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Abstract: Prehistoric pottery is the most abundant material discovered in archaeological sites and
represents the main element of knowledge about human communities from the past. This study
presents a model of interdisciplinary investigation of pottery through several types of analyses,
enabling the scientific study of this category of artifacts. The analyses were performed on 11 ceramic
fragments from the Middle Bronze Age settlement of Piatra Neamt,–Lutărie, Eastern Romania, consid-
ering information about the color, production technique, type, size, functionality and category of
the vessel, but also data related to ceramic paste inclusions. The samples were studied by optical
microscopy (OM), scanning electron microscopy (SEM) coupled with energy-dispersive X-ray analy-
sis (EDX) and micro-Fourier-transform infrared spectroscopy (µFTIR). The results obtained provide
important information regarding pottery manufacturing technologies, such as sources of the raw
materials and firing temperatures, and revealed the functionality of various vessel categories within
a prehistoric settlement.
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1. Introduction

Using the archaeological methodology, we know a repertoire of seven vessel categories
for Costis, a and six vessel categories for Monteoru. Some of these vessels are also found in
the group of fragments from Piatra Neamt,–Lutărie. This approach is built on a case study
that includes archaeological knowledge and aims to identify the physical and chemical
characteristics specific to the pottery of a site in an area of interaction. In the same context,
the present study proposes a scientific recovery and interdisciplinary analysis of a group of
ceramic fragments to enlighten the history of a site, which we do not have much data.

The ceramic fragments analyzed belong to the Middle Bronze Age (1955/1879–1630/1614
BC) [1–3]. From an archaeological point of view, these materials are characteristic of the local
Costis, a community, with the possibility of some southern Monteoru pottery. These two Bronze
Age communities were overlapping in the Subcarpathian area of Moldavia, where they coex-
isted both in individual settlements but also within the same one. Although some scholars have
tried to highlight the existence of conflicts between these communities [4,5], recent research
has disproved this hypothesis [6–8]. Thus, in this paper, the pottery of these communities is
studied to identify their behavior in terms of similarities or differences concerning the pottery
technologies they used, which could indicate the nature of the relationship between these two
communities. Moreover, there is relatively little information about the everyday life of these
groups, as no details are known about producing pottery, the process of manufacturing and
pyrotechnology, aspects that will be studied in this work.
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This paper presents the interdisciplinary study of 11 ceramic fragments from the Piatra
Neamt,–Lutărie site through several types of analyses. Thus, they were first investigated
macroscopically, taking into account a series of information, such as color, production
technique, type, size, category of the vessel and functionality, but also data related to
inclusions (type, size, frequency, shape). Regarding the chemical composition and other
microelements, several analytical techniques were used, such as OM, SEM-EDX and µFTIR.
The results obtained from interdisciplinary analyses provide data on the nature of the raw
material, firing technologies, and data on the functionality of the vessels.

2. Materials and Methods
2.1. Site Information

The site from Piatra Neamt,–Lutărie [9,10] is located in Eastern Romania (Figure 1),
in the hydrographic basin of the Bistrit,a river (GPS: N 46◦56′08.13”; E 26◦23′03.06”), which
represents the main prehistoric communication route in this area. This settlement was
excavated in 1957, leading to the discovery of archeological artifacts from the Eneolithic,
Bronze Age and Iron Age periods and the II–III centuries AD. Information on the Costis, a
habitation is scarce, with no mention of living structures or firing installations assigned
to this community. The settlement dimensions are unclear because the site was affected
by landslides and the rescue archaeological excavation area was approximately 200 m2.
From this area were recovered only ceramic fragments. Other types of objects attributed
to the middle bronze age period are not mentioned. Moreover, in the 1959 report, it is
specified that some archaeological complexes were affected by the “flooded soil,” and the
archaeological material was mixed [9].
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Figure 1. Geographical location of the Piatra Neamt,–Lutărie settlement.

Geologically, the site area is located on Paleogene deposits (Oligocene), consisting
of clays, breccias, sandstone and conglomerates. In the western part of the site, repre-
sented by the Pietricica peak, Paleogene deposits are composed of sandstone-shale flysch,
bituminous flysch with Kliwa sandstones, and conglomerates. To the east, the area is
made up of Quaternary formations (Pleistocene) consisting of sands, gravels, boulders
and loess deposits [11]. Pedologically, in the settlement area and in its vicinity, there are
only chernozems [12]. Therefore, the settlement from Piatra Neamt,–Lutărie is located in a
geological area rich in raw clay materials that could be used in pottery making and fertile
soils used in agricultural activities.
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2.2. Methodology

The pottery fragments were discovered in 1957 recovered from depths between
−0.55 m and −1.50 m. The materials are in the repositories of the Museum of History and
Archeology Piatra-Neamt, . In this regard, some of the methodological limitations of this
study should be mentioned. First of all, these 11 fragments studied are the only existing
ceramic materials from this site, which did not allow the analysis of a more consistent
database that would enable more comprehensive analysis. The small number of ceramic
fragments is most likely caused by excavation or storage deficiencies because, in the other
known Costis, a sites, the appreciable amount of pottery is completed by other objects, such
as those made of bone, stone or bronze. Second, the small number of preserved ceramic
fragments also determined the size of the samples taken so that they were no larger than
2–3 cm, which unfortunately did not permit a complex petrographic study. As an extensive
petrographic study could not be performed, the information on mineralogy will be limited
to microscopic observations, which are supplemented by the results of chemical analyses,
in particular the data provided by the FT-IR analysis. In addition, to these issues can be
added an extremely small number of archaeometric studies for the Middle Bronze Age
pottery in the eastern Carpathian area, which could have been used as a reference basis
for the present study. However, even in the case of these limitations, the ceramic materials
from the old excavations can be capitalized through such archaeometric studies, which
contribute to the understanding of certain technological aspects involved in the processes
of making prehistoric pottery in the eastern Carpathian area.

The 11 pottery fragments analyzed were marked with the letter L (Lutărie) and with
numbers from 1–10. They all belong to Costis, a ceramic group. They were fragments of
liquid transport or storage vessels (L1), cooking (L2, L3, L4, L8), storage (L5, L6, L7) and
serving vessels (L9, L10) (Figure 2). The Monteoru ceramic group is represented by a single
fragment of liquid transport or storage vessel, noted L11 (Figure 2/L11). All the fragments
were studied macro- and microscopically, but also by SEM-EDX and µFTIR analyses.
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2.2.1. Macroscopic Analyses

The analysis criteria used are a standard for macroscopic investigations. Thus, for this type
of approach, the following elements were considered: the color of fragments, shape/type of
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vessel, modeling technique, wall thickness, functionality, hardness, surface, surface treatment
and firing atmosphere [13].

The color is determined through the Munsell Soil Color Charts, which allows a neutral
rendering of nuances [14].

The shape and type of the vessels are important for identifying the technological
features of different ceramic categories. Moreover, there were attempts to identify the
production techniques used to manufacture the vessels [15] by studying the edges and
surfaces of the ceramic fragment [16].

Measuring the vessel wall thickness is an important step because it is an indicator of
its functionality and the technical skills of prehistoric potters [13,17].

Regarding the functionality of the vessels, relevant publications were considered trying
to determine whether the functional criteria known through ethnoarchaeology [18,19] and
experimental archeology are applicable in our study [20,21]

The hardness of the ceramic fragments and their surface provide important clues about
the quality of the vessels, but also about technical skills and functionality [22]. These data
were supplemented by information on surface treatment [23], which involved smoothing
and/or burnishing [14,22,24] and ceramic slips [23].

The firing atmosphere can be oxidizing, reducing or mixed, and it has a significant
effect on both the color of the paste and the resulting surfaces [22,25]. The aspects related
to pyrotechnology provided important data about the quality of the vessels, but also about
the technological knowledge involved in the production process [23].

In the paste analyses, it is necessary to identify the component inclusions [26]. They can
be ceramoclasts (crushed shards), organic matter, lithoclasts (crushed stones) or clay inclu-
sions (small pieces of unhomogenized clay) [27]. Next, it is necessary to determine their
size, frequency, shape and sorting [22]. The shape of the inclusions may indicate if they are
part of the raw material. In the case of an intentional addition, their shape will be angular,
caused by the crushing of the materials used [13]. The sorting and shape of the inclusions
indicate the homogeneity of the paste.

The homogeneity of the paste is determined by the quality of mixing and the amount
of inclusions [22]. Mixing also influences the porosity of the paste. There are two types of
pores: primary and secondary. The main pores are open spaces left after the clay modeling,
and the secondary pores appear as a result of the burning organic matter, appearing in the
form of black spots [28].

2.2.2. OM Analyses

Microscopic analysis of the fragments was performed with a Zeiss Imager.a1M micro-
scope with a built-in AXIOCAM camera, which uses AxionVisionRelease 4.7.1 software.
The images were obtained at 50× and 100× magnifications in the dark field for a clear
view of the inclusions. Samples were sanded with a Stroers LaboPol device using discs
with different granulations.

2.2.3. SEM-EDX Analyses

In the current analyses was used an electron microscope with SEM scan, model VEGA
II LSH, produced in the Czech Republic by TESCAN, coupled with an EDX detector type
QUANTAX QX2, produced in Germany by BRUKER/ROENTEC. This microscope has a
tungsten electron gun that can achieve a resolution of 3 nm at 30 KV, with a magnification
of between 30 and 1,000,000 × in “resolution” mode, the acceleration voltage between
200 V and 30 kV, scan speed between 200 ns and 10 ms per pixel. The working pressure
is less than 1 × 10−2 Pa. The EDX detector is used for microanalysis, which allows
quantitative measurements without using specific calibration standards. It has an active
area of 10 mm2, analyzing sanded or irregular surfaces. The SEM micrographs obtained
consisted of backscattered electrons (BSE) at 200× and 500× magnifications for ceramic
paste and surfaces without being covered with metal or graphite.
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2.2.4. µFTIR Analyses

The spectra were recorded with an FTIR spectrophotometer coupled with an HYPER-
ION 1000 microscope, both equipment from Bruker Optic, Germany. The FTIR spectropho-
tometer is of the TENSOR 27 type, which is predominantly suitable for measurements in
close IR. The standard detector is DLaTGS covers the spectral range 7500–370 cm−1, and
works at room temperature. The resolution is usually 4 cm−1 but can also reach 1 cm−1.
TENSOR 27 is equipped with a He-Ne laser that emits at 633 nm and a power of 1 mW
and has a ROCKSOLID alignment of the interferometer. The signal/noise ratio of this
device is very good. The TENSIONER is completely controlled by the OPUS software.
The HYPERION 1000 microscope is an accessory that can be paired with almost any Bruker
FTIR spectrophotometer. For completely nondestructive measurements, the TENSOR 27
spectrophotometer is connected to the HYPERION 1000 microscope, and, usually, the solid
samples are analyzed in reflection mode. The software is OPUS/VIDEO for interactive
video data acquisition. The microscope can work in both transmission and reflection, be-
ing equipped with a 15× lens. The detector is of the MCT type cooled with liquid nitrogen
(−196 ◦C). The spectral range is 600–7500 cm−1, and the measured area is optimized to a
diameter of 250 µm with the possibility of reaching a minimum of 20 µm.

3. Results and Discussions
3.1. Macroscopic Results

From the category of vessels for storage and transport of liquids, there is a single pot
(L1) fired in a reducing atmosphere, with a finely burnished surface. The wall thickness
is 7.87 mm. In the paste, medium-size ceramoclasts and lithoclasts, sub-angular with a
distribution of 10–15%, were identified. These inclusions are well mixed and integrated
into the clay matrix. Lithoclasts were isolated presences and were represented by three
rounded pebbles, most likely from the raw material.

The cooking vessels (L2, L3, L4, L8) were fired in a reducing atmosphere, having fine
(L2, L3) and semi-fine surfaces (L4, L8). Two vessels had an outer ceramic slip as surface
treatment (L4, L8), and two other pots had their exterior surface burnished with a hard
object (L2, L3). The vessel L2 had a burning spot with fine cracks on the outer surface,
below the line of maximum diameter, both caused by extended heat exposure. The wall
thickness is between 6.97 and 7.83 mm, and the identified inclusions in the ceramic paste are
small, subrounded ceramoclasts, with a distribution of 5–10% (L3) and medium-size ones,
with a distribution of 10–15% (L2, L4). Large sub-angular inclusions were also observed,
with a frequency of 10–15% (L8). In the paste of cooking vessels, mainly the secondary
pores were visible, indicating a good mixing of the components.

For the category of serving vessels (L9, L10), the firing took place in a mixed envi-
ronment (L9) and in an incomplete oxidizing one (L10). The L9 vessel had a ceramic slip
applied on the inner surface, and the L10 has both surfaces very well smoothed. On the
exterior of both containers, there were visible secondary burning spots resulted from heat
exposure. The thickness of the vessel wall is between 10.56 and 11.04 mm, and the paste of
both pots have medium, sub-angular ceramoclasts with a distribution of 15–20% (L9) and
20–25% (L10).

Storage vessels (L5, L6, L7) were fired in a reducing (L5) and mixed (L6, L7) atmo-
sphere and had a semi-fine (L5) and semi-coarse (L6, L7) surface. Two of the vessels
have their outer surface coated with a ceramic slip (L5, L6), while another vessel had its
inner surface burnished with a hard tool (L7). The wall thickness is between 9.84 and
11.74 mm, and the main inclusions are the ceramoclasts, but the lithoclasts are also present
in small numbers, resulting from the raw materials. The identified ceramoclasts are large,
sub-angular and have a frequency of 10–15% in the clay matrix, and the paste mixing is
fair, with primary and secondary pores. On the inner surface of two vessels (L6 and L7),
there are visible traces of smudging (Figure 3) caused by using these containers in the
preparation of hot food, information that will be verified through chemical analyses.
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The Monteoru vessel intended for storing or transporting liquid (L11) is brown,
both on the inside and the outside. It was fired in a reducing atmosphere. The wall
thickness is 9.16 mm. The fragment has a semi-fine surface and an exterior ceramic slip.
The inclusions identified in the clay matrix are large-sized, subrounded, with a frequency
of 10–15%. On the base of the vessel, secondary burning traces are visible and a series of
large pores indicating negligent mixing. In the vessel’s interior, a black layer is visible that
covers the entire inner surface of the fragment (Figure 4). Those residues resulted from
using the vessel will be of particular interest in chemical analyses.
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All vessels were made by the coiling technique, as indicated by the traces of joining
or by noticeable bumps, especially on the inner surface of the vessels. The auxiliary
elements (handles, grips) were made by modeling. Traces of joining and finishing of these
components are also visible.

Surface treatments consisted mainly of applying an external ceramic slip, notice-
able in cooking and storage vessels. The same treatment is applied to the interior for
the serving vessels. The outer luster was intended to waterproof cooking and liquid
transporting/storing vessels, and the inner one is present in the case of a storage vessel.
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The presence of ceramoclasts is an important aspect related to the manufacture of
vessels that facilitate certain functionalities. This type of inclusion is easier to break than
other materials. They are already burned, which makes them more stable during the
firing of the pots, and they have the same properties as the material in which they were
incorporated. Therefore, it can be assumed that ceramoclasts were preferred because when
they are burned, they have the same thermal characteristics and the same rate of expansion
as clay, which demonstrates the prehistoric potters knew that aspect. Thus, in the paste
of all the studied fragments, there are ceramoclasts present, which, depending on the
functional category, have different dimensions, shapes and distributions. Based on the
dimensions, shape and distribution of the main intentional inclusions, which are the
ceramoclasts, three paste categories were identified. The first one, marked CP1 (Paste
Category 1), is used only for cooking vessels, the inclusions being of various sizes and
shapes, but the distribution in ceramic paste does not exceed 10–15%. This category is also
used for liquid transport or storage vessels. The second category, CP2 (Paste Category
2), is used for storage vessels, where the ceramoclasts are large, sub-angular and have a
frequency of 10–15%. The Monteoru pot was included in this category (L11). The Monteoru
vessel does not present major differences in manufacturing and finishing, compared to the
Costis, a fragments, wherein the same inclusions with the same size, shape and frequency
have been identified. The last category, CP3 (Paste Category 3), is found in serving vessels,
where the ceramoclasts have a medium size, sub-angular shape and distribution of 15–25%.
They were found in a larger quantity than in the case of the other functional categories.

3.2. Interdisciplinary Analyses

OM, SEM-EDX and µFTIR analyses were performed for all fragments, keeping the
notation for the ceramic paste to differentiate the inner surface by marking it with I and the
outer surface marked with E.

3.2.1. OM Analyses

Through optical microscopy (Figure 5), it was observed that all the analyzed ceramic
fragments contain quartz, mica and iron oxides, all representing natural inclusions from
the raw material.

The presence of ceramoclasts was also detected macroscopically, but microscopically
reused ceramoclasts were identified. The reused ceramoclasts result from crushing other
pottery fragments, which, in their turn, also contain ceramoclasts added in the paste of the
new vessels. They are present only in the case of cooking (L2, L3, L8), storage (L5, L6, L7)
and serving vessels (L10).

In some ceramic fragments (L2, L3, L6, L7, L9, L10), the presence of possible plant
materials as small pores and dark lamellae was observed. Visible organic matter may be
the result of intentional addition or may be part of the clay used. Moreover, in all samples,
the iron oxides from the raw material were identified, an important clue for identifying the
type o of clay used in pottery manufacturing.

In the case of the Monteoru vessel, the black layer had multiple fine cracks, resembling
a viscous, dry substance (Figure 6). Its nature will be verified, as precisely as possible,
through EDX and µFTIR analysis.

Reused ceramoclasts identified by optical microscopy indicate a concern for reusing
damaged vessels and their “recycling” as inclusions of the new ones. The organic matter
visible in most of the ceramic fragments could indicate the firing temperatures, which did
not reach high values. The minerals identified microscopically were quartz, mica and iron
oxides, which were part of the raw material clay used to manufacture pottery from Piatra
Neamt,–Lutărie.



Appl. Sci. 2021, 11, 4885 8 of 17
Appl. Sci. 2021, 11, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 5. OM for the Costișa ceramic fragments (L1–L10) from Piatra Neamț–Lutărie (C) ceramo-
clasts; (RC) reused ceramoclasts). 

The presence of ceramoclasts was also detected macroscopically, but microscopically 
reused ceramoclasts were identified. The reused ceramoclasts result from crushing other 
pottery fragments, which, in their turn, also contain ceramoclasts added in the paste of 
the new vessels. They are present only in the case of cooking (L2, L3, L8), storage (L5, L6, 
L7) and serving vessels (L10). 

In some ceramic fragments (L2, L3, L6, L7, L9, L10), the presence of possible plant 
materials as small pores and dark lamellae was observed. Visible organic matter may be 
the result of intentional addition or may be part of the clay used. Moreover, in all samples, 
the iron oxides from the raw material were identified, an important clue for identifying 
the type o of clay used in pottery manufacturing. 

In the case of the Monteoru vessel, the black layer had multiple fine cracks, resem-
bling a viscous, dry substance (Figure 6). Its nature will be verified, as precisely as possi-
ble, through EDX and µFTIR analysis. 

Figure 5. OM for the Costis, a ceramic fragments (L1–L10) from Piatra Neamt,–Lutărie (C) ceramoclasts;
(RC) reused ceramoclasts).Appl. Sci. 2021, 11, x FOR PEER REVIEW 9 of 18 

 

 

 
Figure 6. OM for the L11 sample (a,b) core; (c,d) inner surface with residues. 

Reused ceramoclasts identified by optical microscopy indicate a concern for reusing 
damaged vessels and their “recycling” as inclusions of the new ones. The organic matter 
visible in most of the ceramic fragments could indicate the firing temperatures, which did 
not reach high values. The minerals identified microscopically were quartz, mica and iron 
oxides, which were part of the raw material clay used to manufacture pottery from Piatra 
Neamț–Lutărie. 

3.2.2. SEM-EDX Analyses 
The SEM-EDX analyses were performed both on the core and on the surfaces, keep-

ing the notations from the OM analyses. The SEM micrographs for the core of the Costișa 
samples (Figures 7 and 8) show a good homogeneity of the microstructural elements, 
which are well incorporated in the clay matrix (L1, L4). A compact lamellar structure was 
also visible (L8). 

In most samples (L2, L3, L5, L6, L7, L9, L10), individualized mineral particles are 
visible, with a low homogeneity, and in other samples, traces of vegetal fibers were no-
ticed (L7, L10), aspects that suggest relatively low firing temperatures. The SEM images 
also show elongated and flattened pores, present in five samples (L1, L5, L8, L9, L10), 
which indicate using the coiling technique in making the vessels [29]. 

Figure 6. OM for the L11 sample (a,b) core; (c,d) inner surface with residues.



Appl. Sci. 2021, 11, 4885 9 of 17

3.2.2. SEM-EDX Analyses

The SEM-EDX analyses were performed both on the core and on the surfaces, keeping
the notations from the OM analyses. The SEM micrographs for the core of the Costis, a
samples (Figures 7 and 8) show a good homogeneity of the microstructural elements,
which are well incorporated in the clay matrix (L1, L4). A compact lamellar structure was
also visible (L8).
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Figure 7. SEM micrographs for the Costis, a ceramic fragments (L1–L5) from Piatra Neamt,–Lutărie.

In most samples (L2, L3, L5, L6, L7, L9, L10), individualized mineral particles are
visible, with a low homogeneity, and in other samples, traces of vegetal fibers were noticed
(L7, L10), aspects that suggest relatively low firing temperatures. The SEM images also
show elongated and flattened pores, present in five samples (L1, L5, L8, L9, L10), which
indicate using the coiling technique in making the vessels [29].

SEM analyses of the surfaces revealed the presence of luster (Figures 7 and 8). This type
of treatment closes ceramic pores, making the vessel walls smooth and waterproof, as
noticed in the case of vessels L1, L2, L3 for the exterior and L7 for the interior. The rest
of the ceramic fragments have well-smoothed surfaces, with partially covered pores and
individualized mineral particles. In the case of samples L2E+I, L3I, L4E+I, L7E+I and L8E,
fine cracks are visible on the surfaces, which may have resulted from using the vessel. Such
traces that represent indicators of functionality are also the carbon deposits [30] on the
outer surfaces of vessels L3 and L7.

The SEM micrographs for Monteoru sample L11 (Figure 9) indicate a good homogene-
ity, with mineral elements well incorporated in the clay mass. Carbon deposits are visible
on the outer surface of the fragment, and the black layer was observed on the inside.
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SEM analyses of the ceramic paste indicated that most of the samples have a low ho-
mogeneity, and the component microstructures were well individualized. The vitrification
process was not observed in any sample, an indication that the firing temperatures have
not exceeded 800–850 ◦C [31–33]. For five ceramic fragments, it was confirmed by SEM
using the coiling technique in vessel manufacturing, a fact observed macroscopically for
all vessels.

EDX analyses for ceramic paste were performed for all 11 samples taken from the
Piatra Neamt,–Lutărie. The chemical composition of the studied fragments contains the
common elements found in clays, such as Si, Al, P, Mg, Ca, K, Na, Fe, Ti, O or C [34–39].
The elements that are of interest in archaeometric studies are iron, calcium, phosphorus
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and carbon (Table 1). In pottery studies, these elements are considered significant because
their presence in certain concentrations allows arguments about the type of clay (Fe > 4%
ferruginous clay, Ca > 5% calcareous clay), the firing temperature (C is found in samples
up to 750 ◦C, and its presence in high concentration on the inner surface of the vessel may
be due to the nature of the goods stored in the vessel) and the functionality of the vessels
(the presence of P> 2% demonstrates that the vessels were used in food preparation).

Table 1. Elemental composition of the ceramic fragments from the Piatra Neamt,–Lutărie.

Sample
Elemental Composition in Weight Percent (%)

Si Al P Mg Ca K Na Fe Ti C O

L1 24.65 9.42 1.30 0.84 1.83 3.76 0.34 4.63 1.43 - 51.80
L2 22.30 9.96 2.10 1.46 1.86 2.50 0.60 3.42 0.72 0.64 54.44
L3 26.22 9.94 2.44 1.14 1.47 2.68 0.37 4.96 0.56 0.55 49.67
L4 26.24 9.81 2.55 1.25 1.46 2.41 0.72 5.47 0.71 - 49.38
L5 23.44 9.10 1.37 1.21 2.70 3.07 0.70 4.27 0.85 - 53.29
L6 22.76 8.26 2.51 0.80 2.43 3.17 0.64 4.45 0.92 0.27 53.79
L7 22.18 9.94 2.30 1.33 2.13 2.97 0.53 5.11 0.82 0.23 52.46
L8 23.95 10.80 3.04 1.17 1.43 2.23 0.78 4.91 0.66 - 51.03
L9 18.27 7.14 2.10 0.70 2.60 2.15 0.52 3.79 0.40 1.19 61.14

L10 22.57 10.10 4.75 0.95 2.37 2.17 0.90 5.15 0.84 0.22 49.98

The presence of iron and/or calcium indicates the nature of the clay used, which can
be ferruginous (4%) [36–39] or calcareous (5%) [31,40]. The analyzed samples have iron
values from 3.42% to 5.97%, which suggests using ferruginous clay in vessel manufacturing.
Calcium is present in all samples, with concentrations not exceeding 2.70%, so the presence
of a calcareous clay is not detected. The Monteoru fragment (L11) has a higher calcium
content (4.13%), indicating a possible low calcareous clay.

Phosphorus values higher than 2% result from using a vessel for boiling or for storing
liquids rich in phosphorus [41–43]. In the analyzed group, phosphorus has concentrations
between 2.09 and 3.55% for cooking vessels samples L2, L3, L4, L8, 2.30–2.51% for storage
vessels (L6, L7) and 2.10–4.70% for serving vessels (L9, L10).

Carbon is present in the chemical composition of six samples, two for cooking (L2, L3),
two for storage (L6, L7) and two for food serving (L9, L10). Concentrations are between
0.22 and 1.18%, indicating that the firing temperature for these vessels did not exceed
700 ◦C [33,44].

3.2.3. µFTIR Analyses

The µFTIR analyses performed for all 11 samples showed similarities in terms of
chemical compounds present in the raw clay used for pottery making. The appearance of
the obtained spectra is the same, except for the L11 fragment, which is a feature that will
be discussed at length (Figure 10).

The range 4000–3000 cm−1 is attributed to water [45], and the absorbed water [46,47]
from the samples was also detected through obvious peaks from ~3368 cm−1 and ~1630 cm−1,
corresponding to the -OH deformations, most likely as a result of deposition processes.

Kaolinite (Al2Si2O5(OH)4) was identified in almost all samples by peak position in the
region 3500–3750 cm−1 [46,48,49]. All fragments were fired at temperatures above 500 ◦C,
as indicated by the absence of the 915 cm−1 doublets [46,50,51] of kaolinite, except for the
L11 sample.
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In all analyzed samples, calcite (CaCO3) was identified by peaks at ~2970 cm−1,
~2936 cm−1, ~2519 cm−1, ~737 cm−1. In addition, the presence of carbonates [51,52]
is visible from the broad band at 1300–1500 cm−1, which indicates that the firing tem-
peratures of the vessels did not exceed 700–750 ◦C [51]. At ~706 cm−1, aragonite was
identified [53], the anhydrous variant of calcium carbonate, which was present in five
samples (L2, L4, L6, L8, L9).

Silicates are represented by the Si-H stretching of quartz [45] in the region 1900–1870 cm−1,
the representative peaks from 1973 cm−1 and 1870 cm−1 being visible in all samples. Moreover,
quartz [48–50,54,55] was also identified at ~2231 cm−1, ~1162 cm−1 and ~692 cm−1. Wollas-
tonite [49] (CaSiO3) was identified at 925 cm−1 in sample L7 and at 1055 cm−1 in the L8. In the
same sample, the presence of diopside [49] (CaMg[Si2O6]) at 628 cm−1 was highlighted so that
both identified minerals come from the raw clay. In addition, muscovite [56,57] (KAl3Si2O10(OH)2)
is present in all samples at 1270–1272 cm−1 and ~818 cm−1.

Feldspars are present at ~1772 cm−1, establishing their alkaline nature by identifying
the anorthoclase [51,56] ((NaK)[AlSi3O8]) at ~667 cm−1 and albite [49,51,58] (NaAlSi3O8)
at ~645 cm−1. Iron oxides [51] were detected in all samples at ~656 cm−1.

The presence of feldspars is related to the aluminosilicates, potassium and magnesium
from the EDX analysis. The presence of iron oxides identified by macro- and microscopy is
also found in the µFTIR spectra, which supports the ferruginous nature of clay established
by EDX. The high phosphorus concentration identified by the EDX analysis and the lack of
phosphates in the µFTIR spectra supports the hypothesis on the origin of this element from
vessel usage. Although no carbon was identified in some fragments, the correlation of EDX
results with µFTIR spectra indicated the presence of carbonates and calcite in all samples
so that the firing temperatures did not exceed the decomposition limit of carbonates.

Thus, the EDX and µFTIR analyses illustrate using a local clay that has the same
mineralogical and physicochemical characteristics, and the firing temperatures of the
vessels were below 500 ◦C for the L11 sample and between 550 and 600 ◦C and 700–750 ◦C
for the rest of the samples.

3.3. L11 and the Presence of Organic Residues

The Monteoru fragment (L11) has a higher iron content (5.97%) that suggests using
the same ferruginous clay, but also the presence of an appreciable calcium content could
indicate a low calcareous clay. The phosphorus concentration of this vessel is 5.23%,
most likely determined by the storage of substances with a high phosphorus content.
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The presence of a dark-colored layer identified macro- and microscopically is an indication
in this regard.

In an attempt to determine the nature of the substance identified inside the vessel,
several EDX analyses were performed, both on the outside (L11E), and in particular on the
black layer (L11I), including at the interface with the vessel wall (L11I2) to eliminate the
possible effects of contamination (Table 2).

Table 2. Elemental composition of the Monteoru fragment (L11) for ceramic paste and surfaces.

Sample
Elemental Composition in Weight Percent (%)

Si Al C P Mg Ca K Na Fe Ti O

L11 12.14 7.95 7.07 5.23 1.14 4.13 1.68 0.80 5.97 0.49 53.40
L11 E 7.55 2.83 16.96 0.37 0.26 3.18 1.55 0.10 3.96 0.47 62.77
L11 I 7.85 2.95 22.21 1.47 0.35 5.32 1.56 0.12 4.49 0.40 53.28

L11 I 2 5.68 2.53 22.91 1.43 0.40 6.63 1.77 0.28 2.77 0.54 55.06

The compositional results show, in addition to the elements specific to the raw material,
the presence of a very high concentration of carbon, which at the interface with the vessel
wall is up to 22.9%. This value certainly indicates that this element is organic in nature.
Moreover, the carbon appears to have migrated from the inside to the outside, penetrating
the vessel wall, which precludes possible contamination. To clarify the SEM-EDX results,
an analysis was performed by infrared spectroscopy for the ceramic paste and surfaces
(Figure 11).
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Thus, for the paste of the L11 sample, montmorillonite [51] ((Na,Ca)0.33(Al,Mg)2
(Si4O10)(OH)2·nH2O) were identified mainly by the presence of the central peak at 3376
cm−1, from the specific range 3300–3500 cm−1. In addition, the inner surface spectrum
shows the presence of kaolinite [46,48,49] at 3562 cm−1. The presence of the doublets at
915 cm−1, attributed to OH deformations of kaolinite, is visible up to temperatures of 500
◦C, after which it disappears [46,50,51]. It is important to mention that the vessel has a
ceramic slip applied on the exterior, which is made of the same type of clay as the vessel.
There is also the possibility of an inner slip that was not noticed due to the black layer
covering the entire inner surface of the vessel. The intense peaks from 2929 cm−1 and
2860 cm−1 are attributed to the organic carbon [47,50,55,59–61], present on the surfaces but
also in the paste, this being the result of the blackish substance identified on the vessel.
Metal carboxylates at ~1409−1 and oxalates ~1313 cm−1 may derive from the degradation
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of some organic compounds. In this regard, it is worth noting that the stretching of C–H
contributions appearing in the same spectrum at ~2860 cm−1 and ~2929 cm−1 support
the presence of a protein material subjected to degradation processes [62,63]. The other
minerals identified by the µFTIR analysis of the L11 sample are the same as in the case of
Costis, a samples and will not be repeated.

The results of the chemical analyses highlighted using the coiling technique in the
process of pottery manufacturing, as well as the effect of the luster on the surfaces, a
technique of closing the ceramic pores, while the ceramic slip or only finished surfaces
have visible pores and mineral elements partially integrated into the clay.

All vessels were made of ferruginous clay whose mineralogy indicates using a local
source. The containers were fired at temperatures between 550 and 600 ◦C and 700–750 ◦C.
The presence of phosphorus confirmed the functionality of cooking vessels and indicated
that storage and serving vessels were also used for cooking or storage of phosphorus-rich
substances [64]. The Monteoru vessel (L11) was also manufactured from ferruginous clay,
being fired at temperatures that did not exceed 500 ◦C. The chemical composition of the
Monteoru fragment indicates using two types of clay, one for making the vessel and another
for the ceramic slip.

4. Conclusions

The present archaeometric study generated a series of general data for the pottery
from Piatra Neamt,–Lutărie settlement. Thus, all the pots were made of local kaolinitic
clay, by the coiling technique, with well-finished and smoothed surfaces, burnished or
covered with a ceramic slip, treatments adapted according to the functionality of the
vessels. The physicochemical analysis indicated that the two communities used the same
source of raw material located in the vicinity of the settlement, which shows that the
potters preferred the immediate and effortless source. In this sense, the positioning of the
settlement was made taking into account several factors, including the proximity of water
and clay reserves necessary for the manufacture of pottery.

The inclusions used in the manufacture of vessels are ceramoclasts, which, depending
on their size, shape and frequency, led to identifying three types of paste correlated with
certain functional categories. The use of ceramoclasts demonstrates the knowledge of
their thermal properties by the Costis, a and Monteoru potters. Moreover, using reused
ceramoclasts could have a dual role, one of a practical nature, which involves integrating
damaged containers into the paste of new vessels and would constitute a “recycling”
system and a special one, which could represent the conservation of cultural ideas and
identities.

Pyrotechnology information, both at the macroscopic level and through the interdisci-
plinary study, suggests an uncontrolled firing, with temperatures between 550 and 700 ◦C.
The identification of relatively low-temperature ranges, together with the variety of colors
of the vessels and the uneven atmosphere, indicates that the pottery was fired in pits or
above ground.

To conclude, using the methods applied in this paper, we found no notable differences
in the pottery of these two communities. The manufacturing techniques, including using
the same source of clay, finishing treatments and firing pottery technologies, are the
same, suggesting ordinary contacts between Costis, a and Monteoru ceramic groups in the
interference zone of Eastern Romania. The typology of pottery, details of the chemical
composition, physical characteristics, macro- and microscopic observations suggest the
existence of a stable community, which has the same technological skills for producing the
usual pottery of a Middle Bronze Age community.
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