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Abstract: The paper presents an interdisciplinary study based on an experimental model for investi-
gating clay sources to identify prehistoric human behavior regarding resources. The study focuses on
the Middle Bronze Age (1955/1773–1739/1614 cal. BC) settlement of Siliştea-Pe Cetăt,uie in eastern
Romania, where archaeological materials from the Costis, a and Monteoru cultures were discovered.
Standard criteria for macroscopic analysis and analytical techniques, such as optical microscopy
(OM), Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDX), Micro-
Fourier Transform Infrared Spectroscopy (µ-FTIR), and thermal analysis (DTA and TG), were used to
investigate the ceramic material from multiple points of view. The results showed that there were
no significant differences between the ceramics of the two communities. Putting together the data
obtained from macroscopic and physico-chemical analyses helped in partially reconstructing ancient
human behaviors related to the production and use of ceramic vessels.
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1. Introduction

The ceramic fragments discovered in archaeological excavations represent an impor-
tant clue in establishing the nature of the relationships between the cultures of communities
from different historical periods. The specific pottery of these communities can be studied
to identify their behavior in terms of similarities or differences regarding ceramic processing
technology, raw material sources, and functionality.

Applying a wide range of criteria and complementary theoretical approaches to
the interpretation of pottery offers a broader perspective on the factors involved in its
production, use, and abandonment. Thus, ceramic ecology and functionalism significantly
contribute to the study of pottery, enabling us to transcend traditional cultural perspectives
that primarily concentrate on the typological classification of ceramics, a concept that
requires an understanding of archaeological historicity. Furthermore, both approaches
emphasize the development of a coherent methodology for the study of pottery, which
involves the use of multiple archaeometric techniques that allow for an in-depth study of
ceramic materials and their properties. In addition to the elements derived from these two
approaches, the social perspective involves integrating individuals as active participants in
the production and use of pottery, thus contributing to its interpretation.

To create the experimental model, it is necessary to understand aspects related to the
origin of clays as well as natural clay deposits and their processing methods for pottery

Heritage 2024, 7, 5120–5147. https://doi.org/10.3390/heritage7090242 https://www.mdpi.com/journal/heritage

https://doi.org/10.3390/heritage7090242
https://doi.org/10.3390/heritage7090242
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/heritage
https://www.mdpi.com
https://orcid.org/0000-0002-0408-4016
https://orcid.org/0000-0002-8866-3460
https://orcid.org/0000-0003-2246-0510
https://doi.org/10.3390/heritage7090242
https://www.mdpi.com/journal/heritage
https://www.mdpi.com/article/10.3390/heritage7090242?type=check_update&version=2


Heritage 2024, 7 5121

making. Researchers have identified several models regarding the source of clay raw
materials, both ethnographically and experimentally: 1. The term “areal” refers to the
supply area, which assumes the existence of large cultural or geographical “super-groups”
as the production area; 2. Regional factors include supply regions, cultural and geographical
groups, and the production region itself; 3. Zonal supply zones, as well as zonal cultural
and geographical formations, constitute the production zone; 4. Territorial production
includes local and small cultural groups; 5. Local workshop refers to the site level and
includes immediate sources [1].

Regarding clay deposits, they are generally represented by “clay pits”, places from
which clay is extracted and still used today for various purposes. Furthermore, alluvial
clay serves as a significant resource that finds application in diverse settings. However,
accessibility, along with its qualities and properties, largely determines the location of
clay extraction. After identifying a potential source, a specific quantity was extracted and
processed in the laboratory to carry out the experimental study [2].

Two studies in Romania focus on identifying the raw material sources used in pre-
history through physico-chemical analyses [3,4], while numerous experimental studies
at the international level [1,2,5–7] demonstrate the significance of these investigations
and the effectiveness of the interdisciplinary approach through verifiable results. The
interdisciplinary approach outlined highlights the intricate relationships between natural
sciences and archaeology, particularly in the identification of clay sources used in pottery
production. This complex field not only helps to determine the technological aspects of
ancient ceramic production but also provides valuable insights into the socio-economic and
cultural dynamics of past societies. Based on some of the most recent studies, the following
is a broader contextualization:

1. Cultural and technological considerations in clay procurement.
The identification of clay sources goes beyond geology, as emphasized by Gliozzo,

2020 [1]. It involves understanding the choices made by ancient communities regarding
the materials they used, which often reflect cultural preferences, economic strategies, or
technological advancements. These choices reveal how societies accessed and utilized
local or distant resources, potentially linked to trade networks or territorial control. The
recognition of preferred clay types indicates both environmental availability and cultural
significance, where certain clay types may have been associated with specific traditions or
technological processes.

2. Assessing technological suitability and supply basins
Montana, 2020 [2] and Gualtieri, 2020 [5] emphasize the role of mineralogical and

petrographic analysis in identifying raw materials. Ancient potters not only determined
the technological suitability of a particular clay by its physical properties but also by their
knowledge about its treatment, such as the need for specific tempering or firing techniques.
Archaeologists can infer from these findings whether ancient societies sourced the clay
locally or imported it from afar, which sheds light on mobility, trade, and the logistical
challenges they faced in procuring and transporting these materials. Such investigations
also indicate the existence of “supply basins”, regions central to pottery production or
distribution, contributing to a broader understanding of regional interactions.

3. Chemical analyses and provenance studies
The application of chemical analysis techniques, as discussed by Hein and Kilikoglou,

2020 [6], is crucial for identifying the elemental composition of clay and its geographic
origin. Spectrometric methods allow for precise fingerprinting of clay sources. This helps
map ancient trade routes and patterns of resource distribution, revealing connections
between distant regions. Provenance studies are particularly valuable for examining the
exchange of goods and the spread of technological innovations across cultures. By linking
a particular ceramic type to its clay source, archaeologists can trace the flow of materials
and ideas.

4. Cultural continuities and technological conservatism
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The research by Koutouvaki et al., 2021 [4] on pottery from the Chalcolithic site of
Radovanu (Romania) highlights the role of shared traditions and conservatism in pottery
production. Analysis of ceramic fragments from technological and stylistic perspectives
can reveal cultural and technical continuities across generations. In this context, identifying
clay sources becomes not just a matter of resource management but also a component of
cultural identity.

5. Impact of clay source studies on socio-economic understanding
The identification of clay sources contributes to a more detailed reconstruction of past

socio-economic dynamics. By pinpointing supply basins and technologies used in ceramic
production, archaeologists gain a deeper understanding of the complexity of interactions
between communities, the nature of trade relations, and cultural exchanges. Furthermore,
the study of raw materials can reveal information about technological specialization in
certain regions and suggest the existence of production centers.

In archaeology, the identification of clay sources is a complex and interdisciplinary field
of research that combines advanced methods from the natural sciences with archaeological
insights into ancient technology and economy. The recent references provided in this
context reflect the breadth and variety of approaches used in this field of research.

Thus, based on knowledge and the know-how used in these studies, this research
seeks to expand the narratives about the prehistoric communities in the Eastern Carpathian
area by obtaining special data that meet international research standards and increasing
the number of case studies.

Our study focused on two sets of 24 ceramic fragments from the Costis, a and Monteoru
cultures found at the Siliştea-Pe Cetăt,uie site in eastern Romania, as well as four types
of clay from the nearby area that could serve as potential raw material sources. In this
regard, a comparative approach and an experimental model were used, with the study’s
main objective being to identify the raw material source used by these two communities
in the Middle Bronze Age. The analysis involved optical microscopy (OM), Scanning
Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDX), Micro-Fourier
Transform Infrared Spectroscopy (µ-FTIR), and thermal analysis.

2. Materials and Methods
2.1. The Archaeological Context and Discoveries from the Siliştea-Pe Cetăt,uie Settlement

The Silis, tea-Pe Cetăt,uie site is located at the southeastern extremity of the Cracău-
Bistrit,a Depression in the Silis, tea village (Români commune, Neamt, County; GPS: N
46◦47′43.81′′; E 26◦43′33.00′′). The settlement is situated in a high area with good visibility,
located in a wide convergence area of the Bistrit,a River with the Siret River, both waterways
being important communication routes in the Eastern Carpathian region. Only one habi-
tation level has been identified in the fortified settlement where archaeological materials
from the Costis, a and Monteoru cultures were discovered and are not stratigraphically
differentiated [8–10].

The Cetăt,uia plateau at Silis, tea is 448.66 m high and has an NNV-SSE orientation.
Steep slopes with an inclination of 25–37◦ naturally defend the settlement from three di-
rections (N, E, and W), creating accessibility difficulties [11,12]. The defensive system was
supplemented by an anthropic ditch with a depth of 3.20 m and an opening of 15 m, which
was lined with sandstones from the hill’s geological structure, an aspect considered a nov-
elty in the construction of such structures [10]. Geologically, the settlement plateau contains
Quaternary deposits from the Middle Pleistocene, consisting of sands, gravel, pebbles,
and loessoid deposits. Near the site, there are Neogene sedimentary deposits consisting
of sands, marly clays (marl or marlstone is a carbonate-rich mud or mudstone, which
contains variable amounts of clays and silt), rock salt, gypsum, and tuff (tuff composed of
sandy volcanic material can be referred to as volcanic sandstone). Pedologically, both in
the settlement area and in its proximity, there are acidic brown soils with low fertility, often
used as pastures and hayfields.
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From the excavations carried out over time (2000–2021), a rich archaeological material
has emerged, including bone artifacts (awls, pendants, arrowheads), stone artifacts (axes,
curved knives, arrowheads, grinding stones), clay artifacts (spindle whorls), metal artifacts
(six Noppenringe hair rings, a simple ring, a bracelet, and a small ring), and fragments of
pottery specific to the Costis, a and Monteoru cultures, originating from various types of
vessels (storage, cooking, ornamental, etc.).

2.2. Materials and Sample Preparation Methodology

The study analyzed 24 ceramic fragments from the Costis, a culture (labeled C1–C24)
and 24 from the Monteoru culture (labeled M1–M24). Also, the statistical representation of
the functional classes was considered when choosing the number of samples for analysis.
Thus, the attempt was to maintain proportions, but on a reduced scale, by selecting a
representative number of ceramic fragments from each functional category.

The macroscopic analysis of the pottery from the two ceramic groups from the Siliştea-
Pe Cetăt,uie settlement revealed several common features associated with the production
of pottery from this site. Thus, it was established that all the vessels were made using the
coiling technique, which was identified by the fine unevenness on the inner surfaces or by
the joining marks on the edges of the ceramic fragments. The auxiliary elements (handle,
grippers) that appear on some containers were made by modeling, with the traces of their
joining and finishing being visible most of the time.

The vessels’ outer and inner surfaces are generally very well finished, with no traces
of polish. In certain instances, the exterior of both pottery assemblages displays a treatment
known as ceramic slip. Also, the vessels from the functional categories of cooking and
preparation, serving, and consumption present traces of smoking that are visible on the
inside, as well as spots of secondary burning on the outside that have penetrated the wall
of the container. These are indications of the use of containers when preparing hot food.

The colors and shades of the vessels are mostly different, but in the case of Costis, a,
they seem to be more unified. The chromatic variety of the containers may indicate a
poorly controlled firing that does not allow for obtaining homogeneous colors. The lack
of a correlation between vessel type and color in any functional class of pottery, including
Costis, a and Monteoru, suggests a common firing process for all containers without any
preference for specific treatments.

In all the fragments studied, ceramoclasts are present as intentional inclusions, and
three types of paste for the pottery of both communities have been identified and differenti-
ated based on their quantity, shape, and distribution. Regarding the Costis, a pottery, the
first category identifies a paste containing small, rounded ceramoclasts with a reduced dis-
tribution of 5–10%, used in the creation of vessels serving various special and multipurpose
functions. The second category includes medium-sized, sub-rounded, and sub-angular
ceramoclasts, which have a frequency of 10–15% and are found in the paste of cooking
vessels and those for transporting and storing liquids. The third category is characterized
by medium and large ceramoclasts, sub-rounded and sub-angular, with a distribution of 15–
20%, being characteristic of vessels for preparation, serving, and consumption and those for
storing solid or liquid goods. In the case of the Monteoru pottery, the first category includes
small, rounded ceramoclasts, which have a distribution of 5–10% and are characteristic of
vessels with multiple destinations. The second category includes medium, sub-rounded,
and sub-angular ceramoclasts, with a frequency of 10–15%, which are used to make cook-
ing vessels, preparation, serving, and consumption, as well as transportation and liquid
storage. The third category of paste is characterized by medium and large ceramoclasts,
sub-rounded and sub-angular, with a frequency of 15–20%, specific to storage vessels.

To confirm the EDX results, µ-FTIR showed that carbonates were present in almost
all the samples, though post-depositional processes may have been involved, pointing
to a firing temperature lower than 700–750 ◦C. In addition, in the case of the Monteoru
pottery, two samples were identified that were fired at temperatures lower than 500–550 ◦C,
a spectral clue that supports low firing temperature and less post-depositional processes,
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and four samples were also identified (M6, M17), which indicate conditions higher than
700–750 ◦C. In this sense, the statistical representation of these conditions, most likely
accidental exceptions, of the way the vessels were placed in the firings does not constitute
determined elements in the stability of several firing intervals.

Therefore, through EDX and µ-FTIR analyses, the use of a local kaolinite clay with a
high iron content, which presents the same mineralogical and physico-chemical charac-
teristics, was highlighted. Regarding the pyrotechnic elements, through interdisciplinary
studies, it was possible to establish that the pottery of both communities was fired, in
general, at temperatures between 500/550 ◦C and 700/750 ◦C. The varied colors of the
pottery, the different firing atmospheres, and the temperatures reached in the process show
that the firing of the vessels was most likely carried out in pits or above ground.

The samples for the experiment are represented by four types of clay (labeled S1–S4)
from potential exploitation areas to identify the source of the raw material. Therefore, the
clay pit, located approximately 250 m at the base of the western slope of the settlement,
and the samples originating from the lower and intermediate levels of the clay deposit,
labeled S1 and S2, represent the first source (Figure 1a). The eastern slope of the settlement,
approximately 60 m from the inhabited plateau, represents the second source, represented
by the clay samples labeled S3 and S4 (Figure 1b).
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Figure 1. Map showing the clay samples used in the experiment’s source areas: (a)—Sources S1 and
S2 (clay deposit); (b)—Sources S3 and S4 (slope of the settlement).

The obtained clays were crushed (Figure 2(Ia)) and sieved (Figure 2(Ib)), then shaped
into 3 × 3 cm squares with a thickness of 1–2 cm, and the test samples obtained were
air-dried at room temperature (21 ◦C) for 48 h.

After drying, the test samples were fired in an oxidizing atmosphere at temperatures
of 450 ◦C, 700 ◦C, and 900 ◦C (Figure 2II) in a Nabertherm furnace. These firing intervals
were selected in accordance with the results from the interdisciplinary analyses performed
on the ceramic fragments. Subsequently, the obtained samples were studied following the
same investigation steps proposed for the pottery analysis.
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Figure 2. (I) The clay samples collected: (a) crushed; (b) sieved. (II) The test samples obtained after
firing: (a)—450 ◦C; (b)—700 ◦C; (c)—900 ◦C.

2.3. Analytical Methods

In the microscopic analysis of the samples, a Zeiss Imager.a1M microscope with a
built-in AXIOCAM camera was used, using AxionVisionRelease 4.7.1 software produced
by Zeiss, Oberkochen, Germany. The samples were sanded with a Struers LaboPol device
(Struers, Copenhagen, Denmark) using discs with different abrasion sizes. The mineralogi-
cal analysis was performed using cross-polarized and parallel-polarized nicoli.

In the current analyses, an electron microscope with SEM scan, model VEGA II LSH,
produced by TESCAN (Brno, Czech Republic), was used, coupled with an EDX detector
type QUANTAX QX2, produced by BRUKER/ROENTEC (Berlin, Germany). The SEM
micrographs were obtained by backscattered electrons (BSE) at 200× magnifications for the
pottery and clay samples without carbon or metal covering. The working distance was set
at 16.600 mm, with an accelerating voltage of 20 kV, under vacuum conditions made with
nitrogen gas.

The spectra were recorded using an FTIR spectrophotometer and HYPERION 1000
microscope, both from Bruker Optics, Germany. The FTIR spectrophotometer is of the
TENSOR 27 type, which is predominantly suitable for close IR measurements. The standard
detector, DLaTGS, covers the spectral range of 7500–370 cm−1 and works at room tempera-
ture. The resolution is usually 4 cm−1, but it can also reach 1 cm−1. The detector is of the
MCT type and cooled with liquid nitrogen (−196 ◦C), and the measured area is optimized
to a diameter of 250 µm with the possibility of reaching a minimum of 20 µm. For the
µFTIR investigation, the samples were analyzed without any preparation in reflectance
mode with a number of 32 scans per sample at a resolution of 4 cm−1. The specific peaks
were identified for each spectrum and then superimposed for a comparative view even
though quality and details are not visible.

The DTA and TG curves were recorded simultaneously using a Linseis STA PT-1600
(Linseis, Selb, Germany) at a heating rate of 10 ◦C/min in a dynamic air atmosphere with a
flow rate of 50 mL/min to simulate real conditions during the thermal decomposition of
the samples. The device operates using specialized software. The samples were weighed
on an electronic balance (model: PARTNER AS220/C/2) and did not exceed 50 mg. The
maximum temperature was set at 1000 ◦C.

3. Results and Discussions
3.1. Results and Discussions Regarding the Costis, a and Monteoru Ceramic Fragments
3.1.1. Microscopic Analysis

The Costis, a (Figure 3) and Monteoru (Figure 4) samples underwent optical microscopy,
revealing the presence of mineral inclusions like quartz, mica, and iron oxides, as well as
intentional inclusions like ceramoclasts. Also, reused ceramoclasts in 13 Costişa fragments
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(C1–C6, C9, C12, C13, C15, C17–C19) and 14 Monteoru fragments (M1–M3, M5, M8–M12,
M14, M16, M21, and M23) were identified.
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Figure 3. OM images of the Costișa ceramic fragments from Siliștea-Pe Cetățuie (50× magnification). Figure 3. OM images of the Costis, a ceramic fragments from Silis, tea-Pe Cetăt, uie (50× magnification).

Carbonates are visible in five Costis, a samples (C9, C11, C13, C16, and C18) and six
Monteoru samples (M5, M6, M7, M13, M16, and M19), suggesting a low firing temperature,
an aspect also confirmed by EDX and FTIR analyses [13,14]. Another indication of relatively
low firing temperatures is the presence of traces of organic matter, visible as black pores
or flakes, identified in six Costis, a samples (C13, C14, C15, C17, C20, and C23) and six
Monteoru samples (M2, M6, M9, M10, M14, and M22). Iron oxides, visible in all fragments,
have appreciable dimensions or are discreetly present as other natural inclusions in the
ceramic paste.
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Figure 4. OM images of the Monteoru ceramic fragments from Silis, tea-Pe Cetăt, uie (50× magnification).

3.1.2. Mineralogical Analysis

To obtain mineralogical information, four thin sections were prepared for two Costis, a
ceramic fragments (C9—Figure 5; C23—Figure 6) and two Monteoru fragments (M2—Figure 7;
M15—Figure 8). These were analyzed under the optical microscope using cross-polarized
and parallel-polarized nicoli.

For both samples, the presence of subangular monoclinic quartz crystaloclasts, as well
as polycrystalline quartz crystals resulting from pottery firing, was highlighted. In addition
to these, muscovite, plagioclase feldspars, and hematite aggregates were identified. Their
presence is also confirmed by EDX and FTIR analyses of the clay. Furthermore, in both
samples, the presence of ceramoclasts and primary pores resulting from clay kneading
is noticeable. Additionally, a limestone lithoclast (C9) and a sandstone litoclaste (C23)
were identified.

Following the mineralogical analysis of the four pottery fragments, a series of data
regarding the clay used in the vessel’s manufacture was obtained. Thus, a local sandy clay
with an amorphous appearance and semi-oriented texture was used, indicating semi-fine
to fine pottery with intentional inclusions like ceramoclaste.
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Figure 6. Mineralogical section of fragment C23: Q—quartz; Qp—polycrystalline quartz;
Mu—muscovite; Fp—plagioclase feldspar; Lc—sandstone lithoclast; M—amorphic matrix
((a)—parallel nicoli; (b)—cross nicoli).
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Figure 8. Mineralogical section of fragment M15: Q—quartz; Mu—muscovite; Ah—hematite
aggregates; Cc—ceramoclaste; Fp—plagioclase feldspar; Pp—primary pores ((a)—parallel nicoli;
(b)—cross nicoli).

3.1.3. SEM-EDX Analysis

The SEM micrographs for the Costis, a pottery clay matrix illustrate good homogene-
ity, with microstructural elements incorporated into the clay matrix (Figure 9). In this
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regard, several samples (C7, C9–C11, C13, C16, and C18) have been identified, where
homogeneity is lower, with large pores and very well-individualized microgranules [15,16]
are present. These are visible in two samples (C15 and C17), along with traces of carbonized
plant remains.
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Additionally, in some samples, compact lamellar structures are visible, with elongated
pores indicating the use of coil technique in vessel making (C4, C7, C13, C17, C22) [16].
However, the vitrification process was not identified in any of the samples, indicating that
firing temperatures did not exceed 800–850 ◦C.

The EDX analysis of the Costis, a matrix clay samples (Table 1) highlighted the specific
elements of the raw material, such as silicon, aluminum, phosphorus, magnesium, calcium,
potassium, sodium, iron, titanium, oxygen, or carbon, attributed to aluminosilicates, iron
oxides, feldspars, and other mineral components present in clay [17–19].

Table 1. Elemental composition in weight percent (%) of the Costis, a pottery clay matrix from
Silis, tea-Pe Cetăt,uie.
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The elements that have archaeometric value and provide a series of data about the
nature of the clay used, firing temperature, and functionality of the vessels are iron, calcium,
phosphorus, and carbon [20–24].

The concentration of Fe in the analyzed samples is equal to or exceeds the threshold
of 4% for all fragments, suggesting the use of ferruginous clay with high levels of iron
oxides, visible in macro- and microscopic analyses [18,25,26]. Additionally, the calcium
concentration surpasses the iron concentration for three fragments (C14, C15, and C18),
reaching up to 7.33%. This aspect may indicate the presence of calcareous clay in their
making or carbonates [25,26]. The definitive determination of the origin of the calcium
concentration will also be made through µ-FTIR analyses.

Carbon is present in the paste of seven vessels (C7, C9–C11, C13, C16, and C18),
indicating a firing temperature that did not exceed 700 ◦C, as this element disappears from
the ceramic paste at temperatures above this threshold [27–32]. The SEM analysis of these
fragments, characterized by low homogeneity and individualized mineral particles, also
revealed this aspect.

All fragments contained phosphorus, but 16 samples exceeded the 2% threshold, with
values ranging from 2.06% to 6.36%. This high content is attributed to the fact that the
fragments come from cooking or food storage vessels, like those of the Fabaceae family, for
milk or possibly wine [33–36].

The SEM analysis performed on the core of Monteoru fragments generally showed
good homogeneity, with well-integrated mineral microstructural elements in the clay mass,
indicating firing at relatively high temperatures (Figure 10). The vitrification process was
not identified in any sample [14,25,37]. Six samples (M5–M7, M13, M14, and M19) showed
low homogeneity with well-individualized mineral components, while one sample (M16)
also showed traces of carbonized plant materials.

Compact lamellar structures with flattened pores, indicating the coiling technique,
are visible in seven samples (M1, M2, M4, M5, M11, M20, and M21), demonstrating the
microscopic use of this method in vessel making [16].

Similar to the Costis, a samples, the chemical composition of the Monteoru samples
contains the same specific elements derived from aluminosilicates, quartz, feldspars, mica,
and iron oxides (Table 2) [17–19]. In addition to silicon, aluminum, phosphorus, magnesium,
calcium, potassium, sodium, iron, titanium, oxygen, or carbon, chlorine was also identified.

Iron is present in all analyzed samples, with concentrations ranging from 3.83% to
11.35%, indicating the use of low calcareous clay in vessel making [18,25,26]. Additionally,
like the Costis, a samples, four samples were identified with a high calcium content (M12,
M13, M17, and M21) of up to 6.91%, which may also indicate the presence of calcareous
clay or carbonates [25,27].

The presence of carbonates is noticed in seven samples (M5–M7, M13, M14, M16, M19),
indicating a firing temperature below 700 ◦C, an aspect that will also be verified through
µ-FTIR analysis.

Phosphorus concentrations exceed 2% in 15 samples, with values ranging from 2.49%
to 5.38%, suggesting that, similar to Costis, a samples, they are used both in food preparation
and in storing phosphorus-rich products. These concentrations may result from using the
vessels for storing liquids with a high phosphorus content, such as milk or wine.
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Table 2. Elemental composition in weight percent (%) of the Monteoru pottery clay matrix from
Silis, tea-Pe Cetăt,uie.
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3.1.4. µ-FTIR Analysis

The results obtained from the µ-FTIR analysis have highlighted significant similari-
ties regarding the chemical compounds present in the Costis, a (Figure 11) and Monteoru
(Figure 12) samples. Several exceptions have also been identified, which will be discussed
in detail in the following sections.

In the group pottery fragments from Costis, a, in the water domain, which is located
between 4000 and 3000 cm−1, peaks attributed to hydroxyl groups (OH) are visible between
3405 and 3120 cm−1, and OH deformations are visible at 1513 cm−1 and 1630 cm−1. These
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are due to water absorbed in the ceramic samples following depositional processes or as a
result of cleaning the ceramic fragments [38–44].
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In all the analyzed samples, kaolinite (Al2Si2O5(OH)4) was identified through the
peaks in the region of 3500–3750 cm−1 [40,43,45,46]. The absence of the peak at ~3700 cm−1

and the absence of the doublets at 915 cm−1 indicate that the vessels were fired at tempera-
tures exceeding 500–550 ◦C [30,40,42,47–49].

Through the peaks in the range of 1300–1500 cm−1, the presence of carbonates was
identified [29,30,50], indicating that firing temperatures did not exceed 700–750 ◦C [30,51].
This temperature range would have allowed the decomposition of calcite into gehlenite
(CaAl2SiO7), diopside (CaMgSi2O6), and anorthite (CaMgSi2O6) [28–32]. Additionally,
peaks at 2516 cm−1 and 884 cm−1 in two samples (C3, C18) revealed the presence of
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calcite [52]. Given the significant differences between these two samples and their high
calcite content, it is possible that their raw materials came from different sources. The EDX
analysis supports this idea in part. Aragonite was also detected at 706 cm−1, and it was
present in almost all samples [53]. Samples C11 and C24 showed no carbonates, suggesting
higher firing temperatures for these two fragments.

The silicates are well represented in the region of 2200–1870 cm−1, attributed to
the stretching vibrations of Si-O bonds in quartz, with intense peaks at 1983 cm−1 and
1869 cm−1 visible in all samples [38]. Additionally, peaks at 2219 cm−1, 2127 cm−1,
1167 cm−1, and 1165 cm−1 highlighted the presence of quartz [43,46–49,52,54]. Mus-
covite (KAl3Si2O10(OH)2), another silicate present in all samples, is visible at 1190 cm−1

and 812 cm−1 [32,55]. Diopside (CaMg[Si2O6]) is present in all samples, with a peak at
631 cm−1 [43,54]. These minerals represent the aluminosilicates present in the clay used
for pottery manufacturing, and they were also identified through mineralogical analysis.

Other siliceous minerals identified in all samples are represented by feldspars through
peaks at 1784 cm−1 and 1287 cm−1, with their presence also being established through
mineralogical investigations [43]. Additionally, the presence of iron oxides at 667 cm−1 was
evident in all spectra, with these originating, like the other microstructural elements, from
the raw material [30,54].

The FTIR spectra for the 24 Monteoru samples show the same trend, with the same
chemical compounds visible in all samples (Figure 12).

Similar to the Costis, a samples, the water region, spanning from 4000 to 3000 cm−1,
is well highlighted by peaks ranging from 3424 to 3236 cm−1, which serve as indicators
of hydroxyl groups (OH). Additionally, OH deformations are visible at 1521 cm−1 and
1644 cm−1, attributed to water absorbed in the ceramic fragments [38–44].

In all the analyzed samples, kaolinite (Al2Si2O5(OH)4) was identified through peaks
in the region of 3500–3750 cm−1, with most of the samples being fired at temperatures
above 500–550 ◦C [40,43,45,46]. In this regard, two exceptions (M3, M12) were identified
where the presence of the doublet at 904 cm−1 indicates firing at temperatures lower than
500–550 ◦C [30,45–49].

The presence of carbonates is visible in all samples through peaks in the range of
1300–1500 cm−1, with only one exception (M17) [29,30,50]. In all samples, aragonite is
identifiable at 704 cm−1 [53]. The presence of carbonates indicates firing temperatures
below 700–750 ◦C.

Similar to the Costis, a samples, the class of silicates is the most well-represented. The
stretching vibrations of Si-O bonds in quartz in the region of 2200–1870 cm−1 are high-
lighted by peaks at 1971 cm−1 and 1868 cm−1, visible in all samples. Additionally, the pres-
ence of quartz itself was identified through peaks at 2222 cm−1, 2139 cm−1, and 1157 cm−1.
Other silicates found in the samples that were studied are muscovite (KAl3Si2O10(OH)2),
which can be seen at 815 cm−1, and diopside (CaMg[Si2O6]), which can be seen at 625 cm−1.

Peaks at 1786 cm−1 confirmed the presence of feldspars, and the identification of albite
(NaAlSi3O8) at 739 cm−1 and orthoclase (KAlSi3O8) at 672 cm−1 established their alkaline
nature [30,43,54–56]. Iron oxides are also visible in all Monteoru fragments at 648 cm−1,
originating, like the other minerals, from the raw material [30,54].

3.2. The Experiment’s Results and Discussion
3.2.1. Optical Microscopy and Mineralogy Analysis

Optical microscopy revealed the presence of quartz, iron oxides, feldspars, carbonates,
and possibly organic matter (Figure 13). These elements are visible in all four sources of
raw material, being common geological minerals in the study area.

Thus, as no major microscopic differences were observed, two sources, S2 and S4,
were selected for mineralogical analysis. In this regard, considering that interdisciplinary
analysis established that most of the samples were fired at temperatures ranging between
500/550 ◦C and 700/750 ◦C, the samples chosen for mineralogical analysis were those fired
at 700 ◦C.
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Thus, source S2, originating from the clay deposit located 250 m from the settlement,
was mineralogically more complex (Figure 14). This sample contains granules of monoclinic
quartz (angular and subangular), muscovite, plagioclase feldspars, sandstone litoclaste, oo-
lites, and calcite. The identification of calcite is explained by the fact that the decomposition
temperature of 750 ◦C was not reached, which supports and reinforces the results of the
chemical analyses. Additionally, bioclasts such as foraminifera of the Ammonia beccarii type,
Porosononion subranosus, Bulimina sp., and remnants of calcareous algae were identified in
this sample. These are specific to Sarmatian deposits, indicating calcareous clay.

In sample S4 (Figure 15), sub-angular and sub-rounded grains of mono- and polycrys-
talline quartz, muscovite, hematitic aggregates, and plagioclase feldspars were identified.
The presence of polycrystalline quartz crystal clasts, determined by the firing temperature,
is of particular importance, as they show clear similarities with the ceramic fragments from
Costis, a and Monteoru. Additionally, the presence of a lithoclast derived from volcanic
rock, resulting from the deposition of sediments transported by the Bistrit,a River from
the mountainous area, is noteworthy as it is a common occurrence in the geology of the
Silis, tea-Pe Cetăt,uie settlement area. Furthermore, in addition to these mineral elements, a
bioclast represented by a plant fragment was also identified.

The microscopic observations conducted highlighted the presence of common clay
elements such as quartz, mica, carbonates, and organic matter. The mineralogical results
complemented these findings by identifying feldspars, various lithoclasts (sandstones,
volcanic rock fragments), and plant remains.

From a mineralogical perspective, source S4 represents the possible source of clay used
in pottery manufacturing. The presence of polycrystalline quartz, which demonstrated
the same type of modifications as those observed after firing, supports this statement,
indicating the same quartz-rich clay as in the ceramic vessels. Bioclasts like foraminifera
and elements like oolites were only found in source S2, which supports this conclusion
even more, not being found in the clay that was used to manufacture the ceramic vessels.
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Figure 15. Mineralogical sections of sample S4: Q—quartz; Qm—monocrystalline quartz; Qp—
polycrystalline quartz; Lt—possible volcanic lithoclast; Mu—muscovite; Fp—plagioclase feldspars;
C—calcite; B—plant fragment ((a): parallel nicoli; (b): crossed nicoli).

3.2.2. EDX Analysis

EDX analyses were performed for all four clay sources, both for the raw clays and
for the three firing stages. The results show that sources S1, S2, and S3 are calcareous
clays [25,27], with calcium levels reaching 10–11% (Table 3 (S1, S2 and S3)). Source S4, on
the other hand, has calcium levels lower than 1% and iron levels higher than 4%, which
means it is a ferruginous clay [17,26] (Table 3 (S4)). In this regard, the iron concentration
exceeds 4% only in sample S4, which is similar to those found in the ceramic fragments.
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Table 3. Elemental compositions of the clay sources: S1, S2, S3, and S4.

Si Al Mg P Ca K Na Fe Ti O C
S1 unburned 29.81 4.04 1.20 0.16 4.84 2.19 0.77 2.27 0.31 53.09 1.31
S1 450 ◦C 21.46 5.71 1.66 0.07 10.58 3.26 0.36 3.83 0.71 51.75 0.61
S1 700 ◦C 26.18 5.65 1.75 0.19 8.26 2.51 0.47 3.03 0.41 51.55 0.00
S1 900 ◦C 25.88 5.98 1.82 0.24 9.31 2.55 0.45 3.36 0.47 49.93 0.00

Si Al Mg P Ca K Na Fe Ti O C
S2 unburned 14.78 5.61 2.26 0.15 14.78 3.55 0.48 2.44 0.49 52.23 3.23
S2 450 ◦C 23.76 6.85 2.18 0.24 8.77 2.58 0.38 3.65 0.53 50.46 0.60
S2 700 ◦C 24.36 6.72 2.08 0.18 9.08 2.70 0.52 3.43 0.56 50.36 0.00
S2 900 ◦C 24.02 6.67 2.30 0.19 11.28 2.98 0.47 3.70 0.69 47.71 0.00

Si Al Mg P Ca K Na Fe Ti O C
S3 unburned 20.71 6.49 1.72 0.64 9.40 2.24 0.83 2.58 0.49 54.42 0.48
S3 450 ◦C 27.48 5.98 1.14 0.27 7.14 2.30 0.37 3.42 0.45 51.21 0.25
S3 700 ◦C 26.70 6.29 1.28 0.26 6.95 2.28 0.60 3.58 0.53 51.27 0.27
S3 900 ◦C 25.76 6.56 1.31 0.22 8.64 2.36 0.51 3.69 0.43 50.52 0.00

Si Al Mg P Ca K Na Fe Ti O C
S4 unburned 25.12 7.03 1.30 0.19 0.99 2.49 0.58 4.22 0.76 54.49 2.83
S4 450 ◦C 30.16 7.54 1.26 0.23 0.84 2.14 0.75 3.97 0.65 52.27 0.19
S4 700 ◦C 31.06 7.14 1.27 0.28 0.96 2.10 0.49 4.07 0.80 51.71 0.10
S4 900 ◦C 32.66 7.08 1.21 0.22 0.73 1.69 0.53 4.24 0.40 51.25 0.00

Therefore, a comparison between the elemental compositions of the clay sources and
the Costis, a and Monteoru ceramic fragments revealed similarities with source S4. These
findings support the mineralogical observations, which indicated the use of the same
source in vessel manufacturing. As noted in the interdisciplinary analyses conducted on
the ceramic fragments, the exceptions represented by the two Costis, a samples (C3 and C18)
suggest the use of another source, most likely S2, as their compositions are very similar.
This information will be verified through µ-FTIR analyses.

Furthermore, the differences in phosphorus concentrations between the clay sources
and the ceramic fragments, which do not exceed 1% in the test samples, can be clearly
observed. This observation, along with data obtained from soil samples, supports and
reinforces the origin of this element from the use of vessels for cooking or storing goods or
liquids rich in phosphorus.

3.2.3. µ-FTIR Analysis

Infrared spectroscopy was conducted for all four clay sources at all firing stages
(Figure 16) to observe the chemical changes occurring in the clay at specific temperatures
and to understand how these reactions alter the overall appearance of the spectra.

The water region, located between 4000 and 3000 cm−1, is very intense at 450 ◦C, then
gradually decreases until 900 ◦C as the chemically bound water is eliminated [38,39]. Ad-
ditionally, the OH deformations visible at 1634 cm−1 exhibit the same decreasing behavior,
which is directly proportional to the temperature values [40–44].

The kaolinitic clay represents the four sources with peaks in the 3500–3750 cm−1

region [40,43,45,46]. In the case of kaolinite, a decrease in intensity is also observed, and
at 450 ◦C, the doublet at 924 cm−1 is visible, indicating that the firing temperature did
not exceed 500–550 ◦C [30,40,42,47]. At the firing temperature of 700 ◦C, this doublet
disappears, and at 900 ◦C, it is only detectable in one sample, indicating the formation of
amorphous silica of metakaolinite [57]. The increase in the intensity of the silicate region at
approximately 2200–1800 cm−1 supports this aspect [38,58].
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The range of 1300–1500 cm−1 is specific to carbonates until the temperatures of
700–750 ◦C exhibit a broad band in the specific interval. At 900 ◦C, this band narrows, show-
ing the peak at 1363 cm−1 for S4 and the one at 1483 cm−1 for S1, S2, and S3 [28,30,50,51].
Furthermore, sources S1, S2, and S3 contain visible calcite through peaks at 2984 cm−1,
2875 cm−1, 2518 cm−1, and 711 cm−1 [52]. The intensity of these peaks decreases toward
900 ◦C due to their decomposition. EDX analyses support this aspect, demonstrating the
decomposition of CaCO3 and the formation of CaO through the disappearance of carbon.

The silicates are well represented in the region of 2200–1870 cm−1, attributed to the
stretching vibrations of Si-O bonds in quartz. Peaks at 1280 cm−1, 1159 cm−1, 757 cm−1,
707 cm−1, and 668 cm−1 also indicate the presence of quartz. Another silicate identified
in all samples is muscovite, which is visible at 816 cm−1. These minerals constitute alu-
minosilicates present in the clay sources, and they were identified through mineralogical
analysis as well. Mineralogical investigations confirmed the presence of feldspars and
other siliceous minerals identified in all samples, as indicated by the peak at 1776 cm−1.

Additionally, the presence of iron oxides was observed in all spectra. At 450 ◦C, these
appear as magnetite, indicated by the peak at 671 cm−1, which transforms into hematite at
temperatures higher than 600 ◦C, visible at 633 cm−1 and 630 cm−1.

The µ-FTIR analysis illustrates the differences between the four raw material sources,
highlighting the calcareous nature of sources S1, S2, and S3, while source S4 indicates a
ferruginous clay. Additionally, this analysis has highlighted the chemical changes described
in the existing literature, confirming the interpretations of the results obtained for the
ceramic fragments.

By comparing the FTIR spectra of the clay sources (S1–S4) with those of the ceramic
fragments (Costis, a and Monteoru), it was indicated that the raw material source used in
pottery manufacturing was source S4.

3.2.4. Thermal Analysis

A set of thermal tests were conducted on four samples, two Costis, a (C3, C24) and
two Monteoru (M17, M21), to confirm the firing temperatures found through chemical
tests. These samples were selected because two of them (C3, M21) contain carbonates,
while the other two do not (C24, M17). Thus, TGA and DTA analyses will contribute to
strengthening the conclusions drawn from the analytical techniques applied to the pottery
samples. Additionally, one sample from source S2 and one from source S4 were also
analyzed, serving as a comparative element for studying the chemical changes occurring in
the raw material during firing.

The samples were fired in the thermobalance furnace up to 1000 ◦C in an air atmo-
sphere. The variation in mass was measured and represented graphically (expressed as
a percentage of the initial sample mass) as a function of the sample temperature—TG
curves. The derivatives of the TG curves (DTG curves) better highlight the temperature
ranges where mass variation processes occur. The thermal effects, with heat absorption
(endothermic) or release (exothermic)—DTA curves, were also illustrated.

The clay sample from source S2 is thermally unstable; initially, it showed a large
mass loss of approximately 6%, likely due to the burning of organic matter residues or
moisture. Subsequently, it continues to lose mass continuously, starting at 400 ◦C, with
a visible endothermic effect at 450–650 ◦C in the DTA curve. The calcination of calcium
carbonate causes a distinct, endothermic stage of rapid mass loss, approximately 7%, in the
temperature range of 700–850 ◦C. The mass of the clay sample from source S2 continues to
decrease to approximately 84% upon heating to 1000 ◦C (Figure 17).
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Figure 17. DTA (a) and TG/DTG (b) curves for samples C3, M17, and source S2.

Sample M17 shows a mass loss of up to 300 ◦C due to the evaporation of absorbed
water, which is very small, approximately 2%. The mass then remains constant until
~700 ◦C, indicating an initial firing that reached this temperature. The higher porosity
of the ceramic fragment caused a mass loss of approximately 4.5% in Sample C3 due to
water evaporation. A slight mass increase is observed around 300 ◦C, indicating oxidation
processes without the formation of volatile products. A slow mass loss occurs between 400
and 700 ◦C, followed by an endothermic effect in the DTA curve between 400 and 550 ◦C
(Figure 18). This indicates a lower stabilization of sample C3 compared to sample M17,
probably caused by the initial firing at lower temperatures. Between 700 and 850 ◦C, both
ceramic samples lose about 3% of their mass. The DTA curve also shows an endothermic
effect, which is the same as what happened with the clay sample from source S4. Therefore,
it is plausible that both sample M17 and sample C3 originate from the clay from source S4,
but sample M17’s superior initial firing resulted in greater stability up to 700 ◦C compared to
sample C3. The mass stability between 850 and 1000 ◦C for the ceramic samples compared
to source S4 indicates a clear consolidation of the ceramic fragments following the initial
firing. Additionally, the initial firing resulted in a smaller mass loss at 800 ◦C and a shorter
time interval for the ceramic samples compared to the clay sample from source S4.
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The clay sample from source S4 is much more thermally stable than that from source
S2. After burning off impurities with a mass loss of approximately 7% up to 300 ◦C, the
sample shows a mass increase in the 300–500 ◦C interval due to stabilization processes
by firing, with the increase continuing slowly up to 1000 ◦C. Sample M21 also shows a
continuous mass increase above 300 ◦C, but this is less pronounced than in the case of the
clay sample from source S4, indicating stabilization following the initial firing. In contrast,
sample C24 exhibits no mass variations or thermal effects above 300 ◦C, suggesting a
strong stabilization of its composition and structure, likely due to an initial firing process at
high temperatures.

The results obtained from this type of analysis illustrate firing temperatures between
550 and 700 ◦C, confirming the information obtained through SEM-EDX and µ-FTIR tech-
niques. These results support the hypothesis of firing in pits or above ground, with different
temperatures resulting from relatively low control of pyrotechnological installations, lead-
ing to a wide range of colors. Additionally, similarities in TG, DTG, and DTA curves were
observed through this method, indicating that the ceramic fragments from Costis, a and
Monteoru were made from clay sourced from S4.

Regarding the pyrotechnological elements, interdisciplinary studies have established
that the Costis, a and Monteoru pottery from Silis, tea-Pe Cetăt,uie was fired at temperatures
ranging between 500/550 ◦C and 700/750 ◦C. The fact that these temperatures do not
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correspond to certain types of vessels, the firing atmosphere is not uniform, and the colors
of the vessels are relatively different suggests that the vessels of both communities were
fired in pits or above ground.

4. Conclusions

The archaeometric analysis of the ceramic assemblages from the Siliştea-Pe Cetăt,uie
settlement has established both general and specific aspects of the pottery of these two
communities. Both ceramic groups used the same technique to make their vessels, primarily
using local ferruginous clay from the settlement’s immediate vicinity and a calcareous clay
from approximately 250 m. The precise identification of the source of the raw material has
highlighted the behavior of the Costis, a and Monteoru communities regarding the resource
catchment area, with a preference for the proximity of the settlement, which facilitates
rapid access with minimal effort. Additionally, both pottery groups used ceramoclasts
in their paste, identifying three distinct categories for specific functional classes in both
Costis, a and Monteoru vessels. Moreover, in the case of both communities, reused ceramic
clasts were identified, which could have a dual role, one of a practical and technological
nature and the other a distinct socio-cultural role.

Through the proposed experiment and the methodology used, the source of the raw
material used by the potters of the Costis, a and Monteoru ceramic groups from the settle-
ment of Silis, tea-Pe Cetăt,uie has been identified. The mineralogical, chemical, and thermal
analyses have demonstrated that the raw material was extracted from the immediate
vicinity of the settlement plateau, approximately 60 m from the inhabited area.

An ecological perspective can explain this aspect as individuals adapt to their sur-
rounding environment. Despite its apparent use, the presence of only two clay fragments
does not suggest a preference for the source located approximately 250 m away. The
potters opted for an immediate and easily accessible source. The production of pottery
requires a considerable amount of raw material, involving a significant effort in procure-
ment and, especially, transportation. Therefore, the preference for using clay located near
the settlement is easily understood. In this regard, the positioning of the settlement was
determined by several factors. Besides its defensive nature, it provided the necessary condi-
tions for subsistence. Thus, the resource catchment area can be estimated at approximately
600 m from the settlement, within which water and clay sources were found. Therefore,
Bronze Age communities chose the simplest route to obtain the necessary reserves. Fur-
thermore, whether the potters were aware of it or not, the functional characteristic, which
uses quartzose clay to enhance the quality of the vessels, complements this environmental
adaptability. However, the functional component appears to have played a marginal role
in selecting the raw material source. In this sense, the central and constant elements of
pottery manufacturing for both communities are represented by the use of ceramoclasts,
which, besides their technological benefits, most likely represent an assumed socio-cultural
behavior. This aspect can be correlated in a more extensive space and to the southern area
of Romania, where the study that had the same subject shows a cultural tradition linked to
the use of certain sources since the Eneolithic period [4].

Following the presentation of the investigations conducted for the Siliştea-Pe Cetăt,uie
settlement, a series of important observations regarding Middle Bronze Age pottery were
made. These observations provide significant contributions to establishing prehistoric
behavioral patterns regarding the exploitation of clay sources used in this activity. Starting
from the premise of using sources as close as possible to the inhabited area, samples were
taken from the proximity of the settlements, a hypothesis confirmed in the case of the
Silis, tea site. This aspect was explained by a series of geographical factors related to the
difficulty of accessibility of the settlement, such as the steep slope (between 26.5–45.1%), the
degree of anthropic fortification (a defense ditch about 3 m deep), and the altitude (448 m),
as well as factors such as proximity to the water source (approximately 600 m). In this
case, the effort of procuring raw materials seems unjustified in terms of the large amount
of energy required for this stage of the technological chain. However, the identification of
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pottery fragments made from clay located at a greater distance could indicate, in the case
of the Costis, a community, the influence of cultural or religious elements.

The information about how clay sources were used at different times in prehistory
shows the need to look at more sites from both a synchronic and a diachronic point of view
to get a fuller and more accurate picture of how resources were selected and used, as well
as the behaviors of people that led to the exploitation of the environment.
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