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A B S T R A C T

Among the various phases of pottery production and use that can be examined through traceological analysis, 
surface treatment remains one of the least explored. Understanding certain phases of past production processes 
through material remains often necessitates the establishment of reference frameworks that facilitate the iden
tification and characterization of the actions responsible for their formation. In this context, experimental 
archaeology provides a means to reconstruct the relationships between the archaeological record and past 
technological practices.

This study proposes an experimental program focused on the surface treatment of pottery and the tools 
employed in these processes, with a primary emphasis on the categories of tools utilized in the production of 
prehistoric handmade ceramics. The central hypothesis posits that distinct tools generate distinguishable surface 
traces. To systematically document and characterize the traces produced by various tool types—including 
pebbles, flint spatulas, pottery spatulas, shell spatulas, linen rags, grass, and leather—a comprehensive catalogue 
has been compiled. This catalogue integrates visual documentation with qualitative data on surface traces and 
overall appearance.

Additionally, confocal microscopy was tested as a means to quantitatively assess the visual differences 
observed between distinct surface treatments. The findings indicate that confocal microscopy is both a precise 
and accessible technique for measuring surface microtexture. The results underscore the methodological po
tential for traceological and textural analysis of ceramic surface treatments. The ability to differentiate between 
various surface treatment techniques offers new avenues for the study of prehistoric pottery, enhancing our 
understanding of ancient ceramic production practices.

1. Introduction

Pottery vessels shared functionality with those made from other 
perishable materials, such as baskets made from natural fibres and 
containers made from cucurbits, large seeds or tree bark. In contrast, 
pottery vessels survive in the archaeological record. Their relative 
abundance and optimal degree of preservation make it possible to obtain 
information on the methods and strategies of artefact production in the 
past, as the various steps in the process of manufacture, use and amor
tisation can be reconstructed.

In order to analyse the production techniques and use of pottery 

vessels, the application of traceological analysis methods is essential 
(Semenov, 1964). Although originally associated with the lithic and 
bone industries, in recent years it has been extended to the study of 
pottery manufacture (Pierret, 1995; Gelbert, 2005; Visseryas, 2007; 
Godon, 2010; Colas, 2005; Cascadden et al., 2020; García-Rosselló, 
2006, 2010; García-Rosselló & Calvo, 2006, 2013; Martineau, 2001, 
2006, 2010; Livingstone-Smith, 2007; Petrequin et al., 2009; Ard, 2014; 
Fazeli et al., 2010; Lepère, 2014; Forte, 2014, 2019; Gomart, 2014; 
Gomart & Burnez-Lanotte, 2016; Gomart et al., 2017; Roux, 2016, 2019; 
Cámara et al., 2021a, 2021b; Calvo, 2019; Gawron-Szymczyk et al, 
2020; Ionescu & Hoeck, 2020; Thér, 2020) and use (Hally, 1983; López- 
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Varela et al., 2002; Vieugué, 2014a, 2014b, 2015; Forte, 2018; Barjeot 
et al., 2020; Debels, 2024; Drieu et at. 2020; Taranto et al., 2023).

Among the various phases of pottery production and use that can be 
approached through traceological analysis, surface treatment remains 
one of the least explored. Surface treatment of a pottery vessel involves a 
specific form of intervention on the raw material. It is the set of technical 
operations during which the internal and external walls of the pot are 
regularised and treated in order to increase impermeability, thermal 
conductivity and wear resistance. In addition, there is a visual and 
aesthetic improvement (Timsit, 1997). This type of treatment is usually 
carried out before firing, either by hand or using tools. However, some 
specific treatments using organic or inorganic substances can be carried 
out after firing to improve the mechanical and aesthetic properties of the 
pottery. These are the so-called “post-firing treatments” (Gosselain, 
2002, 2010; Roux, 2016, 2019). On archaeological artefacts, surface 
treatment is documented by the identification of traces − of various 
types and with multiple attributes − and by the appearance of the sur
face. The variability of the traces depends on the state of drying con
sistency of the paste and its composition, the time spent working the 
surface and the tools used (Martineau, 2010). The potter’s choice is 
determined by the functional or aesthetic purpose of the surface treat
ment. Thus, by reconstructing the final stages of the pottery-making 
process, it is possible to identify human activity in terms of technical 
choices, production methods and labour investment. The surface treat
ment tends to erase the traces left by the first stages of modelling, 
through mechanical action and the overlapping of working stages on the 
vessel. Other traces are still visible in the section of the sherd (García- 
Rosselló & Calvo, 2006, 2013; Roux, 2016, 2019).

Although some research has defined and characterised surface 
treatment (Shepard, 1956; Rye, 1981; Rice, 1987, 1999; Arnal, 1989; 
Skibo, 1992; Orton et al., 1993; Gibson and Woods, 1997), the processes 
of finishing pottery vessels are still considered a marginal stage in the 
pottery technology. The focus has been on the other stages, such as clay 
acquisition and processing, forming techniques and firing. Nevertheless, 
the last three decades have seen a proliferation of interesting method
ological contributions calling for more detailed studies and advocating 
the development of specific research programmes to better understand 
the surface treatment stage. The potential for in-depth research has, in 
other words, started to be recognised (Schiffer, 1990; Binder et al, 1994; 
Schiffer et al, 1994; Skibo et al, 1997; Timsit, 1997; Martineau, 2006, 
2010; García-Rosselló & Calvo, 2006, 2013; Forte, 2014, 2019; Lepère, 
2014; Forte & Lemorini, 2017; Ionescu et al. 2015, 2019; Roux, 2016; 
Calvo, 2019; Díaz-Bonilla, 2019; Cascadden et al. 2020; Gawron- 
Szymczyk et al. 2020; Ionescu and Hoeck, 2020; Previti & Lemorini, 
2024). The results of the experimental programmes of traceological 
recreation, when compared with archaeological material, enable us to 
explore questions related to the labour time invested in the execution of 
each manufacturing phase, the evolution of savoir-faire socially, the 
processes of know-how, etc. This paper aims to approach surface treat
ment through a quantitative methodology by applying confocal micro
scopy and metrology to the characterization and classification of pottery 
surface wear. The application of quantitative methods to the study of 
wear patterns has developed enormously over the last few decades, and 
a wide range of techniques has been applied to an increasingly diverse 
array of raw materials (e.g., flaked stone and ground stone tools made of 
flint, quartz, and other rocks, as well as bone, teeth, shell, etc.) 
(Martisius et al. 2018; Macdonald et al. 2019, 2025; Ibáñez et al. 2019; 
Pedergnana et al. 2020; Jiménez-Manchón et al. 2024; Zupancich et al. 
2025).

Pottery surfaces have also been characterized using confocal mi
croscopy, and an initial pilot study was published by Diaz-Bonilla et al. 
(2020) as part of a broader project that includes both qualitative and 
quantitative explorations of surface techniques (Diaz-Bonilla 2022). In 
this study, the method previously tested is expanded by increasing the 
number of samples and variables included in the analysis. A broader 
range of treatment methods is examined, and two types of clay raw 

materials are tested.
The main objective of this research is not only to confirm the 

applicability and reliability of confocal microscopy for characterizing 
pottery surface treatment techniques but also to explore whether this 
method allows for the accurate identification of perishable tools, which 
are rarely recognized in the archaeological record due to their organic 
nature.

1.1. Main goals

This paper analyses part of the experimental programme carried out 
(Díaz Bonilla, 2022; 2023) using quantitative analysis methods.

The traces obtained experimentally will be studied using confocal 
microscopy, a method that allows data of a quantitative nature to be 
extracted. These data will be statistically analysed. Our hypothesis is 
that the traces can be grouped according to their typology and character, 
depending on the conditions under which they were created. Traces can 
be classified of quantitative observations, but their visual variability can 
be also expressed in terms of variation of textural parameters by using 
quantitative methods. This has been recently tested in different works 
(Ibañez et al. 2019, 2021; Ibañez & Mazzucco, 2021; Mazzucco et al. 
2022). In this way, the treatment of quantitative data from texture 
exploration will allow us to confirm the proposed groups, giving quan
titative solidity to this proposal. The originality of this research is to 
provide quantitative alternative methods that will help to support the 
qualitative categorisation of the traces.

The use of quantitative methods for the study of handmade pottery 
production processes has been proposed in previous work, in a very 
preliminary way (Díaz-Bonilla et al. 2020). This has already yielded 
positive preliminary results in correlating certain traces unambiguously 
with different types of tools. In the case of the present work, we aim to go 
further by considering a more extended and complete part of the 
experimental programme for quantitative analysis.

In any case, the use of quantitative methods for the analysis of 
technological traces of pottery production will allow us (1) to classify 
the traces according to their production conditions, (2) to establish 
groups of traceological and textural similarity, (3) to give solidity to the 
classification by carrying out statistical tests, (4) to correct the subjec
tivity introduced by the analyst during the macroscopic/qualitative 
analysis and (5) to promote the empirical classification of technological 
production processes left on pottery surfaces.

2. Materials and methods

2.1. Materials: The experimental reference collection

As a basis for the research, an experimental programme was devel
oped with the aim of reproducing the manufacturing traces on the 
pottery surfaces, considering the variables involved in the technological 
production process of the vessels.

Through the analysis of the experimental samples, the evolution of 
the regularisation and finishing stages of the vessel, better known as the 
surface treatment (traces and appearance of the surfaces), has been 
characterised. The surfaces of the experimental samples show traceo
logical and textural characteristics that are the result of the combination 
of variables selected and controlled in the experimental programme.

The reference collection has been designed to be general and to 
represent a wide range of surface treatments. When designing the 
experimental programme, we take certain variables that exist in reality 
as given or external: the aim is to study how their variation affects the 
behaviour of the other aspects. We therefore recreate as many types of 
surface traces and aspects as possible, taking into account a wide range 
of variables, selected from previous research by García-Rosselló, 2010; 
García-Rosselló & Calvo, 2013; Martineau, 2010; Lepère, 2014. These 
variables are of two types: those that constitute the experiment or the 
independent variables (type of clay, drying time or consistency of the 
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clay, time or labour investment and type of tool) and those that allow the 
experiment to be analysed (type of trace − type of section, edge and limit 
of the trace − depth, dimension, distribution and orientation of the 
traces).

Two types of clay have been selected, differing in nature and physical 
properties. The first is an industrial clay sold in commercial outlets 
specialising in pottery. Its particularity is that it is obtained packaged 
and ready to use, which guarantees its optimal conservation; specif
ically, the product reference is PA84BIS15 Bisbal Red wet paste. 15 kg 
per package. The technical specifications are plastic dough with 18–21 
% moisture content; drying shrinkage 6–6.5 %; loss on firing 4.9–5.4 %; 
optimum firing temperature 1000◦-1080 ◦C; water absorption 12–16 %; 
firing shrinkage 1–1.2 %. The choice of this unique clay was motivated 
by the need to reproduce the traces and aspects of surfaces on a base 
where there would be no interference from a large grain temper. How
ever, its purity means that it is not equivalent to archaeological pottery, 
where the clay is rich in organic or inorganic temper, often very abun
dant and large in size. For this reason, it was necessary to include in the 
experimental programme other types of clay, more in line with the way 
in which archaeological pottery is made. A clay from a calcareous 
geological environment in the south of the Iberian Peninsula was 
selected.

Eleven tools have been selected, which can be divided into two 
groups: perishable (Grass, wooden spatula, linen rag, leather and wool) 
and non-perishable tools (pebble, flint spatula, metapodial spatula, 
antler, pottery spatula or estèque and shell spatula).

In relation to the consistency of the ceramic clay, four drying stages 
have been experimented with: wet, leather-green, leather-hard and dry 
consistency.

Finally, three different intensities of labour investment have been 
considered: low (2 min per sample), medium (5 min) and high invest
ment (10 min).

In order to plan the experiment accurately, only one of the variables 
was modified in each experimental sample, leaving the others stable. 
The variables considered in the experimental programme are the 
following: 1) type of clay, 2) type of pottery tools, 3) clay consistency 
and 4) labour investment.

In the present programme, 264 experimental samples have been 

Table 1 
Samples selected from the experimental programme to be examined by confocal 
microscopy. M is the abbreviation for sample (muestra).

Sample 
code

Type of 
pottery tool

Type of clay Clay 
consistency

Labour 
investment

M1.0 / 
M2.0

Untreated Industrial 
(M1group) / 
Natural (M2 
group)

Green-leather 
consistency

Medium (5′)

M1.56 / 
M2.56

Pebble

M1.57 / 
M2.57

Flint spatula

M1.58 / 
M2.58

Metapodial 
spatula

M1.59 / 
M2.59

Grass

M1.60 / 
M2.60

Antler

M1.61 / 
M2.61

Pottery 
spatula or 
Estèque

M1.62 / 
M2.62

Wooden 
spatula

M1.63 / 
M2.63

Shell spatula

M1.64 / 
M2.64

Linen rag

M1.65 / 
M2.65

Leather rag

M1.66 / 
M2.66
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generated. Of these, 132 are for industrial clay and 132 for natural clay 
(Tables 1 and 2). For the specific quantitative analysis, the samples are 
selected as detailed in the following section.

2.1.1. Selection of samples
To perform the statistical test, 24 samples from the experimental 

programme were analysed. These samples are the result of the combi
nation of the following variables: 

a) Industrial and natural clay

b) Green-leather consistency
c) Medium labour investment (5′ for sample)
d) All types of tools (pebble, flint spatula, metapodial spatula, shell 

spatula, antler, pottery spatula or estèque, wooden spatula, linen rag, 
grass, wool and leather)

This set of conditions is considered highly representative for 
archaeological applications. Green-leather consistency is regarded as 
the most likely state in which pottery was worked, as the material is 
resistant yet still malleable at this stage. Medium labour investment (5 

Fig. 1. Macroscopic photographs taken with a Leica IC 3D MZ16FA binocular loupe at 6.30x magnification of the surface of each test sample of industrial clay included in the 
test. A: M 2.0 / B: M 2.56 / C: M 2.57 / D: M 2.58 / E: M 2.59 / F: M 2.60 / G: M 2.61 / H: M 2.62 / I: M 2.63 / J: M 2.64 / K: M 2.65 / L: M 2.66.
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min for sample) is assumed to be an average working time, sufficient to 
produce the desired surface characteristics. All types of tools and both 
industrial and natural clays were included in the analysis to capture a 
comprehensive range of potential wear patterns.

2.2. Methods: Textural analysis through confocal microscopy

The first application of confocal microscopy to explore pottery sur
face treatment has been recently published in Díaz Bonilla et al. 2020. 
Building on the methodology presented in this first pilot study, a 

standard workflow for data acquisition has been applied, drawing also 
on previous studies by Ibáñez et al. (2019, 2021), Ibáñez & Mazzucco 
(2021), and Mazzucco et al. (2022). A Sensofar Plu Neox blue light 
scanning confocal microscope equipped with a 10X (0.30NA) objective 
was used. In previous tests, the 10X magnification gave better discrim
ination results than the 20X and 50X magnifications (Díaz Bonilla 2022). 
The spatial sampling used was set to 0.69 μm, with an optical resolution 
of 0.47 μm and a z-step interval of 1 μm. The field of view (FOV) for 
these measurements was 2.2 mm. For each plate, 40 areas of 650 × 500 
μm were measured to fully cover the internal textural variability. Each 

Fig. 2. Macroscopic photographs taken with a Leica IC 3D MZ16FA binocular loupe at 6.30x magnification of the surface of each test sample of natural clay included in the 
test. A’: M 2.0 / B’: M 2.56 / C’: M 2.57 / D’: M 2.58 / E’: M 2.59 / F’: M 2.60 / G’: M 2.61 / H’: M 2.62 / I’: M 2.63 / J’: M 2.64 / K’: M 2.65 / L’: M 2.
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area was then processed using SensoMAP Standard v.8 from Digital Surf. 
The scanned areas were processed using a levelling operator with a least- 
squares (LS) plane method and a shape removal operator. Spatial 
filtering is then applied to isolate the roughness components of the 
surfaces using a Gaussian filter with a 0.08 mm cut-off.

A total of 40 texture parameters included in the ISO 25178 standard 
and three parameters measuring the furrows contained in each surface 
were extracted. The surfaces were classified according to the type of tool 
used for their treatment (Fig. 1), which represents our FACTOR1: (1.00 
’untreated’ 2.00 ’pebble’ 3.00 ’flint sp. 4.00 ’bone’ 5.00 ’grass’ 6.00 
’antler’ 7.00 ’pottery’) 8.00 wood 9.00 ’shell 10,00 ’linen’ 11,00 
’leather’ 12,00 ’wool’).

Once data has been acquired, filtered, and processed, a statistical 
flow for its analysis has been applied. The entire statistical procedure 
used to clean, process and analyse the surface data is described in the 
TRAC3D repository, already used in previous papers (Clemente-Conte 

et al. 2024; Mazzucco et al. 2024). The repository is available in open 
access. All the tables generated are attached as supplementary materials 
(S1-13). The original dataset (RAWDATA.csv) is cleaned and checked 
for integrity by removing duplicates and columns containing missing 
values (NA). The variance of the 43 texture parameters is then calculated 
to eliminate predictors with zero or near-zero variance. At this point, 
two procedures are carried out to select the most significant predictors 
(S1-2): removal of predictors with a low p-value (>0.005) and removal 
of highly correlated predictors (>0.8) (Table 3). A final set of 12 pre
dictors was selected (Table 1) (S3-4). An outlier removal procedure 
using the interquartile range (IQR) method (Tukey, 1977) was then 
initiated and applied to the selected textural parameters. As a result, 57 
rows containing outliers are removed from the original data set (S5).

Once the data set has been cleaned, a limited set of significant pa
rameters is selected and a Linear Discriminant Analysis (LDA) is per
formed using the lda function, where FACTOR1 is used as the dependent 

Fig. 3. 3D images of the surface of each test sample with natural clay included in the test. A: M 2.0 / B: M 2.56 / C: M 2.57 / D: M 2.58 / E: M 2.59 / F: M 2.60 / G: M 
2.61 / H: M 2.62 / I: M 2.63 / J: M 2.64 / K: M 2.65 / L: M 2.66.
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variable and all other parameters are independent variables. The first 
test was carried out on natural clay samples only (Fig. 1). The LDA 
model is used to predict the class labels for each observation in the 
training data set (S6). Therefore, cross-tables are created to compare the 
actual FACTOR1 values with the predicted values (S7). A second LDA 
model is made using the same texture parameters but grouping data in a 
reduced set of categories (so grouping tool categories) based on the 
previous model. Finally, the procedure is repeated for samples made on 
industrial clay.

3. Results

3.1. Quantitative analysis

As outcome of the statistical procedure, the global percentage of 
cases correctly classified across the 12 classes is 60.7 %. Looking at the 
scatter plot (Fig. 4), three main clusters can be identified. The pottery 
spatula class appears to be stretched along the LD1 axis, indicating that 
this discriminant is effective in separating it from other classes. The wool 
and leather classes appear to be separated along the LD1 axis. They 

appear as distinct clusters away from the centre of the plot, indicating 
that LD1 is effective in distinguishing them. The larger cluster contain
ing the remaining classes shows a mixture of points, although there are 
sub-clusters within this group.

Looking at the contribution of the texture parameters to the first two 
dimensions (S8), we can see that:

− LD1 separates ‘pottery spatula’ from other classes: as illustrated in 
Fig. 4, LD1 explains 53.4 % of the variance and effectively separates the 
pottery spatula class from the rest of the classes. The most influential 
variables for LD1 are Svi (26.56), Sbi (2.25), and Sci (− 1.92), all of 
which are associated with the surface’s roughness and texture. The 
negative coefficients for variables such as Sci and mean depth of furrows 
(− 0.97) indicate that surfaces manipulated with a pottery spatula tend 
to have smoother textures and shallower furrows, which reduces the 
surface’s capacity to retain fluid and decreases overall roughness.

− ‘Wool’ and ‘leather’ classes correlation with LD1: ‘wool’ and 
‘leather’ are positively correlated with LD1. The most influential vari
ables are Svi (26.56) and Sbi (2.25), which both have positive values. 
This indicates that higher values of these variables are associated with a 
positive LD1 score. This aligns with the expectation that these surfaces 
are characterized by rougher textures, distinguishing them from 
smoother surfaces like those manipulated with a pottery spatula.

− LD2′s role in discriminating classes: LD2, explaining 26 % of the 
variance, further distinguishes the wool and leather classes from others. 
The most influential variables for LD2 are Svi (104.66), Sbi (14.76), and 
Sfd (5.03). The high positive coefficients for Svi and Sbi indicate that 
surfaces with elevated LD2 values have increased roughness and peak 
density. However, LD2 does not effectively separate wool and leather 
from each other, as shown by their similar LD2 values. This suggests that 
while these classes are distinct in terms of surface roughness, LD2 does 
not capture enough differences between them.

At this point, in order to strengthen the classification and to integrate 
the classification based on macroscopic criteria, we have grouped the 
original 12 categories into 6 groups (S9): 

- GROUP1: UNTREATED SAMPLES. This group is associated with the absence 
of marks on the surface caused by the application of the treatment.

- GROUP 2: SAMPLES TREATED WITH HARD, ROUNDED, TOOLS. This group is 
associated with tools that produce grooves. It includes the pebble, 
the metapodial spatula and the ovicaprid antler, wood, and shell. It is 
a group that is highly consistent with macroscopic observation.

- GROUP 3: SAMPLES TREATED WITH HARD, BUT ANGULAR TOOLS. It contains the 
flint spatula. This tool generates fluted traces, with a compact surface 
texture and a predominantly satin appearance.

- GROUP 4: SAMPLES TREATED WITH A POTTERY SPATULA. As saw in the previous 
test, experimental samples worked with a pottery spatula form a 
well-defined group in itself. At the macroscopic level, the defining 
trace of this group is the coarse striation.

- GROUP 5: SAMPLES TREATED WITH SOFT, FLEXIBLE, AND ROUGH TOOLS OF PLANT 

ORIGIN. This includes flax and grass.
- GROUP 6: SAMPLES TREATED WITH SOFT, FLEXIBLE, AND ROUGH TOOLS OF ANIMAL 

ORIGIN. This includes leather and wool, that also formed a well- 
defined group.

Running a LDA model using the same texture parameters, we ob
tained an improved classification, with 74.1 % of cases correctly clas
sified (S10-11). As shown in the scatter plot (Fig. 5), Groups 4 (Pottery 
Spatula) and 5 (Soft, Flexible, and Rough Tools of Plant Origin) are well- 
separated along the discriminant axes, forming clearly distinct clusters. 
They show the higher degree of correctness, between 90.2 % and 91.8 %, 
while the other groups, which were also more densely distributed in the 
scatter plot, show a degree of good classification between 55.9 % and 
73.3 % (Table 4, Figs. 5-6). An overview of the values of each texture 
parameter for each analysed group is provided in Fig. 6.

A further test was carried out by classifying samples of industrial clay 
using the same textural parameters and grouping criteria. This was done 

Table 3 
Texture parameters used in the analysis and selected based on the statistical 
procedure.

Acronym Description

Sku Kurtosis of surface heights. Sku measures the peakedness or 
flatness of the surface height distribution. A positive value 
indicates a peaked distribution with a sharp peak and heavy 
tails, while a negative value suggests a flatter distribution 
with lighter tails.

Sal Auto-correlation length. Sal parameter is indicative of the 
dominant spatial wavelength of surface features. It describes 
how quickly surface features lose their similarity or 
correlation as you move across the surface.

Sda Mean dale area. Sda represents the average area of the dale- 
like or valley-like features. It quantifies the typical size or 
extent of depressions or valleys observed across the surface 
texture. Larger values of Sda indicate larger and more 
extensive dale features, while smaller values suggest smaller 
and less prominent dale structures.

Sha Surface height amplitude. Sha measures the difference in 
height between the highest peak and the lowest valley within 
the measurement field. It provides information about the 
height variations across the surface.

Smr2 Valley material portion. Smr2 it is the percentage of the 
surface area that lies below a specified height, usually the 
height corresponding to the deepest valleys on the surface.

Sfd Developed interfacial area ratio. Sfd measures the ratio of 
the developed surface area to the nominal surface area. It 
provides information about the surface roughness and 
complexity.

Sbi Surface bearing index. Sbi represents the ability of the 
surface to support lubricant. It indicates the proportion of 
surface texture elements that can potentially support 
lubricant.

Sci Surface core fluid retention index. Sci measures the ability of 
the surface texture to retain fluid in its core structure. It 
provides information about the surface’s porosity and fluid 
retention properties.

Svi Surface valley fluid retention index. Svi measures the ability 
of surface valleys or depressions to retain fluid. It indicates 
the proportion of surface texture elements that can retain 
fluid in valleys or depressions.

Mean depth of 
furrows

This parameter measures the mean depth of furrows or 
grooves on the surface. It provides information about the 
depth of surface features.

Maximum depth of 
furrows

Furrows Maximum Deep represents the maximum depth of 
furrows or grooves observed on the surface. It indicates the 
deepest depressions or valleys present on the surface.

Mean density of 
furrows

This parameter measures the mean density or spacing of 
furrows or grooves across the surface. It provides 
information about the frequency and distribution of surface 
features.
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Fig. 4. Scatter plot of the LDA model based on 12 groups. The plot illustrates the separation of twelve groups according to the first two linear discriminants (LD1 and 
LD2) from the Linear Discriminant Analysis (LDA). The X-axis (LD1) accounts for 53.4% of the variance, and the Y-axis (LD2) accounts for 26% of the variance.

Fig. 5. Scatter plot of the LDA model based on 6 groups from plates made of natural clay. The plot shows the separation of six groups (1-NEG, 2-HARD ROUND, 3- 
HARD-ROUGH, 4-POTTERY SPATULA, 5-SOFT ANIMAL, 6-SOFT VEGETAL) according to the first two linear discriminants (LD1 and LD2) derived from the Linear 
Discriminant Analysis (LDA). The X-axis (LD1) explains 61.2% of the variance, and the Y-axis (LD2) explains 34.3% of the variance.
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to evaluate how much the type of clay used affects the classification. The 
result is a LDA model with 79.6 % of cases correctly classified (Table 5) 
(S12). The two models are quite similar, except for the untreated sam
ples (group 1), which are much better defined and represent a clearly 
distinguishable cluster in the industrial clay samples, also in this case, 
the groups that show a higher degree of correctness are group 4, group 5 
and group 2 (Fig. 7). This could be explained by the fact that the in
dustrial clay is poor in tempering agents and rich in fine particles. As a 
result, the traces are more defined than in natural clay, which is rich in 
temper and coarse particles.

Looking at the variable importance (S13) and the scores of each 
group on the scatter plot (Fig. 7), we can point out the following aspects:

− LD1 (82.37 % variance explained): Svi (65.19) and Sbi (2.89) have 
the highest positive contributions to LD1. Higher values of Svi (valley 
fluid retention index) and Sbi (bearing index) are typically associated 

with surfaces that have more pronounced valleys and peaks, respec
tively. This suggests that surfaces with higher LD1 scores are charac
terized by rougher textures with more complex surface features. Mean 
depth of furrows (− 10.23) and Sfd (− 1.68) (density of peaks) have 
strong negative contributions to LD1, indicating that lower values of 
these parameters correlate with higher LD1 scores. This means that 
smoother surfaces, with shallower furrows and lower peak density, will 
have lower LD1 values.

− LD2 (10.18 % variance explained): Sfd (− 13.68) and Sci (− 12.48) 
have the highest negative contributions to LD2. These variables, repre
senting the density of peaks and core fluid retention index, respectively, 
suggest that surfaces with lower LD2 scores have lower peak density and 
core fluid retention capacity. This aligns with the interpretation of 
smoother surfaces or those with less complex patterns. Sbi (7.73) and Svi 
(− 0.60) have positive contributions to LD2, indicating that surfaces with 

Table 4 
Classification of samples from Group 1 to Group 6 from plates made of natural clay using Linear Discriminant Analysis (LDA). The bold numbers in the table represent 
the number of samples correctly classified into each group. The ’Sum’ column and row represent the total number of samples for each group and the total percentage of 
correct classifications, respectively.

GROUP1 GROUP2 GROUP3 GROUP4 GROUP5 GROUP6 Sum

1-NEG 12 20 1 1 1 4 39
57.1 % 8.3 % 3.4 % 2.4 % 1.4 % 6.8 % ​

2-HARD 
ROUND

6 176 2 3 2 9 198
28.6 % 73.3 % 6.9 % 7.3 % 2.7 % 15.3 % ​

3-HARD ROUGH 0 8 18 0 1 13 40
0.0 % 3.3 % 62.1 % 0.0 % 1.4 % 22.0 % ​

4-POTTERY 
SPATULA

0 1 0 37 0 0 38
0.0 % 0.4 % 0.0 % 90.2 % 0.0 % 0.0 % ​

5-SOFT ANIMAL 2 1 0 0 67 0 70
9.5 % 0.4 % 0.0 % 0.0 % 91.8 % 0.0 % ​

6-SOFT 
VEGETAL

1 34 8 0 2 33 78
4.8 % 14.2 % 27.6 % 0.0 % 2.7 % 55.9 % ​

Sum 21 240 29 41 73 59 463

Fig. 6. Boxplot of the textural parameters used for discriminating the 6 groups. Each subplot represents a different group (1-NEG, 2-HARD ROUND, 3-HARD- 
ROUGH, 4-POTTERY SPATULA, 5-SOFT ANIMAL, 6-SOFT VEGETAL). The X-axis separates the texture parameters (e.g., Sku, Sal, Svi), while the Y-axis shows the 
standardized values of these parameters. The box plots illustrate the distribution (median, quartiles, and range) of each texture parameter within each group.
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higher LD2 scores tend to have a higher bearing index (peak density) but 
lower valley fluid retention, pointing toward more complex surface 
structures with a mix of high and low areas.

We can now interpret the positioning of the different groups in 
relation to LD1 and LD2:

− Group 1 (Untreated Samples): This group, positioned with low LD1 
and LD2 scores, corresponds to surfaces that are relatively smooth, with 
simple patterns and minimal variation. The lower scores on both LD1 
and LD2 suggest low roughness (low Svi and Sbi) and fewer pronounced 
surface features, as indicated by the parameter contributions.

− Group 4 (Pottery Spatula): This group shows high LD2 scores and 
lower LD1 scores, suggesting surfaces with higher levels of complexity, 
roughness, and depth. The positive contributions of parameters like Sbi 
and Mean depth of furrows and the negative contribution of Sfd imply 
that these surfaces have more complex patterns with significant 

variations in roughness and depth.
− Remaining Groups (2, 3, 5, 6): These groups show moderate values 

for LD1 and LD2, indicating intermediate levels of surface complexity 
and roughness. For example, Group 2 (Hard, Rounded Tools) tends to 
have slightly higher LD1 scores, indicating rougher surfaces (higher 
Svi), while Group 6 (Soft, Flexible Tools of Animal Origin) has higher 
LD2 scores, pointing toward a mix of smoother and complex textures.

These data provide a very different scenario from that obtained with 
natural clay samples, suggesting that the presence of inclusions has a 
significant effect on the textural parameters. This is well exemplified by 
the case of pottery spatula. If we compare its positioning on LD1 and LD2 
respectively using industrial and natural clay samples suggests different 
surface characteristics. In natural clay (Fig. 3), higher LD1 and lower 
LD2 suggest smoother and less rough surfaces, respectively. In industrial 
clay (Fig. 5), higher LD2 and lower LD1 suggest rougher and less smooth 
surfaces, respectively. Therefore, the type and quantity of inclusions 
present in the clay should be carefully evaluated when applying this 
methodology to archaeological samples.

4. Discussion

In this work, we studied the traces and textural appearance of 24 
experimental samples using an unusual approach based on textural and 
quantitative measurements. The results of these tests were compared 
with the macroscopic classification of the same samples in order to 
identify similarities and differences in classification and to confirm the 
suitability and complementarity of the two methods.

In the results, the statistical treatment of the quantitative data leads 
to the creation of six groups of traces and surface texture. These results 
are compared with those obtained in the PhD dissertation (Díaz-Bonilla, 
2022; 2023). A first group, 1-NEG, concentrates all the quantitative sur
face measurements where no surface traces or significant surface mod
ifications (either by scraping or cutting the clay material or by polishing 

Table 5 
Classification of samples from Group 1 to Group 6 from samples made of in
dustrial clay.

GROUP 
1

GROUP 
2

GROUP 
3

GROUP 
4

GROUP 
5

GROUP 
6

GROUP 
1

36 0 0 0 0 0
100.0 
%

0.0 % 0.0 % 0.0 % 0.0 % 0.05

GROUP 
2

0 160 10 0 5 5
0.0 % 88.9 % 5.6 % 0.0 % 2.8 % 2.8 %

GROUP3 0 22 17 0 1 0
0.0 % 55.0 % 42.5 % 0.0 % 2.5 % 0.0 %

GROUP 
4

1 0 0 14 2 0
5.9 % 0.0 % 0.0 % 82.4 % 11.8 % 0.0 %

GROUP 
5

0 11 0 1 63 0
0.0 % 14.7 % 0.0 % 1.3 % 84.0 % 0.0 %

GROUP 
6

0 28 0 0 0 46
0.0 % 37.8 % 0.0 % 0.0 % 0.0 % 62.2 %

Fig. 7. Scatter plot of the LDA model based on 6 groups from samples made of industrial clay. The plot shows the separation of six groups (1-NEG, 2-HARD ROUND, 
3-HARD-ROUGH, 4-POTTERY SPATULA, 5-SOFT ANIMAL, 6-SOFT VEGETAL) according to the first two linear discriminants (LD1 and LD2) derived from the Linear 
Discriminant Analysis (LDA). The X-axis (LD1) explains 82.4% of the variance, and the Y-axis (LD2) explains 10.2% of the variance.
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the clay material) are detected. These samples can therefore be classified 
as ’no identifiable trace’ at the archaeological level. This coincides 
perfectly with the grouping of these data into Group 1-NEG.

The quantitative data classification generates a second group, named 
2- HARD ROUNDED TOOLS, which mainly includes the “groove” trace, from 
experimental samples treated with pebble, wooden spatula, shell and 
antler. This group, in turn, is in complete agreement with the proposal 
made in the dissertation, in which the group “hard, rounded and 
smooth-textured tools” is created, grouping together the same tools. In 
addition to the grooves mentioned above, this type of tool can also 
produce fluted lines and polished areas when the clay is at an advanced 
stage of drying (leather-hard consistency or dry consistency). However, 
in the consistency selected in the experimental programme to carry out 
the test (“green leather consistency”), the groove is the predominant 
stigma.

A third group classifies the samples whose surface shows fluted 
traces, with a compact and satin texture. In Fig. 3, these data are 
condensed into a well-defined group, represented by the orange colour, 
which has been named 3- HARD ANGULAR TOOLS. This group also shows a 
high degree of coincidence with those proposed in the PhD dissertation, 
specifically with a group called “hard and angular tools with smooth 
textures”, which exclusively includes a type of angular spatula, made of 
flint, with numerous edges that produce well-defined, marked and deep 
traces, such as fluted traces.

The fourth group, 4- POTTERY SPATULA is like the previous one, but with 
only one traceological case, and is recognisable in the graph in Fig. 2
because of its wide dispersion of data. The coarse striation is the trace 
that produces such a marked dispersion of the data and has already been 
described in the macroscopic analysis as “hard and angular tools with a 
rough texture”. There is complete agreement between the classification 
of the macroscopic analysis and this quantitative data set. The coarse 
striations are clearly produced by a hard, angular, and coarse tool, in this 
case the pottery spatula. This fact is perfectly reflected in the statistical 
tests carried out on the confocal microscopy data. Despite the dispersion 
of the data, it is a group that is clearly isolated from the rest of the data 
population, which is certainly clustered.

An important innovation in the statistical treatment of the data was 
the possibility of distinguishing between two groups of traces produced 
by perishable tools. In the macroscopic classification, the group “soft 
and flexible tools with rough texture” was classified, consisting of those 
traces (mostly fine striations and matt and satin surface appearances) 
produced by linen rag, grass, wool and leather. Fewer traces were pro
duced by antler and wood, when the surfaces were dry, and it was not 
possible to trace too deeply. However, the canonical discriminant 
analysis shows that two groups can be distinguished: the first group 
consists of the traces produced by linen rags and grass, called 5- SOFT, 
FLEXIBLE, AND ROUGH TOOLS OF PLANT ORIGIN. The second group within the 
perishable tools is composed of the traces generated by leather and 
wool. It has been assigned as 6- SOFT, FLEXIBLE, AND ROUGH TOOLS OF ANIMAL 

ORIGIN. These traces are fine striations, but the main difference with 
respect to the other group is due to the satin and certainly polished 
appearance produced, as these are tools that compress the clay particles, 
creating gloss and shine on the surfaces.

As a result, statistical tests on the quantitative data show that a high 
percentage of the groups coincide with the groups obtained from the 
macroscopic analysis of the experimental samples. It is even possible to 
distinguish subgroups within a given population of data (the distinction 
between perishable tools of plant and animal origin). The rather high 
percentage of classification in both tests, considering natural clay (74.1 
%) and industrial clay (79.6 %), supports this classification.

Therefore, the quantitative classification was effective in forming 
groups based on the differences between the traces, textures and aspects 
of the experimental pottery surfaces. Similarly, the data will allow us to 
identify and objectively classify the production circumstances of the 
archaeological handmade pottery vessels and sherds.

A word of caution should also be noted regarding the influence of the 

type and composition of the clay used in the recognition procedure for 
pottery surface treatments. Tests conducted suggest that the presence of 
inclusions within the clay can significantly impact the textural patterns 
of both untreated and treated surfaces. When using industrial clay, the 
matrix on which surface traces are produced is finer and does not 
contain coarse inclusions, thus making traces more distinguishable. The 
presence of inclusions considerably alters the values of surface param
eters by introducing coarse elements into the clay matrix. This un
derscores the importance of creating an experimental reference 
collection that is well-adapted to the archaeological materials intended 
for analysis, in terms of the type of clay and inclusions used for the 
experimental reproduction, order to obtain reliable results.

These results show the potential of quantitative and textural ap
proaches to distinguish different groups of traces and superficial 
appearance in based on variation of pottery tools, eliminating the 
subjectivity of other techniques.

5. Conclusions

The paper focuses on the quantitative study of the traces and texture 
of surfaces from the reference collection of pottery derived from the 
experimental programme. It aims to improve the understanding of 
manufacturing processes. To this end, a portion of samples were ana
lysed by confocal microscopy in order to assess: 1) its usefulness in this 
type of analysis and 2) the robustness of the macroscopic analysis of the 
traces.

The following conclusions can be derived: 

1. Confocal microscopy is a useful tool for characterising the treatment 
of pottery surfaces by means of numerical data matrices of micro
relief and texture that can be processed statistically. It is an acces
sible, non-invasive and non-destructive method for pottery sherds.

2. It is possible to classify the different traces according to their pro
duction conditions (type of tools, clay consistency, labour investment 
and clay composition).

3. This made it possible to group tool types on the basis of the traces left 
on the surfaces, the morphology and nature (perishable and non- 
perishable) of the tools, and the conditions under which the sam
ples were made.

4. The comparison between macroscopic (qualitative data) and textural 
(quantitative data) analysis validates the introduction of this 
approach to pottery technological analysis. The combination of both 
analytical methods offers significant analytical possibilities.

Finally, this work is an exploration of quantitative methods in the 
analysis of pottery technology, with initial positive results. In the im
mediate future, however, it will be necessary to increase and diversify 
the measurements of the reference collection and to supplement them 
with data from other experimental programmes.
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Mallorca). PhD thesis. Palma de Mallorca: Universitat de les Illes Balears.
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en la cerámica prehistórica: una propuesta para su estudio. Mayurqa 31, 83–112.
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Martisius, N.L., Sidéra, I., Grote, M.N., Steele, T.E., McPherron, S.P., Schulz-Kornas, E., 
2018. Time wears on: Assessing how bone wears using 3D surface texture analysis. 
PLoS One 13 (11), e0206078.

Mazzucco, N., Mineo, M., Arobba, D., et al., 2022. Multiproxy study of 7500-year-old 
wooden sickles from the Lakeshore Village of La Marmotta. Italy. Sci Rep 12, 14976. 
https://doi.org/10.1038/s41598-022-18597-8.
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319-330. Andorra la Vella: Govern d’Andorra.

Tukey, J.W., 1977. Exploratory Data Analysis. Addison-Wesley Pub, Co., p. 668p
Vieugué, J., 2014a. Use-wear analysis of prehistoric pottery: Methodological 

contributions from the study of the earliest ceramic vessels in Bulgaria (6100- 
5500BC). J. Archaeol. Sci. 41, 622–630. https://doi.org/10.1016/j.jas.2013.09.004.
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