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A B S T R A C T   

Advancements in microscopy technology have supported the traceological community in the pursuit of devel-
oping a quantitative approach in the field of use-wear analysis. The application of profilometry as a typical 
tribological tool, by providing micro-topographical scanning of artefact surfaces, has significantly expanded our 
capabilities, allowing us to (i) capture highly detailed micro-to-submicron-scale surface texture features, and (ii) 
attempt the calculation of various quantitative indices for characterising surface topography. The acquisition and 
statistical analysis of micro-topographical maps of the surface pose challenges when applied to Ground Stone 
Tools (GSTs), given their inherent petrographic and geometrical characteristics, as well as the diverse tasks these 
tools might have been involved in. In this pursuit, experimental replicas become indispensable, laying the 
groundwork for meaningful comparisons. By organising experiments sequentially and capturing surface texture 
at various stages of the replicative use, we achieve a dynamic comprehension of the evolution of the selected 
features over time. This study specifically hones in on task-specific experimental GSTs employed for the pro-
cessing of various plant organs selected among those present across the Pontic steppe during the Marine Isotopic 
Stage 3 (60–25 kyr). Exploiting confocal profilometry, the data acquired support a robust quantitative approach, 
enabling the discernment of specific features and trends linked to the treatment of different plant organs. This 
methodological advancement plays a key role in distinguishing the varied activities undertaken by these tools, 
thereby establishing a fundamental basis for future comparisons with archaeological artefacts and eventually 
contributing to expanding the range of tool use in the Palaeolithic.   

1. Introduction 

In archaeological lithic studies since the 1990s, various efforts have 
been made to achieve a quantitative description of tool’s surface texture 
(for discussions, see Stemp et al. 2016 and the literature therein). These 
efforts have been motivated by the need for univocal, objective de-
scriptors and parameters shared among the scientific and archaeological 
communities, which aim to avoid subjective terms derived from quali-
tative approach to imaging data analysis and thus enabling the com-
parisons among different studies. This involves the use of various 
techniques for acquiring 2D surface profile data (e.g., Astruc et al. 2003; 
Stemp and Stemp 2003; Evans and Donahue 2008; Delgado-Raack et al. 
2009; Bofill 2012; Bofill et al. 2013; Evans et al. 2014; Stemp 2014; 

Dubreuil et al. 2015; Gyurkovics et al. 2017; Macdonald et al. 2018; 
Delgado-Raack et al. 2022) and more recently 3D areal data (e.g., 
Goodall et al. 2015; Macdonald et al. 2019; Calandra et al. 2019a; 
Calandra et al. 2019b; Pedergnana et al. 2020; Zupancich and Cristiani 
2020; Chondrou et al. 2021; Ibáñez and Mazzucco 2021; Paixão et al. 
2021; Paixão et al. 2022; Sorrentino et al. 2023a). The latter allow the 
creation of detailed topographic maps that capture surface features at 
multiple scales of observation. However, it is important to note that 
previous efforts have predominantly concentrated on the analysis of the 
flaked industry. Applications to Ground Stone Tools (GSTs) have been 
limited, partly due to historically lower interest in this artefact category, 
which has only recently gained recognition for their high informative 
value as suitable multitasking tools. Additionally, distinct analytical 

* Corresponding authors. 
E-mail addresses: sorre.giusi@gmail.com (G. Sorrentino), marco.paggi@imtlucca.it (M. Paggi).  

Contents lists available at ScienceDirect 

Journal of Archaeological Science: Reports 

journal homepage: www.elsevier.com/locate/jasrep 

https://doi.org/10.1016/j.jasrep.2024.104669 
Received 30 January 2024; Received in revised form 15 May 2024; Accepted 1 July 2024   

mailto:sorre.giusi@gmail.com
mailto:marco.paggi@imtlucca.it
www.sciencedirect.com/science/journal/2352409X
https://www.elsevier.com/locate/jasrep
https://doi.org/10.1016/j.jasrep.2024.104669
https://doi.org/10.1016/j.jasrep.2024.104669
https://doi.org/10.1016/j.jasrep.2024.104669
http://creativecommons.org/licenses/by/4.0/


Journal of Archaeological Science: Reports 57 (2024) 104669

2

constraints and inherent characteristics of the artefacts pose challenges 
to the application of quantitative and statistical approaches. Unlike 
flaked tools, which generally feature a uniform composition and limited 
variation in terms of raw materials, tasks, and textural characteristics 
within the same assemblage, GSTs display a high degree of variability in 
all these aspects. Moreover, while flaked tools typically have a primary 
working surface either parallel or transversal to their main axis, GSTs 
can present multiple working areas, displaying varying levels of use 
intensity. Upper Palaeolithic GSTs are typically pebbles and slabs 
composed of rocks with diverse minerals, displaying various textural 
characteristics, implying substantial differences according to the area 
analysed. The broad spectrum of tasks performed using GSTs adds 
another level of complexity to their surface analysis and eventual 
comparison. Each specific activity leaves distinct textural changes on the 
tool’s surface, and when considering tools used for the same task, the 
variation in lithic composition further results in a diverse wear pattern 
(Delgado-Raack et al. 2022). Finally, within a given GST assemblage and 
when comparing different ones, there exists notable diversity in the 
types of rocks used, petrographic compositions, texture, and tasks per-
formed. All these substantial variability poses a challenge in establishing 
a direct comparison. This complexity is compounded by the possibility 
of a single artefact being used for multiple concomitant or sequential 
secondary use, leading to a diverse array of trace types and patterns 
(Adams 2002: 21). 

These aspects need careful consideration, especially when aiming for 
a mathematical description of very fine-scale surfaces using 3D areal 
data acquisition techniques, given the typically limited coverage area of 
these methods. 

We present the application of a profilometry system and the analysis 
of areal surface parameters to assess the surface texture of experimental 
GSTs used in task-specific activities, such as the processing of various 
plant organs. The experimental replicas were designed according to a 
sequential strategy (e.g., Tringham et al. 1974; Brink 1978; Fullagar 
1991; Lerner 2007; Hamon 2008; Ollé and Vergès 2014; Benito-Calvo 
et al. 2017; Pedergnana and Ollé 2017; Hayes et al. 2018; Sorrentino 
et al. 2023a), which considered measurements at multiple fixed exper-
imental time intervals. The primary aim is to verify and quantitatively 
describe the evolution of use-wear patterns on the tool’s surface. The 
analysis aims to determine whether this technique can effectively 
identify distinctive features and overall trends in surface modification, 
thereby shedding light on the different tribological mechanisms occur-
ring during the varied selected tasks. 

The utilisation of profilometer techniques and micro-topographical 
areal data in studying use-wear formation on replicative GSTs has 
been limited (Delgado-Raack et al. 2009; Procopiou et al. 2011; Bofill 
et al. 2013; Macdonald et al. 2019; Zupancich and Cristiani 2020; 
Chondrou et al. 2021; Paixão et al. 2021). Furthermore, only a smaller 
subset of these studies has focused on the elaboration of vegetal re-
sources using different lithotypes, with specific attention given to 
acorns, cereals, legumes, and wild grass grains (Zupancich and Cristiani 
2020; Chondrou et al. 2021; Paixão et al. 2021). Notably, these studies 
have considered tools made from limestone (Paixão et al. 2021), sand-
stone (Zupancich and Cristiani 2020; Chondrou et al. 2021), andesite, 
and granite (Chondrou et al. 2021). Our study extends this scope by 
encompassing various lithotypes, including sandstone, and introducing 
litharenite and quartz-arenite for which this quantitative approach has 
not been previously applied. Testing different lithic types is crucial, as 
each type of rock responds differently to mechanical stresses. Moreover, 
multiple vegetal resources and various plant organs were selected to be 
consistent with the resources available in the Pontic steppe during Ma-
rine Isotopic Stage 3 (MIS 3, 60–25 kyr) (Birarda et al. 2023). The re-
sources were chosen based on their varying levels of resistance to 
mechanical processing and a range of characteristics, including dimen-
sion, greasiness, stickiness, wetness, stringiness, brittleness, crunchi-
ness, and lightness, all aspects relevant for third-body abrasion. 
Consideration was also given to how these resources interact with the 

tool surface, such as scattering on the passive tool surface in the case of 
small and rounded resources (e.g., seeds or achenes) or adhering to tool 
surfaces for wet resources. The aim is to assess the degree of modifica-
tion of GSTs’ surface texture as a result of processing different media. 
Notably, the unprecedented choice to apply this quantitative approach 
combined with a systematic sequential replicative experiment proves 
pivotal in tracing the evolution of wear formation over time. Further-
more, establishing proxies for evaluating archaeological tools that ac-
count various stages of their use, facilitates subsequent comparative 
assessments and analyses of artefacts whose use-history is typically 
unknown. While we do not address the impact of post-depositional 
processes on the morphological characteristics of use-wear traces at 
this phase of the study, exploring the use stage of the tools’ life cycle is 
fundamental to understanding the underlying processes driving wear 
development on GST surfaces and, consequently, through a comparative 
approach, inferring the function of the archaeological tools. 

2. Materials and methods 

2.1. The equipment 

To conduct the surface micro-topographic analysis, a confocal pro-
filometer was chosen (Sorrentino et al. 2023a) due to the capability of 
the technique for the 3D reconstruction of selected regions, involving 
measurements and the calculation of indices to assess and understand 
the local phenomena of fracture and wear formation due to the cyclic 
use of the tools. The Leica DCM 3D dual-core measuring microscope 
available in the MUSAM-Lab at the IMT School for Advanced Studies in 
Lucca was exploited. This equipment was chosen mainly for its extensive 
surface measurement capabilities, ranging from several millimetres to a 
few nanometres, but also for its ability to analyse surfaces spanning from 
smooth to very rough, and for the high measurement speed, which is 
particularly useful for efficiently handling large collections. The profil-
ometer system is equipped with the capability to analyse surfaces in both 
confocal and interferometry modes. The confocal mode has been 
selected here based on the range of microstructures to be observed and 
for the maximum amplitude of roughness to be characterised. Lenses 
with different magnification were employed, in order to achieve multi- 
scale information on roughness and its evolution over time (see Borri 
and Paggi 2016, for similar applications to natural and artificial sur-
faces). The confocal objectives, featuring a higher Numerical Aperture 
(NA), facilitate the measurement of steep slopes, reaching a maximum 
local slope of 70 degrees. In this mode, the system achieves high- 
resolution measurements within the submicron lateral range and 
nanometre-scale vertical resolution. The confocal profilometer, 
employing a non-contact scanning approach, utilises distinct wave-
lengths of light directed at each point on the surface. By selectively 
capturing these focused wavelengths, automatically filtering out-of- 
focus information, and correlating wavelength and focal point dis-
tance the device can reconstruct the 3D topography of the surface, 
ensuring precise measurements of roughness heights (Bofill et al. 2013; 
Leica Microsystems 2023). To maintain stability during measurements, 
the equipment is placed on a passive vibration isolation base. 

The 10× objective lens of the Leica DCM 3D (characteristics reported 
in Table 1) was found to be the best option to capture areas of 850 μm2, 
whose size is optimal for the present application. Thus, the data 

Table 1 
Characteristics of the Leica DCM 3D objective lens 10× . The parameters for 
Numerical Aperture (NA), Field of View (FOV), Optical resolution and Vertical 
resolution, are reported.  

Objective 
magnification 

NA FOV (μm) Optical res. (X/Y) 
(μm) 

Vertical res. 
(nm) 

10× 0.30 1270 ×
950  

0.47 <30  
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presented here includes only those collected with this lens. 

2.2. Resources selection 

As extensively detailed in Sorrentino et al. 2023a, ten stones were 
selected, paired and used as GSTs involved in task-specific activities, 
such as processing various plant organs for both nutritional and other 
daily tasks. These activities may include pounding and grinding plants 
organs to obtain flour, reducing their volume for easier transport and 
extended storage, softening them for easier elaboration, consumption 
and digestion, or separating fibres for a broad array of complements (e. 
g., Stahl 1989; Bofill 2012; Dubreuil and Nadel 2015; Longo et al. 2021). 
Therefore, parts of plants were selected that may require pre-treatment 
before utilisation/consumption, chosen from both underground storage 
organs (USOs) – roots, rhizomes, tubers, and bulbs – and above-surface 
storage organs (ASOs) – fruits, kernels, seeds, and leaves. Specifically, to 
cover a range of diversity in terms of resistance to mechanical processing 

and characteristics such as morphology, wetness, and oil content, we 
selected small seeds/achenes, shelled fruits, and roots from different 
plants. Our selections include Rumex crispus (curly dock) achenes, 
Quercus sp. acorns, Corylus avellana hazelnuts, Cichorium intybus roots, 
and Armoracia rusticana roots. 

Prior to the use, the resources underwent diverse preparation pro-
cedures. Achenes were removed from the stems, while hazelnuts were 
cleaned of their husks but not from the nutshells. Roots were cleared of 
soil, lateral roots, and hairs, then cut into four pieces. All these resources 
were left to dry in open air for three months. Acorns had their pericarps 
removed. Half of them were oven-dried at 40 ◦C for 14 h, while the 
remaining were fresh-frozen to retain their water content (defrosted 
prior to use). 

The stones for the replicative experiments were selected and 
collected from coeval Miocene and Lower Pliocene formations, along the 
middle basin of the Fiora River, near Manciano (Italy), and from the 
Racovăț River near the village of Brînzeni in the Edinet region (Mol-
dova) (Sorrentino et al. 2023a). The Italian stones employed consisted of 
three litharenites: GS7, GS8, and GS3. The Moldovan stones, on the 
other hand, were the quartz-arenites M2, M3, M9, M12, M23, M25, and 
one graywacke, M5. The stones were designated as either active or 
passive tools, based on dimensions, shape, weight, and handling char-
acteristics, and then paired accordingly. Specifically, GS3, GS7, M12, 
M23, and M25 were selected as passive tools and paired respectively 
with the active tools M5, GS8, M9, M2, and M3 (see Table 2 for a 
summary of the rock types and tool pairs). 

In the design of the experimental collection, it was considered also 
the potential use of perishable materials, with a specific focus on 
wooden supports, owing to the ubiquity of this resource. Although ev-
idence of woodworking is reported for Palaeolithic sites, the authors are 
not aware of any instances of wooden implements serving as ground 
tools in Pleistocene contexts. This lack of evidence may be attributed to 
the vulnerability of perishable materials in non-arid archaeological 
settings. However, the Palaeolithic site of Abric Romani (Spain, 49–45 
uncal kyr) has yielded wooden flat, large artefacts, interpreted as dishes 
or containers for food (Carbonell and Castro-Curel 1992). 

To explore this option, three additional tests were introduced, 
involving active lithic tools and a wooden plate with a small rim used as 
a passive implement, to treat the three different types of media identi-
fied: achenes, shelled fruits and roots. Specifically, the stones selected as 
active tools were GS9, a quartz-rich sandstone collected from the Fiora 
River basin, M7 and M8, two quartz-arenites from the Racovăț River 
basin. 

2.3. The replicative experiment setup 

The experimental replicas were conducted according to a sequential 
strategy involving multiple usage cycles, each lasting 30 min (desig-
nated as Tx). A fixed amount of 15 g of aerial and underground plant 
organs were processed in each replicative cycle, weighed using an Orma 
electronic model BC laboratory scale with a readability of 0.1 g and a 
maximum capacity of 5 kg (Sorrentino et al. 2023a). 

At the end of each cycle, as well as at T0 (the unused stage of the 
tools), we applied a standardised multiscale documentation and 
analytical strategy to perform trace analysis, as detailed in Sorrentino 
et al. 2023a and Sorrentino et al. 2023b. This strategy included the use 
of polyvinylsiloxane (PVS) molds to obtain a negative copy of the surface 
and permanently document the surface texture, following a well- 
established procedure in lithic tools studies (e.g., Longo 1994; Ollé 
and Vergès 2014; Pedergnana and Ollé 2017; Hayes et al. 2018; 
Zupancich et al. 2019; Chondrou et al. 2021; Longo et al. 2021; Longo 
et al. 2022; Sorrentino et al. 2023a). The copy capacity of molds and 
their reliability to conduct surface texture analysis has been tested by 
previous studies (Bofill 2012; Goodall et al. 2015; Macdonald et al. 
2018; Delgado-Raack et al. 2022). 

The replicative experiment was designed to last for three cycles. 

Table 2 
The experimental GSTs under investigation, the analysed areas and the use- 
cycles considered for this study.  

ID Task Rock type Analysed areas Analysed T 

GS7 Passive tool. 
Achenes 
grinding 

Litharenite 2 squares: 
C4 at the centre of 
the used area; C2 in 
the peripheral 
region 

5 times: from T0 to 
T4 

GS8 Active tool. 
Achenes 
grinding 

Litharenite 1 square at the 
centre of the used 
area 

5 times: from T0 to 
T4 

M2 Active tool. 
Acorns 
pounding and 
grinding 

Quartz- 
arenite 

1 square at the 
centre of the used 
area 

5 times: from T0 to 
T3 (including T0.1 

dedicated to the 
remotion of the 
acorns shells) 

M23 Passive tool. 
Acorns 
pounding and 
grinding 

Quartz- 
arenite 

1 square at the 
centre of the used 
area 

5 times: from T0 to 
T3 (including T0.1 

dedicated to the 
remotion of the 
acorns shells) 

M3 Active tool. 
Dry roots 
pounding 

Quartz- 
arenite 

1 square at the 
centre of the used 
area 

4 times: from T0 to 
T3 

M25 Passive tool. 
Dry roots 
pounding 

Quartz- 
arenite 

1 square at the 
centre of the used 
area 

4 times: from T0 to 
T3 

GS9 Active tool 
paired with a 
wooden base. 
Achenes 
grinding 

Sandstone 1 square at the 
centre of the used 
area 

2 times: T0 and T3 

M7 Active tool 
paired with a 
wooden base. 
Hazelnuts 
pounding and 
grinding 

Quartz- 
arenite 

1 square at the 
centre of the used 
area 

2 times: T0 and T3 

M8 Active tool 
paired with a 
wooden base. 
Dry roots 
pounding 

Quartz- 
arenite 

1 square at the 
centre of the used 
area 

2 times: T0 and T3 

M12 Passive tool. 
Achenes 
grinding 

Quartz- 
arenite 

2 squares: 1 square 
at the centre of the 
used area; 1 at the 
centre of the 
ventral side 

2 times: T0 and T1 

M9 Active tool. 
Achenes 
grinding 

Quartz- 
arenite 

1 square at the 
centre of the used 
area 

2 times: T0 and T1 

GS3 Passive tool. 
Various 
plants 
resources 

Litharenite 1 square at the 
centre of the 
ventral side 

2 times: T0 and T4  
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Fig. 1. Images extracted from the 3D models of the GSTs (Sorrentino et al. 2023a; Sorrentino et al. 2023b) investigated in this study, shown at T0. It features the 
ventral and dorsal surfaces of the tools, along with sections extracted from the models. The light blue dashed lines highlight the areas directly involved in the task, 
extending to the last cycles of the replicative experiment, while the blue square indicates the analysed reference square (adapted from GS PhD thesis, Sorren-
tino 2023). 
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Therefore, for GS7-GS8, M2-M23, and M3-M25, which were associated 
with the three resource types – achenes/small seeds, shelled fruits and 
roots – the replicative tasks initially lasted for 90 min from T1 to T3, and 
analyses were performed at the end of each cycle. 

However, during data analysis, specific questions arose regarding the 
behaviour of surface roughness, which exhibited cyclic changes (as will 
be presented further in the Results). To verify this dynamic for the GS7- 
GS8 pair, for which the phenomenon is particularly evident, one addi-
tional replicative cycle was added (T4). Therefore, this pair of tools was 
used to grind Rumex crispus achenes for 120 min (T1 to T4). Achenes are a 
resilient resource, and for their transformation into flour, a predominant 
grinding motion, horizontal, bidirectional, and sometimes circular is 
needed. Due to their small and rounded shape, they scatter onto the 
passive stone surface as soon as they come into contact with the active 
tool, requiring frequent gestures to group and re-group them using 
either the free hand or the active tool itself. Their dispersal on the sur-
face caused recurrent contact between the active and passive tools, only 
partially mediated by the presence of the medium. Additionally, also 
M9-M12 were designated to process Rumex crispus achenes. The selec-
tion of two different lithotypes used to process the same resource aimed 
to verify if there is a difference in the wear process related to the distinct 
characteristics of the stones. For the specificity of the question, only one 
cycle of grinding (T1 − 30 min) was performed. Moreover, the ventral 
side (the face in contact with the soil) of M12 was also monitored, and 
molds were taken at T0 and at T1, the end of the replicative task. 

M2 and M23 were selected to elaborate Quercus sp. acorns. The 
process began with the removal of the pericarp using the same experi-
mental tools, marking this stage as T0.1. Subsequently, the resources 
underwent three cycles of 30 min each (T1 to T3) of light pounding and 
grinding. The acorn chunks and flour did not scatter all over the stone’s 
surface but remained grouped closer to the contact areas of both stones, 
mostly preventing direct contact between them. 

M3 and M25 were assigned to process Cichorium intybus roots. Dry 
roots were pounded using short, fast, and repeated vertical movements, 
interspersed with axial rotation of the active stone on the root and wrist 
pressing in place to separate the fibrous portion. Towards the end of the 
process, horizontal linear grinding movements were employed to pow-
der the obtained chunks. The contact between the stone surfaces was 
strongly mediated by the fibres and/or by the paste that derived from 
the processing and adhered to the surface, making the treatment of this 
resource more challenging. The process lasted three cycles, accumu-
lating 90 min of use. 

GS3 and M5 were utilised to transform various types of resources, 
including achenes, pods, and acorns. However, this test is solely dis-
cussed here in relation to the examination of the ventral side of the 
passive tool GS3. This face of passive GSTs experienced wear formation 
not directly ascribable to use but rather as a result of the blows and 
recoils absorbed during the task performed on the dorsal side. Similar to 
the analysis of the ventral side of M12, for GS3 this is also examined only 
at T0 and at the end of the replicative experiment T4. 

In addition to the previously mentioned experimental replicas, tests 
were conducted considering also a wooden passive base paired with 
three different active stones. These tools were used in three cycles of 30 
min each (totalling 90 min) to process the preselected plant organs — 
achenes, shelled fruits, and roots. In each cycle, GS9 and M8 were 
designated to process 15 g of dry Rumex crispus achenes and Armoracia 
rusticana roots, respectively. M7 was assigned to elaborate approxi-
mately 30 g of dry Corylus avellana hazelnuts per cycle. This process 
involved initially cleaning the hazelnuts from their shells, followed by 
pulverising the fruits within the same usage cycles. Kraybill (1977: 492) 
reports on the use of wooden mortars and pestles in ethnographic ex-
amples and classical archaeological contexts, purposefully involved in 
the processing of flour to obtain a desired fine-grained end product. Our 
study aligns with these findings, revealing an increase in tool efficiency 
when a wooden base is employed as a passive tool to process roots. 
Adherence to the wooden material is minimised compared to stone 

surfaces, resulting in easier resource processing. However, due to the 
smoothness and plasticity of wood, it has lower friction compared to 
stone, which reduces its effectiveness in transforming hard resources as 
achenes. Nonetheless, it is very effective in obtaining a cleaner and, 
therefore, finer grain flour, separating the coarse hulls of the achenes 
from the seeds. 

2.4. Sampled areas for analysis 

Before conducting the replicative experiments on all the stones, up to 
two 5 mm2 squares were marked with permanent ink. These squares 
served as control references. When molds were taken, part of the ink was 
transferred onto the PVS, ensuring that the reference remained constant. 
This was punctually examined after each experimental phase, starting 
from the natural state (T0), on both active and passive tools. Throughout 
all the replicative cycles, the analysed area remained consistent on the 
tool surface and, consequently, on molds, to trace the development of 
wear over time. The choice to draw it with permanent ink was made as 
the least invasive approach. Unlike other methods, such as scratching 
the sample (Stemp and Stemp 2003; Martisius et al. 2018) or attaching 
ceramic beads as reference points (Calandra et al. 2019b), the ink did 
not alter the stone’s surface texture and, therefore, the development of 
micro-traces in the area. However, it is prone to depletion caused by the 
task in which the stone is involved. Therefore, frequent redrawing of the 
square was performed, possibly creating a certain degree of un-
certainties in the analysis. 

The location of the reference square on each stone was selected from 
T0, before processing any resource (Fig. 1). As presented in Table 2 the 
square was placed at the centre of the surface preselected to be the 
working surface, where the contact with the material to be treated and 
eventually with the other stone is expected to be most intense. Addi-
tionally, to verify if there are substantial differences in the trend of 
surface modification between the central working area and a peripheral 
zone of the working area, a second square was drawn in one case, on the 
passive implement GS7. Furthermore, as already mentioned, to verify 
whether wear also developed on the unused ventral surface of the pas-
sive tools, two additional surfaces were considered in this study on GS3 
and M12, with both the initial state (T0) and the final time of use 
analysed. 

2.5. Data acquisition and processing 

As already reported, the 10× lens of the Leica DCM 3D confocal 
profilometer allowed to scan squares with an area of 850 μm2. Given that 
the reference square drawn on the stone surfaces were of 5 mm2, we 
scanned around twenty-five areas within this reference square. How-
ever, since the scanning process involves operator-controlled movement 
of the stage, the exact number of squares and exact scanned area may 
vary slightly from one T to the sequent one. 

Among the twenty-five scanned areas, nine squares on each surface 
under evaluation (approximately one-third of the total acquired areas) 
were selected for data analysis, employing the open-source software 
Gwyddion (version 2.59; Nečas and Klapetek 2012). As the molds 
represent the negative copies of the surfaces, data acquired on them 
were inverted on the z and flipped along the x-axis before analysis to 
simulate conditions on the actual tool surface. Additionally, a de- 
trending based on the subtraction of the average plane has been made 
to remove the effect of a non-planar tool. The small size of each analysed 
square (850 μm2) and the selection of nominally flat areas situated in the 
centre of the working surface, away from the curvature of the stone 
edges, render curvature de-trending unnecessary in this case. 

Utilising surface micro-topographic 3D maps, standard statistical 
parameters for areal characterisation were computed (e.g., Astruc et al. 
2003; Stemp and Stemp 2003; Evans and Donahue 2008; Delgado-Raack 
et al. 2009, 2022; Bofill 2012; Bofill et al. 2013; Evans et al. 2014; Stemp 
2014; Stemp et al. 2016; Calandra et al. 2019a, 2019b; Caricola et al. 
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2018; Macdonald et al. 2019; Zupancich and Cristiani 2020; Paixão et al. 
2021, 2022; Sorrentino et al. 2023a). 

Specifically, this study computed the Surface Heights Distribution, 
which gives the number of points on the surface with a given height 
value (Blateryron 2013), and ISO 25178–2 surface texture areal pa-
rameters (refer to Table 3). The most influenced parameters by the wear 
process on surface roughness are the Arithmetical Mean Height (Sa) and 
the Root Mean Square Roughness (Sq). The wear process leads to a 
gradual smoothing of surfaces, noticeable as a decrease in these pa-
rameters. Conversely, an increase in Sa and Sq could signify localised 
micro-fracture events of the brittle stone. These fractured asperities are 
typically rougher than the worn ones (Blateryron 2013; Calandra et al. 
2019a). Specifically, Sq provides insights into the standard deviation of 
surface height distribution with respect to the average plane. In contrast, 
Sa denotes the absolute difference in height for each point compared to 
the surface average. While these parameters are interrelated, Sq is 
considered statistically robust and widely used in contact mechanics. 
Consequently, the subsequent paragraph does not discuss the Sa 
parameter. 

It is worth noting that the software does not compute Kurtosis 
directly but provides the Excess Kurtosis value. This computation as-
sumes a Gaussian data distribution as 0 rather than 3 (Nečas and Kla-
petek 2012). 

Moreover, since the above traditional statistical roughness parame-
ters may depend upon the resolution of the instrument used to acquire 
the surfaces (Majumdar and Bhushan 1990; Zavarise et al. 2007), the 
Power Spectral Density (PSD) function was computed for selected areas 
on all the actively used sides of the GSTs that underwent surface mod-
ifications during their use. The differences between T0, representing the 

pre-wear state, and T1, after sufficient use to observe surface modifica-
tions, were analysed. The relationship between the PSD and spatial 
frequency reveals all the scale-invariant features of surfaces, particularly 
the roughness content at each scale. 

3. Results 

Upon the examination of the data, it becomes apparent that the 
initial roughness of the stones markedly varies when comparing those 
gathered from the Fiora and Racovăț rivers. The average Sq data for the 
analysed Moldovan stones is 23.2 ± 5.7 μm, while the Italian stones 
present a Sq average value of 39.8 ± 6.4 μm (Fig. 2). The use of the tools 
in grinding or grinding and light pounding actions resulted in a reduc-
tion of roughness for both active and passive tools, which is a typical 
effect of wear. An exception is noted for the stones used to treat dry 
roots, M25 and M3, where the roughness experiences an increase while 
performing the task. This can be explained by noting that the processing 
of this resource, primarily through intense pounding actions, may 
induce localised crack formation and the exposure of new surfaces, 
leading to an increase in Sa and Sq values at certain time intervals. 

For all the analysed experimental GSTs, the most significant differ-
ence in Sq is observed between the used and unused states, measured in 
this study after 30 min (T1). In the subsequent phases of use and 
consequent wear formations, small non-monotonic oscillations over 
time are evident, likely attributed to alternating cycles of surface texture 
levelling and damaging pattern formation. 

The pair GS7 and GS8, used to treat achenes, exhibits the most sig-
nificant difference between the T0 and T1 stages. The litharenites are 
indeed less resistant to mechanical stress than quartz-arenite. It is 
important to recall that achenes are small, rounded, and resilient re-
sources that scatter onto the passive tool’s surface, resulting in frequent 
stone-to-stone contact during grinding. This leads to intense and 
extended wear formation, visible even to the naked eye. It is also 
noteworthy that the two measured squares on GS7 exhibit different 
behaviours. After an initial decrease in the Sq parameter, which is more 
pronounced in the central C4 square, the roughness in this area becomes 
relatively constant with small non-monotonic oscillations, while in C2, 
fatigue accumulates, and the roughness value decreases over time 
(Sorrentino et al 2023a). This also emphasises the importance of 

Table 3 
ISO 25178-2 surface texture areal parameters.  

Parameter Meaning 

Sa [μm] Arithmetical mean height of the surface 
Sq [μm] Root means square height of the surface 
Ssk [-] Skewness of height distribution 
Sku [-] Kurtosis of height distribution 
Sp [μm] Maximum height of peaks 
Sv [μm] Maximum height of valleys 
Sz [μm] Maximum height of the surface  

Fig. 2. Boxplot of the Sq parameter of the analysed experimental GSTs (adapted from GS PhD thesis, Sorrentino 2023).  
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carefully selecting the analysed area and, ideally, choosing more than 
one area, as the results strongly depend on the sampling strategy and the 
specific location of the analysed square. 

In the case of M23, the passive tool used for acorn elaboration, the 
first 30 min of use (T0.1) did not significantly affect the surface. How-
ever, this stage represents only the removal of the pericarp of the fresh 
acorns, and therefore, the stress on the passive tool was minimal. 

Regarding the active tools paired with the wooden base, all 
demonstrate a decrease in roughness parameters after use. However, 
this reduction is less pronounced compared to the data presented for 
their corresponding active tools paired with lithic passive tools. This 
discrepancy can be attributed to the lower resistance, smoothness, and 
plasticity of wood, which result in reduced friction compared to stone. 
Among these GSTs, M8, the tool used to treat dry roots, exhibits the least 
intense modification. The elaboration of this resource has the least 
impact on wear development. 

All the stones display a height distribution at T0 with a Gaussian 

shape, featuring Sku values around 3 (indicating an excess kurtosis 
around 0) or a Leptokurtic distribution (Sku > 3), showcasing a sym-
metrical shape resulting in Ssk values around 0 or moderate negative 
skewness (e.g., Fig. 3). After use, the examination of the working sur-
faces indicates that these parameters did not experience substantial 
changes, except in the case of the Sku values for M2 and M12, where a 
significant increase is observed (Fig. 4). 

The values of Sp, Sv, and Sz exhibit considerable variability among 
the analysed samples (Fig. 5). When comparing Sp and Sv values for the 
stones in their natural state, it is evident that valley values consistently 
exceed peak values. Stones collected from the Fiora River show the 
highest surface amplitude, with an average Sz of 254 ± 36 μm, while 
stones from the Racovăț River have an average Sz of 171.4 ± 26 μm. 
Both parameters tend to decrease after tool usage on the utilised side of 
the GSTs. The Italian stones demonstrate a rapid, progressive smoothing 
of the texture, resulting in a notable reduction of Sp and Sv values. This 
process is much less pronounced in the pebbles collected from the 

Fig. 3. Examples of height distribution for the two active tools M2 and GS8. M2 exhibits a Leptokurtic distribution with a moderate negative skewness at T0, which 
becomes more pronounced with long tails at T1. On the other hand, GS8 at T0 shows a Gaussian data distribution, which slightly shifts towards a Leptokurtic 
distribution, especially at T3. The Ssk is around 0 initially, shifting slightly towards positive values with use (adapted from GS PhD thesis, Sorrentino 2023). 
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Racovăț River, particularly in passive tools. An exception is observed for 
the pair of Moldovan tools used to treat dry roots, presenting an increase 
in the values for the active tool M3, attesting the formation of pits and 
cracks on the surface during the treatment of roots. For the passive tool 
M25, the parameters remain relatively constant, confirming the less 
pronounced impact of this resource elaboration on wear formation 
compared to the treatment of other vegetal resources. 

The ventral side of the passive tools, measured for M12 and GS3, 
exhibits different behaviour compared to the used dorsal faces. In the 
case of M12, this was measured after 30 min of use, and indeed, the 
differences are not substantial. The only parameters worth reporting are 
the variations in the Ssk and Sku data, whose values trend show the 
opposite behaviour to the used surface, with a slight increase of Ssk and 
a decrease of Sku. Regarding GS3, the use of the dorsal side of the stone, 
caused at the ventral side the increase in the Sq value, probably due to 
the blows and recoils resulting from the processing and the contact of the 
surface with the soil. The Ssk, Sku, and Sp values did not show signifi-
cant variation between the use and unused stages, while the Sv, and 

consequently the Sz data, present a significant increase. 
It is evident that from a tribological perspective, the proposed 

experimental tests are quite complex, as they involve repeated contacts 
between the two lithic surfaces and the third body in between. To 
investigate the multiscale properties of the surfaces, particularly the 
roughness content at each scale, the PSD function has been computed. 
This was analysed for a selected square for each tool that has been 
subject to surface modifications during their use, considering T0 (as is, 
before occurrence of wear or microfracture) and T1 (after a sufficient use 
to see surface modifications). Bilogarithmic diagrams relating the PSD to 
spatial frequency were then determined. Fig. 6 illustrates the compari-
son between false-colour maps of surface portions at times T0 (left 
panels) and T1 (right panels) for the four active GSTs: M2, M3, GS8, and 
M9. Similarly, Fig. 7 shows the comparison for the four passive GSTs: 
M23, M25, GS7, and M12. In the micro-topographic false-colour maps, 
peaks are represented in red and valleys in blue. The corresponding 
surface PSD functions, depicted in blue for T0 and orange for T1, are 
displayed on the side plots and are well described by power laws, except 

Fig. 4. Boxplot of the Ssk and Excess Kurtosis parameters of the analysed experimental GSTs (adapted from GS PhD thesis, Sorrentino 2023).  
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for some flattening at large wavelengths (small frequencies). 
In the case of M2-M23, quartz-arenites used to process acorns, the 

medium is much softer than the stone material. In case of achenes, they 
are characterised by small size and tendency to spread over the passive 

tool’s surface, which requires low contact forces spread over a large area 
to process them. Under these conditions, the type of surface evolution is 
typical of grinding and polishing actions in tribology, when a process of 
step-by-step reduction of roughness takes place due to the action of the 

Fig. 5. Boxplot of the Sp, Sv and Sz parameters of the analysed experimental GSTs (adapted from GS PhD thesis, Sorrentino 2023).  
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abrasive particles in progressively finer sizes. In such a case, the PSD 
function modifies especially in the low frequency regime, with a pro-
gressive flattening (see Paggi and Barber 2011). GS8, and to a slightly 
lesser extent GS7, experienced the most intense surface depletion over a 
wide zone during processing. This was primarily due to the behaviour 
and resistance of achenes as we discussed, as well as to the softness of the 
lithotype (litharenite). Consequently, the PSD functions at T0 and T1 for 
these tools do not overlap across the entire frequency range. However, 
the slope and shape of their PSDs remain largely unchanged, indicating 
that the wear process did not alter the exponent of the power-law PSD, 
which is related to the fractal dimension D (for GS8 D = 2.25 at T0; D =
2.24 at T1; while for GS7 D = 2.27 at T0; D = 2.24 at T1). Instead, it 
influenced the multiplicative coefficient of the power-law related to the 
root mean square surface roughness. For the pair M12-M9 used to treat 
the same medium, but made of resistant quartz-arenites, results do 
confirm, also in terms of PSD and not only in terms of the computed 
roughness parameters, the almost invariance of their surface features 

after use, since PSD functions at T0 and T1 overlap for most of the fre-
quency range. However, M9 (previous studies have demonstrated that 
active tools undergo a more pronounced wear process during vegetal 
resource grinding compared to passive implements; Adams 2002: 119; 
Sorrentino et al. 2023b) present a cut-off to the PSD power-law trend for 
small frequencies, which is a typical effect of artificial surface finishing 
(polishing/grinding) operations in tribology (Paggi and Barber 2011) or, 
as in this case, of human induced use-wear process. 

A different evolution over time is noticed for the pair M3-M25, with 
an increase in the content of roughness in the low frequency range, 
especially for M3 and to a minor extent also for M25, while the slope of 
the PSD remains almost unchanged. The two stones are made of the 
same quartz-arenite and used to process dry roots as third-body in be-
tween, which have higher adhesion than the previous resources and 
their processing requires higher impact forces of the active tool. The 
high stiffness and adhesion of the medium, combined with those pro-
cessing conditions, are sufficient to induce a different type of surface 

Fig. 6. Left: False-colour maps of a designated square on the used areas of the active tools at T0 and T1 are displayed. Right: The power spectral data for these areas 
are presented. 
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damage as compared to polishing or grinding. As numerically investi-
gated by Milanese et al. (2019) using molecular dynamics simulations, 
emergence of self-affine surfaces may occur during adhesive wear under 
special conditions. As they found, if the wear debris size is sufficiently 
small, then it can lead to fracture at the asperity level instead of plastic 
deformation and, as a result, the steady-state surface after wear can 
appear rougher than before. This can be compatible with the observed 
increase in the PSD content only in the low frequency range, thus 
leading to a single PSD slope typical of self-affine surfaces. The analysis 
of the PSD function of M3 leads to a fractal dimension D = 2.39, which is 
a value close to the range of D = 2.1–2.3 reported in the literature for 
self-affine fractured rocks (Candela and Brodsky 2016; Renard et al. 
2019; Sagy et al. 2017). 

4. Discussion and conclusion 

The acquisition and statistical elaboration of surface areal data 

represent a reliable and quantitative approach for use-wear analysis, 
facilitating precise data collection and promoting informed interpreta-
tion. Nevertheless, when analysing the data —particularly in con-
structing a reference collection for comparisons to support the 
functional interpretation of archaeological artefacts— certain relevant 
aspects need to be considered. 

The importance of selecting lithotypes compatible with the archae-
ological context is evident and has been demonstrated, as the raw ma-
terial of tools influences their response to mechanical stresses during 
contact and the consequent development of fracture and wear. Addi-
tionally, the present study highlights the significant impact of the 
selected area for data acquisition on the overall analysis, emphasising 
the necessity of acquiring a sufficient number of areas to draw conclu-
sions that are statistically robust. In this regard, the computation of the 
spectral density function of the surfaces, in addition to the standard 
statistical parameters of roughness, has been shown to be very useful to 
synthetically interpret complex surface evolutions within a multi-scale 

Fig. 7. Left: False-colour maps of a designated square on the dorsal side of the passive tools at T0 and T1 are displayed. Right: The power spectral data for these areas 
are presented. 
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perspective. While this method is well established in tribology, espe-
cially in relation to the analysis of metallic surfaces in relative contact, 
its cross-disciplinary application to quasi-brittle stones for archaeolog-
ical investigations is unprecedented and can be considered an important 
asset to be transferred. 

The conducted analysis has brought to light distinct phases of surface 
depletion, unveiling a cyclic pattern of surface roughness. This pattern 
involves recurrent cycles of roughness increase and decrease, oscillating 
between the flattening of the texture and the formation of cracks, pits, 
and features that expose new surfaces with higher coarseness. This 
identified repetitive behaviour of the GSTs’ surface is being documented 
for the first time, owing to the innovative application of a quantitative 
approach to an experimental collection constructed according to a 
sequential strategy. This offers valuable insights into the examination of 
archaeological GSTs, for which the use-biography and the utilisation 
stage are typically unknown, by providing an overview of the possible 
wear development over time. 

Moreover, the inclusion of the ventral side of the passive tools (the 
surface in contact with the ground) in the examined areas yields valu-
able insights for differentiating between utilised and unused surfaces. It 
is crucial to highlight that even areas not directly involved in processing 
undergo transformations and display distinct wear patterns. Notably, 
this study marks the first instance of tracing and measuring wear 
development on the unused side of the experimental GSTs. However, to 
ensure robust comparisons, the dataset requires expansion. 

The data also clearly indicate that the most substantial surface 
modification occurs during the transition from the unused to the used 
stage, which was monitored in the experiments after 30 min of use. It is 
evident that the processing of vegetal resources leads to a decrease in 
roughness. However, specific patterns for certain types of resources are 
identifiable, such as the opposite trend with an increase in roughness 
parameters when processing dry roots or a significant impact on the 
texture during the achenes processing. 

Unprecedentedly, the analysis also explores the potential use of 
perishable resources, such as wood, as implements for daily activities 
like processing vegetal resources. The quantitative analysis highlights 
that despite the change of lithotype and processed resource, and 
consequently the different kinematics of the gesture, the contact of the 
stone with the wood leads to a flattening of the topography of the lithic 
tool. 

In conclusion, it is crucial to emphasise that when utilising this 
technique for archaeological functional interpretation, this type of data 
cannot stand alone. Instead, it requires a robust foundation rooted in 
microscopy, traceological observations, and residue analysis. This is 
because specific patterns may be common to multiple resources, and a 
comprehensive approach involving various analytical methods en-
hances the accuracy of functional interpretations. 
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Durand (Eds), Éditions APDCA, Antibes, pp. 220-226. 

Borri, C., Paggi, M., 2016. Topology simulation and contact mechanics of bifractal rough 
surfaces. Proceedings of the Institution of Mechanical Engineers Part J: Journal of 
Engineering Tribology, 230, pp. 1345-1358. Doi: 10.1177/1350650116641017. 

Brink, J.W., 1978. The role of abrasives in the formation of lithic use-wear. J. Archaeol. 
Sci. 5, 363–371. https://doi.org/10.1016/0305-4403(78)90055-9. 

Calandra, I., Schunk, L., Bob, K., Gneisinger, W., Pedergnana, A., Paixao, E., 
Hildebrandt, A., Marreiros, J., 2019a. The effect of numerical aperture on 
quantitative use-wear studies and its implication on reproducibility. Sci Rep 9, 6313. 
https://doi.org/10.1038/s41598-019-42713-w. 

Calandra, I., Schunk, L., Rodriguez, A., Gneisinger, W., Pedergnana, A., Paixao, E., 
Pereira, T., Iovita, R., Marreiros, J., 2019b. Back to the edge: relative coordinate 
system for use-wear analysis. Archaeol Anthropol Sci 11, 5937–5948. https://doi. 
org/10.1007/s12520-019-00801-y. 

Candela, T., Brodsky, E.E., 2016. The minimum scale of grooving on faults. Geology 44, 
603–606. https://doi.org/10.1130/G37934.1. 

Carbonell, E., Castro-Curel, Z., 1992. Palaeolithic wooden artefacts from the Abric 
Romani (Capellades, Barcelona, Spain). J. Archaeol. Sci. 19 (6), 707–719. https:// 
doi.org/10.1016/0305-4403(92)90040-A. 

G. Sorrentino et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/S0043-1648(03)00173-X
https://doi.org/10.1111/arcm.12325
https://doi.org/10.1038/s41598-023-46970-8
https://doi.org/10.1038/s41598-023-46970-8
https://doi.org/10.1007/978-3-642-36458-7_2
https://doi.org/10.1007/978-3-642-36458-7_2
http://refhub.elsevier.com/S2352-409X(24)00297-9/h0030
http://refhub.elsevier.com/S2352-409X(24)00297-9/h0030
http://refhub.elsevier.com/S2352-409X(24)00297-9/h0030
http://refhub.elsevier.com/S2352-409X(24)00297-9/h0030
https://doi.org/10.1016/0305-4403(78)90055-9
https://doi.org/10.1038/s41598-019-42713-w
https://doi.org/10.1007/s12520-019-00801-y
https://doi.org/10.1007/s12520-019-00801-y
https://doi.org/10.1130/G37934.1
https://doi.org/10.1016/0305-4403(92)90040-A
https://doi.org/10.1016/0305-4403(92)90040-A


Journal of Archaeological Science: Reports 57 (2024) 104669

13

Caricola, I., Zupancich, A., Moscone, D., Mutri, G., Falcucci, A., Duches, R., Peresani, M., 
Cristiani, C., 2018. An integrated method for understanding the function of macro- 
lithic tools. Use wear, 3D and spatial analyses of an Early Upper Palaeolithic 
assemblage from North Eastern Italy. PLoS One 13 (12), 1–46. https://doi.org/ 
10.1371/journal.pone.0207773. 

Chondrou, D., Bofill, M., Procopiou, H., Vargiolu, R., Zahouani, H., Valamoti, S.M., 2021. 
How do you like your cereal? A qualitative and quantitative use-wear analysis on 
archaeological grinding tools from prehistoric Greek sites. Wear 476. https://doi. 
org/10.1016/j.wear.2021.203636. 
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