shows clear regional patterns on PC3 (11% of variance)
which encompasses differences in relative surface volume
and convexity. The Levallois concept defined by Boéda
(1995) specifies that Levallois cores must possess hemi-
spheres or surfaces with asymmetric volumes, that serve
different, non-interchangeable roles during reduction. While
there is a general tendency for the lower surface volume to
be greater than the upper surface (e.g. for classic centripetal
preferential cores), cores showing the inverse are not neces-
sarily excluded from Levallois if all other criteria are met
(maintenance of distal and lateral convexities, prepared strik-
ing platforms, exploitation parallel to the plane of intersec-
tion). Thus, while NK Nubian cores adhere very closely to
this typical distribution of volumes, TH cores tend to show
a steep upper (exploitation) surface with greater volume.
On many TH specimens, the lower surface has very limited
preparation, except for at the distal platform. One explana-
tion for this may be that a naturally tabular shape of the raw
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material blocks provided the required ~ 80-90-degree angle
for shaping of the upper face, without the need for extensive
lower surface removals (Brantingham and Kuhn 2001).

The DMR on a Nubian core serves a critical role in guid-
ing the removal of the preferential product, and therefore in
determining its (usually) pointed shape. While Van Peer’s
(1992) study of the NK cores did not explicitly quantify the
ridge angle, the organisation of guiding ridges, their posi-
tion and inclination were key to his explanation of Levallois
shape control and thus the distinction between centripetal and
Nubian reduction. In their study of Dhofar assemblages, Usik
et al. (2013) introduced measurement of the DMR steepness,
grouping angles of less than 60°, 60—90° and 90-120°. They
observed most specimens to fall in the steep to semi-steep
(<90°) range — an observation generally supported by the few
other studies that measure Nubian core ridge angles (Goder-
Goldberger et al. 2016; Hilbert et al 2016; Hallinan and Shaw
2020; Oron et al. 2024). However, the Dhofar assemblages in
general have a much higher incidence of steep (< 60°) angles
than other regions, such as South Africa (5% of measured
ridges), the Negev (28-36%), and central Arabia (24-58%).
DMR measurements for new Nubian core collections from
the Nile Valley, near Luxor, show a mean angle of 90° (range:
60-110°) (Hallinan, unpublished data). These regional trends
of relative distal ridge steepness were captured through GM,
on PCs 1 and 3, indicating that Dhofar cores have a generally
steeper distal ridge convexity than Nile Valley cores. The
application of GM to further assemblages will be an impor-
tant next step in verifying the range and extent of regional
patterns in DMR angle. This approach is particularly valu-
able given the demonstrated limitations in replicating manual
(e.g. goniometer) angle measurements (Dibble and Bernard
1980; Pargeter et al. 2023). In recent (currently unpublished)
replication tests between six analysts measuring the DMR on
30 Dhofar Nubian cores, these showed inter-analyst devia-
tion by as much as 40°, with measurements by an analyst on
the same specimen on different occasions showing up to 30°
differences. While applying digital angle measurement tools
to 3D models may, in part, solve the replicability issue, there
are still numerous complex and subjective parameters that
the user must decide on that introduce potential variability
(e.g. the exact measurement point where two surfaces inter-
sect, the measurement radius, the topology of the surfaces
being compared, etc.) (Valletta et al. 2020; Yezzi-Woodley
et al. 2021; Schunk et al. 2023; Muller et al. 2024). Thus,
comparing the overall shape profile of the DMR remains the
most reliable way of capturing its steepness over measuring
angles at single points.

Nubian cores were a suitable test case for developing our
GM protocol because of their clear equivalent morphologi-
cal features that can be identified across specimens. Simi-
larly, the volumetric structure of other preferential Leval-
lois core forms allows for the landmarking of homologous

features, even in the absence of a clear distal point, provided
that the orientation is consistent. To test the flexibility of
our landmarking methodology on cores without a distal
landmark, we re-ran our SLM processing and PCA analyses
on the existing sample, treating only the two ends of the
proximal platform as fixed landmarks. This modification
resulted in a higher failure rate during the deformation of the
patched SLM template over the core; seven specimens failed
to deform and a further 22 experienced inversions between
the patched faces. This indicates that the third (distal) land-
mark plays an important role in orientation and should be
used where possible. Nevertheless, a substantial portion of
the dataset using the modified protocol was suitable for GM
analysis without requiring further steps to correctly deform
the surface patch template (83% of the original specimens),
with PCA capturing the same underlying shape structure of
the data on the reduced sample, including strong regional
differences. To improve success in the data preparation
phase, a further step at the landmarking stage can be used
to resolve face inversion, through the addition of two tem-
porary landmarks, one on each face positioned at the model
centroid (centre of gravity) to ensure consistent placement
between specimens. These landmarks ensure that patches are
placed on the correct face during deformation, but should be
removed prior to Procrustes alignment and further analysis.
Therefore, our method can be adapted with high success to
other core types, provided that they possess homologous
features for alignment. This is particularly important in
facilitating future comparisons between Nubian and other
Levallois cores to assess the distinctiveness of the Nubian
reduction method (cf. Blinkhorn et al. 2021b).

The advantages of 3D GM over traditional metrics in
quantifying Levallois core shape have been demonstrated
through this study of Nubian core variability. This is particu-
larly evident in the shape characteristics captured by PCs 3,
5 and 6, which relate to convexity and relative surface vol-
ume — features that are difficult to represent using standard
metrics. While the metric index of flattening indicates that
NK cores are generally flatter than TH cores, this clearly
oversimplifies the variability in core profile shape. Although
GM can identify shape differences, interpreting the behav-
ioural reasons behind them remains complex and this is not
fully explored here. Factors related to raw material, techno-
logical efficiency, product function, cultural traditions and
demographic relationships may all play a role and are impor-
tant for future model testing (Samawi and Hallinan 2024).

Conclusion
The definition of Levallois technology has shifted from an

emphasis on the outline shape of blanks produced (Bordes
1950, 1980), to the geometric configuration of the core as a
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three-dimensional volume (Boéda 1988, 1994, 1995). While
controlling shape is a fundamental principle, a wide range of
core morphologies can fall within classifications of Leval-
lois technology, produced using different reduction strategies
(Brantingham and Kuhn 2001). Nubian Levallois is a dis-
tinctive method, resulting in cores that possess specific tech-
nological and morphological features that have largely been
explored through traditional metric, attribute and refitting
analyses (e.g. Van Peer 1992; Chiotti et al. 2009; Usik et al.
2013; Hallinan and Shaw 2020; Oron et al. 2024; Samawi
and Hallinan 2024). Our study demonstrates that 3D GM is
a powerful analytical tool for quantifying shape variation,
allowing the identification of nuanced patterning in regional
and technological variability. Given current debate over the
definition, distinctiveness, and distribution of Nubian cores
(Hallinan et al. 2022a, 2022b; Hallinan 2024), forthcoming
application of this method to further samples from additional
regions will provide important contributions to understand-
ing variability, informing broader patterns of human adapta-
tion and dispersal at an inter-regional scale.

Three-dimensional scanning and methods of analysis are
rapidly expanding in lithic research, especially in relation to
cores which are fundamentally 3D volumes and inadequately
captured by 2D measurements (e.g. Clarkson et al. 2006;
Lycett et al. 2010; Shott and Trail 2010; Lycett and von
Cramon-Taubadel 2013; Bretzke and Conard 2012; Porter
et al. 2019; Ranhorn et al. 2019; Valletta et al. 2021; Gros-
man et al. 2022; Wyatt-Spratt 2022; Lombao et al. 2023; Lin
et al. 2024). The increasing accessibility of 3D modelling
technologies (e.g. Porter et al. 2016; Magnani et al. 2020),
growing emphasis on replicability (Pargeter et al. 2023), and
creating digital archives (e.g. Douglass et al. 2017; Magnani
et al. 2018; Di Maida and Hageneuer 2022) has already seen
a marked shift in the field of lithic analysis towards GM and
other 3D approaches (Wyatt-Spratt 2022). Due to orientation
and homology requirements, 3D GM methods will never be
applicable to all lithic artefact types and research questions,
which limits its uptake in many studies. Additionally, the
time invested in 3D scanning and landmarking may be per-
ceived disadvantages of the method compared to traditional
attribute recording, but computational advances in automa-
tion tools and machine learning offer potential solutions to
this in the future (e.g. Barone et al. 2018; Herzlinger and
Grosman 2018; Courtenay et al. 2020; Gonzalez-Molina
et al. 2020; Gellis et al. 2022; Grosman et al. 2022).

The importance of open-source methods has been dem-
onstrated by the wide uptake of GM software AGMT3-D
in a range of lithic studies (e.g. Herzlinger et al. 2017; Her-
zlinger and Grosman 2018; Delpiano and Uthmeier 2020;
Shipton and White 2020; Hashemi et al. 2021; Li et al. 2021;
Falcucci and Peresani 2022; Falcucci et al. 2022; Garcia-
Medrano et al. 2020, 2022). However, while AGMT3-D’s

@ Springer

automatic orientation protocol is suitable for artefacts with
certain morphologies, such as handaxes, points, bladelets
and backed tools, our tests of its performance on cores, espe-
cially Nubian cores, had more limited success. GM analysis
often also uses the open platform R, employing packages
developed for the biological sciences, such as geomorph
and Morpho (e.g. Archer et al. 2015, 2018, 2021; Schoville
et al. 2023), with promising potential in development of the
Lithics3D package (Pop 2024). Nevertheless, the code, data
and methods are rarely shared in full (although see Timbrell
et al. 2022a; Hussain et al. 2023; Selden 2023; Thulman
et al. 2023 (2D GM); Bustos-Pérez et al. 2024 (3D GM)).
The methodology presented here, supported by fully-availa-
ble R script and data, aims to meet the increasing demand for
replicable and reproducible methods in archaeology, particu-
larly lithic studies (e.g. Marwick 2017; Karoune and Plomp
2022; Timbrell et al. 2022b; Araujo et al. 2023; Di Maida
et al. 2023; Pargeter et al. 2023), offering a novel applica-
tion of 3D GM to Levallois technology that can be adapted
to other types of cores with highly structured geometries.
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