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ARTICLE INFO ABSTRACT

Keywords: Archaeologically-oriented petrography has changed the way of conceiving economic and social practices during
Non-flint resources the Palaeolithic. Research on quartzite, the second most widely used lithic resource, has experienced a notable
Quartzite increase thanks to the formal definition of the material, methodological improvements, and case studies that are
E;ti;ogzlt)i}z shedding light on the economy and social interactions during the Palaeolithic. This paper briefly presents the
Stereomicroscopy progress made during the last years by our research team, particularly in quartzite petrology, together with some
Petrogenesis thoughts about its future evolution. These advances are based on the petrography of the material and particularly

on the application of petrogenesis (a research field in geology that deals with the origin and transformation of
rocks) to establish reliable and universal types that are useful for understanding quartzite from a geo-
archaeological perspective. Furthermore, we present preliminary results derived from the application of scanning
electron microscopy in quartzite petrogenesis. Finally, we propose some perspectives and methodological ad-
vances to continue untangling the prehistoric knowledge enclosed in quartzite artefacts.

Scanning Electron Microscopy

1. Introduction particularly applied to flint techno-complexes and their potential pro-

visioning areas. Among others, this has allowed archaeologists to trace

Archaeologically-oriented petrography has reshaped our view of
Palaeolithic economic and social structures by providing new ap-
proaches to archaeological assemblages (e.g., Arrizabalaga et al., 2014;
de la Pena et al., 2022; Eren et al., 2014), insights into human behav-
iours (e.g., Gomez de Soler et al., 2020; Sanchez de la Torre et al., 2020;
Vaquero et al., 2019), and revised historical paradigms (e.g., Barkai and
Gopher, 2009; Delvigne et al., 2019; Knutsson et al., 2016; Maier et al.,
2022; Tarrino et al., 2016). Geoarchaeological techniques have been

mobility routes (e.g., Belmiro et al., 2025; Prieto et al., 2016; Sanchez de
la Torre et al., 2017), depict raw material acquisition systems (e.g.,
Calvo and Arrizabalaga, 2020; Fernandes et al., 2008; Ortiz and Baena,
2016), and delve into the technological management of raw materials (e.
g., Arrizabalaga et al., 2014; Eixea et al., 2020; Mayor et al., 2022; Rios-
Garaizar, 2020). Obsidian studies have also benefitted from the well-
understood petrological and geochemical signatures, shedding light on
long-distance mobility across the Mediterranean, the Caspian and the
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Black Sea (e.g., Cann and Renfrew, 1964; Doronicheva and Shackley,
2014; Orange et al., 2021; Zilhao et al., 2021).

Quartzite was the second most common lithic resource used by
Palaeolithic societies, being especially relevant in certain regions such as
the Iberian Peninsula, Central Europe, East Africa and the Indian sub-
continent, where this rock was the main abiotic resource in old chro-
nologies (e.g., Floss, 1994; Yezad, 2023; Prieto et al., 2021; Soto et al.,
2020; Tarrino et al., 2023; Viallet et al., 2024). This makes quartzite an
extraordinary proxy for past human activities, especially in areas in
which it was the only available raw material, but also in regions and
chronologies in which it was used alongside other lithic raw materials
(Ebright, 1987; Prieto et al., 2021; Sternke, 2007; Villeneuve et al.,
2019).

Quartzite has not experienced similar research interest as chert or
obsidian because of its scarcity in areas with a long history of intense
archaeological research (e.g., Dordogne, France), the petrological
complexity of the rock, and the inherent historiographical limitations
(Ebright, 1987; Prieto et al., 2022a, 2021; Sternke, 2007). In recent
years, scientific efforts have been made to understand this material
through archaeologically-oriented petrography, and they are shedding
light on distinct but related behaviours: acquisition systems, technical
traditions and specific human activities (Cristobal et al., 2025; Ebright,
1987; Favreau et al., 2020; Legg et al., 2020; Pedergnana et al., 2017;
Prieto, 2018; Prieto et al., 2022b; Roy et al., 2017; Sherman et al., 2024;
Sjolander et al., 2024; Soto et al., 2020). The current research dynamic
also involves approaches where quartzite is being investigated alongside
other exploited lithic raw materials following adapted geo-
archaeological approaches (e.g., Abrunhosa et al., 2019; de Lombera-
Hermida and Rodriguez-Rellan, 2016; McHenry and de la Torre, 2018;
Nash et al., 2022; Prieto et al., 2022a; Schmidt et al., 2024).

This paper puts together the advances our research team has made in
archaeologically-oriented quartzite petrography during the last eight
years in different archaeological contexts. We additionally discuss the
development of the discipline. In addition, we present the first results of
a pilot collaborative study employing scanning electron microscope
(SEM) analysis that aimed to test the possibilities of this instrument in
quartzite petrogenetic analysis and to deepen our understanding of the
features that characterise different types of quartzite. SEM has been
previously demonstrated to facilitate the understanding of wear for-
mation on different quartzites, and our objective here was to reinforce
the previously described petrogenetic classification scheme
(Pedergnana et al., 2017, 2018). Our study produced robust results and
opened new perspectives on the interaction between quartzite petro-
genesis and use-wear formation to be explored in future.

2. Background
2.1. Quartzite petrology

Most geological textbooks define quartzite as a hard, non-foliated
metamorphic rock that was originally a pure quartz sandstone (e.g.,
Allaby, 2013; Tarbuck et al., 2005; Yardley et al., 1990). Unfortunately,
the observation of the metamorphic features in stones separated from
their bedrock stratum is not easy, especially if only macroscopic obser-
vation is performed. In two connected papers, Skolnick (1965) and
Howard (2005) refer to this “problem” and address the macroscopic
characterisation of quartzites, attending to their granular texture, their
ability to present conchoidal fracture, their permeability, their vitreous
(sometimes dull) lustre, and their hardness (Fig. 1). A key issue is that
metamorphic and sedimentary geneses can produce similar character-
istics, raising the question whether these two origins can be distin-
guished based on macroscopic observation.

According to Skolnick (1965), quartz-arenites or sandstones that
have a sedimentary origin are permeable, thereby allowing to distin-
guish them from metamorphic quartzites. Furthermore, fracture in
quartz arenites propagates through the cement, without grain breakage.
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In contrast, in metamorphic quartzite, the propagation waves pass
through the grains, creating a more conchoidal and predictable fracture.
Nevertheless, sedimentary quartzites that have been indurated by syn-
taxial quartz cement can also break through the grain. Howard (2005)
recovered the term “orthoquartzite”, originally coined to refer to
“sandstones” or “quartzitic sandstones” with quartz content over 95%
(Krynine, 1948; Pettijohn, 1954), to refer to these “pressure-solution
quartzites” (Skolnick, 1965), separating them from quartz-arenites
(Folk, 1974). Consequently, quartzite is still a debated topic in geolog-
ical literature, and despite the formal definition being clear, macro-
scopic or field observation does not allow for a proper description of
these rocks.

The term ‘quartzite’ has also been applied to describe quartz,
particularly in Eastern African Stone Age contexts, as recently high-
lighted by Tarrino et al. (2023). These rocks or minerals, which the
authors refer to as “crystalline quartz-rich raw material” (CQRM), have a
macroscopic appearance that resembles metamorphic quartzites in that
they represent a “light-coloured, homogeneous, and anisotropic sili-
ceous crystalline material that exhibits a penetrative foliation with a
well-defined mineral/stretching lineation” (Tarrino et al., 2023). These
minerals do not, however, petrographically show any primary sedi-
mentary origin. They are instead different types of quartz formed as
either hydrothermal veins and dykes or as metamorphic rocks exclu-
sively composed of quartz and hosted in quartzite-bearing strata. This
debate further illustrates the complexity of quartzite/quartz petrology
and the challenges involved in the non-destructive characterisation of
quartz-rich rocks.

2.2. Petrogenesis as a basic tool

Petrogenesis is a research field in geology that deals with the origin
and transformation of rocks (Bucher, 2023). It is used to describe pro-
cesses pertinent to the three rock types that can be found on the Earth’s
surface (igneous, metamorphic and sedimentary rocks). It helps geolo-
gists understand the rock cycle and the transformation of different rocks
into new ones. A clear example of this is the petrogenesis of shale and its
successive transformation towards migmatite as a consequence of pro-
gressive metamorphism brought on by an increase in pressure and
temperature (Tarbuck et al., 2005). Fig. 2 shows how shale, a clastic
sedimentary rock consisting of clay mineral particles, is transformed
through successive stages (slate, phyllite, schist and gneiss) into mig-
matite. This process alters not only the mineralogy of the sample, but
notably its texture, particularly as observed macroscopically.

In recent years, quartzites from archaeological contexts have been
characterised through thin-section petrography (Prieto et al., 2019,
2024b). After having characterised the homogeneity, textures —i.e. the
relationship between the particles that compose a rock (Tarbuck et al.,
2005)- and packing —i.e. the distribution of grains and intergranular
spaces in a sedimentary rock (Castro, 1989)- of quartzite thin sections,
quantified particular features of the quartz grains (e.g., syntaxial over-
growth, recrystallised grains), measured their orientation, size and
morphology, and identified non-quartz minerals, we were able to pro-
pose a classification scheme for quartzite consisting of nine types and
three groups that reflect the petrogenesis of the material.

Furthermore, these types and groups have been recognised following
a non-destructive microscopic approach using stereomicroscopes and
microscopic cameras (e.g. Dino-Lites) (Prieto et al., 2020, 2024b). This
multiscale methodology combines macroscopic criteria (i.e. lustre and
density of surface microcracks) and observation of quartzite surfaces
under up to 250 x magnification to define textures and packing, to
outline visible quartz grain features, to determine grain size and
morphology, and to understand the orientation of the particles in order
to link each quartzite surface to a particular petrogenetic type. The
resulting nine types illustrate the effects of the successive increase in
pressure and temperature on the original quartz sandstone, and they also
reflect the variability of the material termed quartzite: quartz-arenites
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Fig. 1. Quartzite variability expressed in macroscopic pictures of the material analysed in archaeological and geological contexts in the Cantabrian Region, Central
Iberia, Arabia, and Central Europe (images not scaled). a) Burin with multiple facets on proximal flake fragment on an RQ type with conglomerate cortex -Level 1¢2
(Lower Magdalenian) of Area de Estancia at Tito Bustillo cave (Asturias, Spain). b) Geological sample from the Arabian Peninsula, MA type with microcrystalline
cement. ¢) Hammerstone made on an MQ type taken from a conglomerate -Level 1c2 (Magdalenian) of Area de Estancia at Tito Bustillo cave (Spain). d) Sample of
white OO type quartzite, showing internal unidirectional joints and a well-developed fluvial cortex. Collected at the Deva River (Cantabrian Region, Spain). e) Flake
with centripetal removals on a CA type with slight presence of cement -Level XXII-R (Mousterian) of El Esquilleu (Cantabria, Spain). f) Polycrystalline quartz from
Naibor Soit (Tanzania). g) Proximal fragment of a concave-based Solutrean point made on SO type (folded variety), characteristic of the Sella valley -Level H1 (Upper
Solutrean) from El Cierro cave (Asturias, Spain). h) Sample of an MA type with clayey matrix obtained in the surroundings of the city of Troisdorf (North Rhine-
Westphalia, Germany). Microcrystalline cement is completely absent. i) Cortical flake of an OO type procured in a river bank -Level XXII-R (Mousterian) of el
Esquilleu (Cantabria, Spain). j) Core flank made on an OO type (medium grained size with oxides and pyrites variety) procured in a conglomerate -Level XXII-R
(Mousterian level) of El Esquilleu (Cantabria, Spain). k) Cortical flake of an OO type (fine-grained variety) with more than three extractions, procured from a
fluvial deposit -Mousterian level at El Arteu (Cantabria, Spain). 1) Levallois core with two platforms made on a BQ type procured from a conglomerate in the Remona
formation -Mousterian level at El Habario (Cantabria, Spain). m) Burin made on a crested blade of an OO type with medium-sized quartz grains -Level 1c2 (Lower
Magdalenian) of Area de Estancia at Tito Bustillo (Spain). n) Sample of a SO type obtained from the Remona conglomerate formation in the Cantabrian Region
(Cantabria, Spain). It is a dark variety with abundant pyrite and iron oxides. External surfaces are clearly altered by conglomerate cement, forming inner concentric
rims. o) AQ sample hosted in the CENIEH Qlithotheque from the Iregua river (La Rioja, Spain). p) Irregular core made on BQ type, originally a white to colourless
variety with medium-sized quartz grains. The core was weathered by clay derived from the conglomerate cortex of the Remona formation -Mousterian level at El
Habario (Cantabria, Spain). q) Quartzite sample collected near Troisdorf (North Rhine-Westphalia, Germany), showing an MA part with microcrystalline cement and
an OO facies on the same block. Patina does not permit a distinction between the two until the rock is flaked.
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Fig. 2. Schematic representation of the petrogenesis of the shale until it is converted into a migmatite.

—sandstones indurated by compaction and cementation-, ortho-
quartzites —deformed sandstones-, and quartzites sensu stricto. Fig. 3
presents the petrogenetic scheme proposed, and the processes that
produce the features observed in thin section petrography and in non-
destructive characterisation are discussed in the following paragraphs
and summarised in Table 1.

Quartz-arenites form through sedimentary processes that indurate
accumulated clastic particles (mainly silica, 0.062 - 2.0 mm ¢).
Depending on the environment where these particles were accumulated,
quartz-arenites can be homogeneous or heterogeneous with regard to
particle size, morphology and mineralogy (monocrystalline or poly-
crystalline clastic grains) and also variable in their texture. In some
specimens, it is possible to observe post-depositional weathering of
quartz grains. Therefore, quartz-arenites can be either homogeneous or
heterogeneous regarding their main and secondary grain framework,
and they generally show sedimentary markers such as stratification/
bedding —layering deriving from the deposition of particles (Folk,
1974)- or even ripple structures —wavy sedimentary structures (Adams
et al., 1988). Quartz-arenites can be consolidated by cement that binds
together quartz grains or by burial processes in which quartz grains and

A

Orthoquartzites

Quartz-
Arenites

Pressure

matrix fill the spaces between them. When the quantity of matrix and
cement is higher than 5%, they are classified as Matrix/cemented
quartz-Arenites (MA type) —i.e. immature sandstones (Folk, 1974)-, and
when the proportion of matrix or cement is lower than 5%, they are
classified as Clastic grained quartz-Arenites (CA type) —i.e. submature to
mature sandstones (Folk, 1974).

In the first type, MA, common features observed in thin section are
the association of clastic grained texture and matrix and/or cement in
higher proportion than 5%. Generally, packing is floating or punctual
and most of the quartz grains are clastic (straight extinction) (Fig. 4).
General lustre is earthy, and bedding planes can be observed. Surface
micro-cracks are scarce due to the low compaction of the material. When
surfaces are observed at the microscopic scale, a saccharoidal (sugar-
like) texture is evident, along with floating or point-supported packing
and flat to irregular grain outlines, the latter indicating the presence of a
matrix or cement in angular to rounded quartz grains. It is easy to
recognise individual grains, although this can be hindered by the matrix
or non-quartz cement. Generally, the MA type fractures around quartz
grains; only in specific cases where chalcedonic or microcrystalline
quartz cement binds the grains do both cement and grains become

Quartzites

Temperature >

Fig. 3. Schematic representation of the petrogenesis of quartzites.
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Table 1

Main features identified in each of the petrogenetic types following thin section,
stereomicroscopic, and digital microscopic analysis. -, +, ++, +++ are used to
describe the presence of relative frequency of features, corresponding to anec-
dotical, minor, abundant and major, respectively.

Thin section Stereomicroscope
Low High Low High
magnification magnification magnification magnification
MA  Clastic-grained Straight Earthy lustre Visible grains
extinction on +++
grains
Floating- weathered grains Sacharoidal Grain coatings
Punctual pack. texture ++
Matrix/cement Floating- Matrix/cement
++ puntual pack ++
CA Clastic-grained Straight Vitreus lustre Visible grains
extinction gr. + +++
Tangential- Matrix/cement - Granular Grain coatings
complete pack texture +
Tangential- Matrix/cement
complete -
00 Clastic-grained Overgrowths ++ Compact & Visible grains
grainy ++
Tangential- Concave-convex Microcracks Overgrouths
complete pack limits ++ ++
Undulose Vitreus lustre Microcracks
extinction + ++ ++
SO Clastic-grained Sutured/ Fine but grainy  Visible grains +
microstylolitic text.
++
Complete- Undulose Microcracks Thin & ruffle
sutured pack. extinction +++ +++ grain limits

Vitreous lustre Microcracks +

4

Bohm lamellae

BQ Mortar texture Sutured/ Fine texture Visible grains -
microstylolitic
++
Sutured packing ~ Undulose Microcracks Thin & ruffle
extinction +++ +++ grain limits
Recrystallised Vitreous lustre +-+-+
grains ++
RQ Mortar texture Sutured/ Soapy texture Almost no
microstylolitic + grains
Sutured packing ~ Undulose Microcracks + Thin & ruffle
extinction ++ grain limits
Recrystallised Vitreous lustre Blurry outlines
grains +++ +++
MQ  Foam texture interdigitated Soapy texture No grain
grain +++ detected
Lobated grain straight triple Microcracks - Blurry outlines
boundaries 120° +
Translucent
PQ Foam texture straight triple Soapy texture No grain
120° +++ detected
Euhedral quartz Microcracks - Blurry outlines
grains
Translucent
AQ Foam texture straight triple Vitreous lustre Microcracks +
120° +++ +++
Chessboard Abnormal coarse Fine texture Visible grains +
texture grain
Microcracks
++

fractured (Prieto et al., 2021d). This type mainly corresponds to
immature sandstones as defined by Folk (1974).

For the second type, the Clastic grained quartz-Arenite, common
features observed in thin section include the association of a clastic-
grained texture —composed of identifiable rock or mineral fragments
in a proportion higher than 95%-, tangential to complete packing, and
the presence of clastic quartz grains (Fig. 4). Lustre starts to change
towards vitreous and surface microcracks increase due to the higher
compaction of the material. The lower quantity of cement or matrix also
makes fracture more controlled, but still frequently around the grain.
This is observed in the less rugged (granular) texture and the reduced
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quantity of secondary matrix or cement. As with the previous type, it is
possible to recognise the outlines of the grains and their original
rounded or angular morphologies that can also be slightly weathered.
This type mainly corresponds to mature sandstones in Folk’s (1974)
classification.

Orthoquartzites form as a consequence of deformation processes
that occur without metamorphism (as indicated by the lack of recrys-
tallised grains) but related to it: pressure-solution cementation and
plastic deformation (Bastida, 1982; Folk, 1974; Howard, 2005; Skolnick,
1965; Wilson, 1973). Both processes lead to the induration and
compaction of the material through sedimentary processes and/or a low
degree of regional metamorphism. These processes modify the original
texture of the quartz-arenite but the composition is not clearly altered.
Whereas the original quartz-arenite may have been homogeneous or
heterogeneous in terms of quartz grain size, morphology and other
features, orthoquartzites that derive from them present a higher degree
of homogeneity because pressure-solution and deformation transform
their constituent particles (Wilson, 1973). Despite compaction being the
most relevant feature that defines this group, each of the processes
involved characterise each orthoquartzite type. The first process is
pressure-solution cementation, and it creates the syntaxially Overgrown
Orthoquartzite (OO type). The second is plastic deformation and it
creates the Sutured grain orthoquartzite (SO). Generally, the second
follows the first one and inherits its features.

Syntaxially Overgrown Orthoquartzite thin sections show a
clastic-grained texture, tangential to complete packing and quartz grains
that display a characteristic syntaxial cement that grows in optical
continuity with the original grain, adapting to the spaces between
contiguous grains (Fig. 5). These overgrowths may generate large ex-
tensions at the boundaries of the grains with concave-convex planes,
making the quartz grains rounder and increasing their size. Undulose
extinction —a petrographic phenomenon in which single or multiple
quartz grains submitted to similar deformation present a wavy appear-
ance under polarised light (Adams et al., 1988)- is evenly distributed and
affects a limited number of quartz grains. These changes represent a
more advanced diagenetic stage of dissolution-cementation and/or
slight deformation by lithostatic pressure, which is also well observed in
the quartzite surfaces. Here, (generally rounded) quartz grains are
visible. These rocks break through the silica cement (observed as small
whitish halo or as coating around individual grains) or along the contact
between quartz grains, developing a compact and grainy surface. This
texture is observable in the abundant surface microcracks or squama
created as a consequence of a more compact packing in which the
propagation wave advances in a stepped but relatively homogeneous
way. The vitreous lustre is medium in intensity due to the presence of
silica cement and the few deformed grains. This type corresponds to
microstructure A in the detrital grain quartzite of Wilson (1973) and the
scarcely deformed quartzite of Bastida (1982), modified during
diagenesis.

Sutured-grained Orthoquartzite thin sections have clastic-grained
texture, complete to sutured packing and quartz grains displaying signs
of deformation in the form of sutured/microstylolitic grain limits,
massive undulose extinction, and deformation lamellae —Bohm lamellae
(Bastida, 1982)- (Fig. 5). The development of these quartz grain features
seems to be influenced by the former grain size of the quartz-arenite,
with deformation bands being more frequent in homogeneous and
coarse-grained quartzites —medium to very coarse sands according to
the Udden-Wentworth scale (Wentworth, 1922)- than in heterogeneous
and finer-grained quartzites, which are more associated with sutured/
microstylolitic quartz grain limits. Importantly, this deformation also
produces more angular and elongated quartz grains in the latter type.
Many grains still maintain the previous overgrowths despite the char-
acteristic dust lines (original grain borders) starting to erode. The in-
crease in pressure is sometimes observed in the form of a few
recrystallised quartz grains (<5% of the thin section) and unidirectional
foliation fabric, sometimes detected when quartzite surfaces are
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Fig. 4. Composite image presenting an MA (above) and a CA (below) type of quartz-arenite. They correspond to the samples CoB.J26.38.46 -Coimbre (Asturias,
Spain), level 6 (Gravettian)- and ATS-151 -El Arteu (Cantabria, Spain), Mousterian level. From left to right, macroscopic picture, microscopic surface picture at 50 x
digital magnification, microscopic surface picture at 250x digital magnification, and a thin section picture at 100x optical magnification. Note that in MA, quartz
grains show ruffled or sinuous outlines due to presence of matrix, whereas grain boundaries in CA are smoother. QG: Quartz grain. M: Matrix. C: Cement. DG: Detrital

quartz grain. WG: Weathered quartz grain. Ue: Undulose extinction (not intense and limited to a small number of grains). CaC: Carbonated cement.

observed. Here, the increase in pressure is also reflected in the higher
intensity of vitreous lustre (probably related to the undulate extinction),
the finer (but still grainy) texture and the high quantity of surface
microcracks. The last two features are the consequence of the increase in
compaction, caused by the merging of the grains that favours fracture
through the grain and hinders the detection of grain boundaries. Still, a
few grains can be observed in the form of flat and ruffled grain bound-
aries or in squama, associated with overgrowths. SO type corresponds to
the detrital grain type B of Wilson (1973) and the quartzite with
deformed and slightly or non-recrystallized grains of Bastida (1982).
Quartzites sensu stricto form through metamorphism. While the
previous type can show sporadic evidence of this process by the limited
presence of recrystallised quartz grains or deformation lamellae,
quartzites sensu stricto have undergone a substantial modification of
texture caused by increase in pressure and temperature. They have
transformed into proper quartzites and display new recrystallised quartz
grains (Howard, 2005). The increases in temperature and pressure do
not always correlate linearly, promoting, again, some internal variation.
Despite the changes, quartzites s.s. show features that are remnants of
the original sedimentary rock (quartz-arenite or orthoquartzite).
Quartzites s.s. can be divided into five different types. Transition from
one type to another is generally gradual, making it possible to sometimes
observe two types on a single specimen. This is particularly the case for
the last three types discussed below. The transformations from one type
to another are characterised by different recrystallisation regimens
(Hirth et al., 2001; Hirth and Tullis, 1992; Howard, 2005; Prieto et al.,
2024b, 2019; Skolnick, 1965; Stipp et al., 2002a, 2002b; Wilson, 1973).
Bulging recrystallised Quartzite thin sections are characterised by

the association of a mortar texture —partially preserved clastic deposi-
tional texture with fine, strain-free crystals along grain boundaries
(Howard, 2005)- and sutured packing (Fig. 6). Original grains display
sutured or microstylolitic limits, deformation lamellae and clear undu-
lose extinction (Passchier and Trouw, 2005). Some of these grains may
display characteristics of the previous types (e.g., syntaxial overgrowth).
Recrystallised grains appear as a second grain mode within this type.
They are characterised by small size (corresponding to very fine to fine
silt) and high sphericity —a measure of how close particle shape is to a
perfect sphere i.e., L/W = 1 (Folk, 1974)- and roundness —how angular
or spherical a particle is (Folk, 1974)- indices (Skolnick, 1965). The
recrystallised grains do not present any sign of deformation and are
situated at the boundaries of the original grains, never exceeding 50% of
the sample (Stipp et al., 2010; Stipp and Tullis, 2003). This particular
texture is formed by grain boundary migration, which generates serrated
boundaries (microstylolitic texture). When these boundaries break, new
grains form (Passchier and Trouw, 2005; Stipp et al., 2002a). The
metamorphic conditions are the consequence of low to medium tem-
perature and low pressure, which generate quartzite surfaces charac-
terised by a fine texture in which only a few quartz grains can be
observed. These grains tend to create a sutured packing, and ruffled
grain boundaries can be observed on flat quartzite surfaces (unrelated to
the presence of matrix and or cement). Moreover, most of the individual
grains cannot be discerned. These features reflect an extremely compact
material in which the propagation wave breaks through grains,
increasing conchoidal fracture (and more predictable fracturing) and
reducing the quantity of surface microcracks. Importantly, the latter are
more common (even more frequent than in previous types) in quartzites
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Fig. 5. Composite image presenting an OO (above) and an SO (below) type of orthoquartzite. They correspond to the samples Ci-3420 -El Cierro cave (Asturias,
Spain), level G1 (Lower Magdalenian)- and ES-290 -Esquilleu (Cantabria, Spain), level XIII (Mousterian). From left to right, macroscopic picture, microscopic surface
picture at 50x digital magnification, microscopic surface picture at 250x digital magnification, and a thin section picture at 200x optical magnification. Sq: Squama
or surface micro-crack. QG: Quartz grain. QO: Syntaxial overgrowth ( the original outline of the grain (dust lines) and the direction of grain “expansion” as it fills the
empty space are marked with arrows). CC: Concave-convex quartz grain limits. RL: Ruffled quartz grain limit. Ue: Undulose extinction. Su: Sutures -sigmoidal shape.

RG: Recrystallised grain -new grain developed as consequence of metamorphism.

that possess foliation structures —cleavage, schistosity, or other planar
structures in metamorphic rocks (Passchier and Trouw, 2005). This is
another signature that reflects the increase of pressure. They correspond
to some of the quartzite types with foam texture described by Howard
(2005), the microstructure regime 1 of Hirth and Tullis (1992) and the
BLG of Stipp et al. (2002a) and Paschier and Throuw (2005).

The second type of s.s. quartzite is the Subgrain Rotation recrys-
tallised Quartzite, characterised in thin section by mortar texture (with
a tendency toward a foam one) and, again, sutured packing (Fig. 6). As
in the previous type, there are two distinct grain modes. The first rep-
resents the original quartz grains that are in this case even more
deformed (generally fractured and not displaying the previous defor-
mation features) but similar to those described for the previous type. The
second mode consists of recrystallised quartz grains that are present in
higher proportion (> 50%) and are bigger (particle size from fine silt to
coarse silt) and less rounded than in the previous type. The latter grains
occur as a host of grains around the old grains, but also inside the grains,
creating a homogeneous structure. This texture is formed through grain
boundary migration accompanied by the rotation of their bulging edges
(Howard, 2005; Passchier and Trouw, 2005; Skolnick, 1965; Stipp et al.,
2010, 2002a; Stipp and Tullis, 2003). These characteristics derive from
an increase in pressure and temperature (400-500 °C). This meta-
morphic stress produces more compact material, where the propagation
wave breaks through the new structure. This is reflected in the quartzite
surfaces as soapy texture and limited visibility of quartz grain bound-
aries in the form of sutures on flat surfaces. Sometimes it is possible to
detect blurry areas surrounding grains. The compactness of these

quartzites promotes an even more conchoidal and predictable fracture
than in the previous type and surface micro-cracks are rare. The lustre,
as on the previous type, is vitreous and highly intense as a reflection of
this new structure in which the whole rock has been subjected to
medium-intensity metamorphism. A few quartzites show foliation
structures. They correspond to the types described by Howard (2005)
with mortar texture, the microstructure regime 2 of Hirth and Tullis
(1992) and the subgrain rotation recrystallisation (SGR) of Stipp et al.
(2002a).

In the third type, grain boundary Migration recrystallised
Quartzite, the texture is completely differentiated from the first two by
the presence of an interlobate —irregular lobate grain boundaries
(Passchier and Trouw, 2005)- with a tendency towards foam texture in
which old and new grains cannot be distinguished (Fig. 6). Here, all
grains display similar features, concave-convex and/or interdigitated
grain limits (sometimes microstylolitic limits), showing on occasion
straight triple 120° points. Metamorphic deformation has here led to the
advanced transformation of the grains through recrystallization. Crys-
tals are very heterogeneous in terms of size, morphology and orienta-
tion. This is the consequence of an almost full recrystallisation of the
quartzite under high temperature conditions (=500 °C) and the pressure
effect that favours very rapid migration of the boundaries and their
fracture due to rotation processes. This process generates an extremely
compact mass of crystals that favours predictable crack propagation and
conchoidal fracture. These conditions are reflected in fracture surfaces
with a soapy texture, in which no grain boundaries can be detected even
in the rare surface microcracks. Frequently, light penetrates inside the
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Fig. 6. Composite image presenting a BQ (above), an RQ (middle) and an MQ (below) types of quartzite sensu stricto. They correspond to the samples CoB.
K26.37.201 -Coimbre (Asturias, Spain), level 6 (Gravettian)-, ES-378 -Esquilleu (Cantabria, Spain), level XIII (Mousterian), and ES-411 -El Esquilleu (Spain), level
XIII (Mousterian). From left to right, macroscopic picture, microscopic surface picture at 50x digital magnification, microscopic surface picture at 250x digital
magnification, and a thin section picture at 200x optical magnification. Sq: Squama or surface micro-crack. Fol: Foliation structures. RL: Ruffled quartz grain limit.
OG: Original quartz grain. St & RG: Microstylolitic quartz grain limit and recrystallised quartz grain. Ue: Undulose extinction. Jo: Joint. RG: Recrystallised quartz
grain. CC: Concave-convex quartz grain limits. 3P: 120° Triple points. Id: Interdigitated quartz grain limits.

quartzite, and when rock fragments are relatively thin (less than 1 mm),
these quartzites are translucent. They correspond to some of the types of
grain enlargement described by Bastida (1982), the microstructure
regime 3 of Hirth and Tullis (1992), and the grain boundary migration
recrystallisation (GBM) of Stipp et al. (2002a).

Polygonal-grained recrystallised Quartzite has similar features to
the previous one, although in this case, the grains display a clear foam
texture —granoblastic mosaic of interlocking polygonal and euhedral
grains with straight boundaries forming 120° angles and triple junctions
(Howard, 2005; Passchier and Trouw, 2005)- (Fig. 7). All grains display
a uniformly hexagonal shape. Generally, these quartzites do not have
non-quartz minerals, although new muscovite or even a few mica flakes

can be distinguished in the quartz grains. These quartzites form at a
higher temperature than the previous type and also under higher pres-
sure. Sometimes this type co-occurs with the previous or following ones
in the form of deformation bands. However, the compactness of each
type and the fact that the original sandstone was transformed under
similar high-energy metamorphic conditions mean that the crack
propagates uniformly through the different varieties (in opposition to
previous types). The characterisation of PQ quartzites using non-
destructive methods reveals that they are very similar to the MQ type,
hindering their identification. These quartzites correspond to the tri-
formal structure of Howard (2005) and the polygonal grains of Wilson
(1973).
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Fig. 7. Composite image presenting a PQ (above) and an AQ (below) types of quartzite s.s. They correspond to the samples Ci-55325 -El Cierro Cave (Asturias,
Spain), level H (Upper Solutrean) and CENIEH.026 -geological sample from Iregua River (La Rioja, Spain). From left to right, macroscopic picture, microscopic
surface picture at 50x digital magnification, microscopic surface picture at 250 digital magnification, and thin section picture at 200x optical magnification. B:
Bands of the PQ type. 3P: 120° Triple points. 6G: Hexagonal grains. Sq: Squama or surface micro-crack. QC: Quartz clast. Pb: Porfidoblast

The last type is the Abnormal coarsening grains recrystallised
Quartzite. Despite still being a quartzite, this type starts to present
features resembling pure quartz formed in migmatites or recrystallised
under metamorphic conditions (Fig. 7). The main texture is porphyro-
blastic, in which a few big grains (>coarse sands) are surrounded in a
mass of euhedral crystals generally presenting 120° triple point contacts
and straight limits. In some specimens, the porphyroblasts maintain at a
certain orientation the polygonal structure of the previous type —as a
chessboard texture (Passchier and Trouw, 2005; Tarrino et al., 2023). In
this case, the temperature and pressure have been even higher than
those involved in the formation of the previous type, reaching almost the
melting point of silica. Generally, these quartzite surfaces are charac-
terised by their highly intense vitreous lustre and a generally fine texture
in which only a few isolated crystals are visible with angular limits in a
plain relief. Despite the compactness of the material, the presence of
surface microcracks is higher than in the previous two types, probably as
a consequence of the porphyroblasts. These quartzites correspond to the
abnormal coarsening or the Exaggerated grain growth of Wilson (1973).

3. Materials and methods

To investigate the potential of scanning electron microscopy in
quartzite characterisation and to deepen our understanding of the
petrogenesis of quartzites, we carried out an exploratory analysis of the
first seven petrogenetic types of quartzites discussed above: MA and CA
for the quartz-arenites, OO and SO for the orthoquartzites and BQ, RQ
and MQ for the quartzites s.s. The analysed samples (n = 16) derive from
previously characterised quartzites (by thin section petrography and
optical stereomicroscopy) that are stored at the University of the Basque

Country. They derived from different geoarchaeological campaigns at
the Deva, Cares, and Sella valleys (Asturias and Cantabria, Spain) and
from the Lower Rhine Valley (North Rhine-Westphalia, Germany).
Quartzites from the following archaeological sites were also included: E1
Arteu, El Habario, El Esquilleu, Coimbre, El Cierro and Troisdrof-
Ravensberg (Martin-Jarque et al. 2023, Prieto 2018; Prieto et al. 2019,
Prieto et al., in press, 2021c, 2021d, 2023).

We used a scanning electron microscope JEOL IT300 (EDX detector
JEOL ex-230) to analyse fresh fracture surfaces of 16 quartzite samples.
They were cleaned for analysis by ultrasonicating them in pure acetone
for c. 5 min and then air-dried, repeating the procedure when necessary.
All samples were analysed uncoated. The images were acquired in low
vacuum mode (30 Pa) using the secondary electron detector (LVSED) at
15-20.0 kV with a probe current (PC) of 60.0 and magnification range
from 100 x to 900 x . Image contrast and brightness were adjusted
afterwards in Photoshop (version 27.4.0) to optimise visibility.

The benefits of using secondary electron imaging in LVSED mode
include the high resolution and excellent topographic contrast it pro-
vides, the non-destructive nature of the analysis that allows linking
features observed in thin section to structures visible on fracture sur-
faces, and the superior ability to reveal surface relief and three-
dimensional structures on rough, irregular fracture surfaces that can
be challenging to examine with optical microscopy.

4. Results: Petrogenesis observed with scanning electron
microscopy (SEM)

Figs. 8, 9, 10 and 11 present the images acquired for the seven
quartzite types (MA, CA, 0O, SO, BQ, MQ, RQ). Fig. 8a shows the
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Fig. 8. Surfaces of MA and a CA quartz-arenites observed with the SEM: a) Textural picture (200x) of DC-03-02, a MA type with clayey and siliceous matrix. Sample
collected at a fluvial deposit in the Deva-Cares valley. b) Detailed picture of the matrix in sample DC-03-02 showing small detrital quartz grains and phyllosilicates. c)
Detailed picture (400x) of Tr-223-3-2 showing a quartz grain surrounded by microcrystalline/chalcedonic quartz cement filling the space between this and other
quartz grains. Sample from the Mousterian level of Troisdorf-Ravensberg, North Rhine-Westphalia, Germany. Middle Palaeolithic. d) Textural picture (200x) of ATS-
151, a CA type with small relicts of matrix. Sample from the Mousterian level of El Arteu, Cantabria, Spain. e) Picture (200x) of ATS-151, a CA type showing higher
quantity of matrix. f) Detailed picture (700x) of ATS-151, showing the matrix consisting of phyllosilicates. M: Matrix. QG: Quartz grain. MCQ: Microcrystalline quartz

cement. Po: Pore; Ps: Phyllosilicates.

general texture of the MA types, in which the presence of matrix is clear,
together with a marked relief derived from the extraction of complete
quartz grains (but note also fracture through the grain). On this sample,
detrital quartz grains surrounded by considerable masses of matrix
(composed of quartz grain matrix and clay) are clearly visible (Fig. 8a-
b). Fig. 8c presents another quartz-arenite, in this case, with chalcedonic
cement —characterised by their fibrous and microcrystalline habit. This
cement partially fills the pores between weathered quartz grains and
produces a texture similar to those described for quartzite from Belgium
(Blomme et al., 2012; Cnudde et al., 2013; Veldeman et al., 2012). The
texture of a CA sample is shown in Fig. 8d. Here, the quantity of matrix is
notably reduced, and it is mainly visible as scarce holes that probably
represent single detrital quartz grains that were plucked out when the
stone was flaked. Fig. 8e shows how grains are bound together thanks to
a matrix composed of weathered phyllosilicates, presented in detail in
figure 8f.

Fig. 9 shows the two types of orthoquartzites in which reliefs are
gentler but stepped because both grains and matrix are broken by the
wave impact. In Fig. 9a-b, we can easily observe the concave-convex
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packing of (fractured) grains that results in a relatively flat fracture
surface relief characteristic of OO type quartzite. This structure presents
the syntaxial overgrowths detected in thin section, visible in most of the
quartz grains in Fig. 9b and 9c. The latter image shows how the empty
spaces between the grains are filled by the syntaxial overgrowths.
However, further research efforts are necessary to properly detect them
and to understand their visual appearance in SEM images, as well as
their role in the homogeneity of the material and their interaction with
the original secondary matrix and/or cement. In the textural image of
Fig. 9d, an SO type is shown. Here, quartz grains, probably with over-
growths, show sutured quartz grain limits in a three-dimensional
structure in which new grains have formed. Unexpectedly, they are
more numerous than we observed in thin section. Moreover, a few of the
smaller grains are remnants of the original secondary grain framework.
This structure, like the previous one, creates a stepped relief. Another
sample of SO is shown in Fig. 9e and f. This variety is composed of bigger
grains, which are extremely deformed. They generally present micro-
stylolitic boundaries at which new grains have occasionally formed,
creating a more compact material than other SO and especially the OO
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Fig. 9. Surfaces of OO and SO orthoquartzites observed with the SEM: a) Textural picture (100x) of DC-51-01, an OO type. Sample collected in a Carboniferous
conglomerate in the Deva-Cares valley, Leon, Spain. b) Textural picture (200x) of DC51-01, an OO type showing concave-convex quartz grain limits and syntaxial
overgrowths. c¢) Detailed picture (330x) of DC-51-01, an OO type, presenting quartz grain limit intersection and syntaxial overgrowths. d) Textural picture (200x) of
DC-06-05, a fine-grained variety of SO type showing sutured quartz grain limits and a few recrystallised quartz grains. Sample taken in a Carboniferous conglomerate
in the Deva-Cares valley, Cantabria, Spain. e) Textural picture (180x) of ATS-190, an SO type with bigger and more deformed crystals. Sample from the Mousterian
level of El Arteu, Cantabria, Spain. f) Detailed picture (600x) of ATS-190 showing microstylolitic limits between quartz grains and the presence of a few recrystallised
grains. QG: Quartz grain. QO: Quartz overgrowth. Sut: Suture. RG: Recrystallised grain. Styl: Microstylolitic grain limit.

types described previously.

Figs. 10 and 11 show the last three petrogenetic types —-BQ, RQ, and
MOQ- observed with the SEM. All three samples present very gentle
reliefs and relatively chaotic structures in which recrystallised grains
play a prominent role. Fig. 10a and b present the textures of two
different grain size varieties of the BQ type: coarse and fine, respectively.
Both pictures show the sutured limits of old quartz grains and a high
frequency of small recrystallised grains in which old grains float. The
recrystallised quartz grains are very small and located at the limits of old
grains (Fig. 10c). Fig. 10d and e correspond to an RQ type with a very
gentle relief. Here, recrystallised quartz grains are situated not only at
the limits of the original and extremely deformed quartz grains, but also
in their inner parts. These newly formed grains are bigger than in the
previous type, and they tend to accumulate in particular areas (Fig. 10f).
Lastly, Fig. 11 presents three different samples of the MQ type in which a
mosaic of quartz grains is displayed in an extremely smooth relief. The
ease with which old and recrystallised quartz grains can be differenti-
ated varies across the sample. Some quartz grain limits display sutures,
whereas others show plain and concave-convex structures, which in
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some areas generate 120° triple points.

In sum, the imaging results demonstrate that the features that
characterise each of the petrogenetic types are detectable with the SEM.
This implies that the instrument is a powerful addition to the suite of
non-destructive characterisation techniques. The SEM employed at the
magnification range opted for here (mainly 100-700 x ) permits visu-
alising features such as recrystallised grains, details of grain boundaries
and of matrix and cement, and patterns of syntaxial overgrowth that are
hard to detect reliably with optical microscopy and therefore usually
analysed in thin section. In addition, in contrast with thin section
petrography, it enables the evaluation of crack propagation with respect
to structural features by providing a three-dimensional view of fracture
surfaces.

5. Discussion: ongoing narrativesand future directions
The characterisation of quartzite artefacts using the aforementioned

petrogenetic types constitutes a cornerstone to understand the man-
agement of the second most relevant lithic raw material in the
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Fig. 10. Surfaces of BQ and RQ quartzites observed with the SEM: a) Textural picture (200x) of HA-5847, a BQ type with large and highly deformed quartz grains.
Original large quartz grains co-occur with new small recrystallised quartz grains. Sample from the Mousterian level of El Habario, Spain. Middle Palaeolithic. b)
Textural picture (200x) of DC-06-06, a BQ type with small quartz grains and limited presence of cement. Sutures are more obvious than in the previous sample.
Sample taken in a Carboniferous conglomerate in the Deva-Cares valley, Cantabria, Spain. c) Detail (500x) of HA-5847 showing new recrystallised quartz grains at
the limit between two original quartz grains. d) Textural picture (200x) of DC-75-02, an RQ type. Quartz grains are extremely deformed, broken and present sutured
limits where new grains -bigger than in the previous samples- have formed. -Sample taken in a Carboniferous conglomerate in the Deva-Cares valley, Leon, Spain. e)
Textural picture (100x) of banded Ci-55235 sample showing the RQ band. Sample from the Upper Solutrean level of El Cierro, Spain f) Detail (500x) of recrystallised
quartz grains in sample ES-239, an RQ type from Level XIII of el Esquilleu, Cantabria, Spain. QG: Quartz grain. RG: Recrystallised grain.

Palaeolithic. In the last few years, our research team has shown how
Neanderthals in Picos de Europa (Cantabrian Region, Iberia) managed
petrogenetic types differently. The analysis of the Mousterian lithic ar-
tefacts from El Habario, El Arteu and El Esquilleu-XXII (Cantabria,
Spain) unveiled different proportions of types at the three sites and when
these assemblages were analysed technologically, metrically and typo-
logically, we could infer common patterns such as 1) the more frequent
exploitation of the more highly metamorphic types, associated with
more complex management; 2) the use of (mobile) toolkits made from
BQ, RQ and MQ types; and 3) the coexistence of complete and frag-
mentary operational sequences in different petrogenetic types. The
latter differ at the three sites, according to the availability of petroge-
netic types in the surroundings, the range of activities carried out at each
site and, probably, the different knapping properties of each type
(Prieto, 2018, 2022; Prieto et al., 2020).

Furthermore, we were able to geographically trace the origin of these
quartzites thanks to the characterisation of quartzites deriving from
potential procurement areas (massive outcrops, conglomerates and
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secondary deposits) and the analysis of cortical surfaces of the archae-
ological quartzite artefacts (Fernandes et al., 2007; Prieto et al., 2021c).
In this case, the identification of the quartzite types was enhanced by the
further classification of each type into varieties according to, for
instance, quartz grain size and non-quartz mineral content. The miner-
alogical characterisation was strengthened with WD-XRF. At the afore-
mentioned Middle Palaeolithic sites, quartzites were mainly collected
locally, but some varieties were transported over distances exceeding 30
km across a rugged terrain that reflects the exploitation of low-altitude
river banks and middle-altitude plateaus (Prieto et al., 2021c). For the
Cantabrian Upper Palaeolithic, we also observed that quartzites were
locally supplied, but longer mobility circuits (circa 50 km) were also
detected, particularly at the so-called aggregation sites, such as the
Asturian cave of Tito Bustillo (Area de Estancia) —Lower Magdalenian,
ca. 18,000 cal BP-, where retouched tools were made from different
types and varieties (Martin-Jarque et al., 2022).

The characterisation of strata with quartzites is also contributing to
the understanding of the local and regional geology in the study regions.
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Fig. 11. Surfaces of MQ quartzites observed with the SEM: a) Textural picture (200x) of ES-411, an MQ type in which new recrystallised and old quartz grains
cannot be distinguished. Sample from the Middle Palaeolithic Level XIII of el Esquilleu, Spain. b) Textural picture (100x) of CI-55325, showing the MQ band in the
sample (compare Fig. 10e). Sample from the Solutrean level of El Cierro, Spain. c¢) Detail (200x) of ES-411. LG: Lobated quartz grain limit. PQ: Polygonised

quartz grain.

This is the case for the Cantabrian Region, the Middle Rhine Valley, and,
superficially, for the Arabian Peninsula and the Iberian Massif (Prieto,
2018; Prieto et al., 2024a, 2024b, 2021d). This, together with the
description of quartzite facies in bedrock strata, the characterisation of
cements in conglomerates, and the quantification of petrogenetic types
of quartzites in consolidated and unconsolidated deposits, is shedding
light on procurement and acquisition systems. Among others, we have
been able to detect the quarrying of microcrystalline silica-cemented
quartz-arenites (Pastoors et al., 2022) and different preferences in the
selection of quartzites in river banks, especially when Cantabrian Middle
Palaeolithic and Upper Palaeolithic levels are compared (Prieto, 2018;
Prieto et al., 2022b, Prieto et al., in press).

Ongoing projects that are applying the petrogenesis of quartzite are
geographically and chronologically widening our understanding of the
procurement, transportation and management of quartzite throughout
the Lower to the Upper Palaeolithic and from Central Europe to
Southern Europe (Cristobal et al., 2025; de Lombera-Hermida and
Aldea-Moreira, 2023; Martin-Jarque et al., 2023; Prieto et al., 2024b),
with further collaborative work in progress for Stone Age sites in
southern Africa. Quartzite research in different parts of the world is also
broadening our understanding of prehistoric resource management
especially through the application of spectroscopic techniques, such as
VNIR, LA-ICP-MS, and XRF (Favreau et al., 2021; Pitblado et al., 2012,
Sherman III et al., 2024; Sjolander et al., 2024; Soto et al., 2020). This
research has shown promising results in the East of Africa, the Scandi-
navian Peninsula and North America, but also underlined the high
variability in rocks referred to as “quartzite” and the necessity of
establishing coherent petrographic types to trace quartzite sources. This
is particularly relevant for this rock and other silica-rich lithologies,
whose composition is controlled by multiple factors, including petro-
genetic processes.

The methodological potential in the application of petrogenesis and
the different topics that can be addressed with it are wide and diverse.
They include, among others, the knapping properties of different
petrogenetic types and varieties, the visibility of technical stigmata on
different quartzites, the application of transformative techniques to this
raw material, and the variability in use-wear formation on different
petrogenetic types (de la Pena et al., 2022; Eren et al., 2014; Pedergnana
et al., 2017; Schmidt, 2021; Schmidt et al., 2024; Vaquero and Alonso-
Fernandez, 2020). We expect to address most of them in the following
years thanks to the increased interest in this lithic resource, the
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maintenance and reinforcement of collaborations, and the application of
new transdisciplinary approaches and methodologies.

Our exploratory SEM analysis of fracture surfaces of quartzite sam-
ples demonstrates that this technique allows obtaining a three-
dimensional view of the diagnostic features of different quartzites pre-
viously observed in thin sections. It therefore represents a powerful
complementary method for non-destructive characterisation of these
rocks. Further work is required to understand how particular features
such as syntaxial overgrowth of grains affect crack propagation and
therefore the visual appearance of fracture surfaces, and how these
features are best identified using scanning electron microscopy. Such
investigations will also aid in linking relevant petrogenetic markers to
the fracture mechanical properties of different quartzites for the benefit
of lithic technological and functional analysis.

Finally, it is noteworthy that we limited the exploration here to
magnifications below 1000x, focusing mostly on general textural fea-
tures (magnifications 100-500x) to obtain comparisons with thin sec-
tions. The possibilities of the SEM in characterising e.g., matrix and
cement in detail, or in detecting deformation or weathering features on
constituent quartz grains, remain therefore underexplored.

6. Conclusions

A petrogenetic approach to archaeological quartzites presents a
robust means to classify material and to understand the working prop-
erties of quartzites and their implications for prehistoric raw material
economy. The methodological advances made in the recent years have
expanded the scope of non-destructive characterisation of quartzites by
revealing a systematic relationship between features observed in thin
section and the properties of quartzite fracture surfaces, as observed
under stereomicroscopes and digital microscopes. The exploratory
scanning electron microscope study we presented here demonstrated
that this instrument provides valuable additional data that allow
detecting features usually only visible in thin section non-destructively
and acquiring high-resolution topographic images that allow better
understanding the links between the structural features and the fracture
mechanical responses of different quartzites. This technique therefore
holds significant future potential for the petrogenetic and archaeological
analysis of quartzites as a part of a multi-scale and multi-instrument
approach.
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