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Abstract

Identifying the mineral pigments used in the decoration of prehistoric pottery is a significant
step for understanding the evolution of the technological practices over time. On the Balkan
Peninsula during late prehistory, the techniques used for red and dark-colored decorations
underwent a significant transformation. In the Early Neolithic period, pottery was often
decorated with dark-toned paints, ranging from deep red to brown. However, this approach
declined noticeably during the Chalcolithic period, when red pigment pseudo-incrustation
became the predominant decorative method. This study aims to identify the mineral
pigments used in red and dark decorations on Neolithic and Chalcolithic pottery from
Bulgaria and to trace possible technological, regional, or chronological variations in their
composition. A total of 34 ceramic sherds, decorated in shades from red to brown and
black, were analyzed using two complementary spectroscopic techniques: laser-induced
breakdown spectroscopy (LIBS) and Fourier-transform infrared spectroscopy (FTIR). LIBS
data were further evaluated using principal component analysis (PCA) to classify materials
based on elemental composition. The results indicate that red decorations are consistently
composed of hematite and remain compositionally stable regardless of the region, time
period, or application technique. In contrast, dark decorations contain various combinations
of iron oxides (magnetite and hematite) and manganese oxides, often including barium-rich
manganese compounds—potentially indicating pigment provenance. Additionally, the
dark decorations display regional differences.

Keywords: Balkan Neolithic and Chalcolithic; red- and dark-decorated pottery; mineral
pigments; spectroscopic techniques—LIBS and FTIR

1. Introduction
Ceramic archeological artifacts are crucial for understanding the everyday life of

ancient communities, as they represent the most ubiquitous findings that are discovered
almost everywhere around the world. This valuable archeo-material provides extensive
information about the technological capabilities of a particular cultural group, as well as
the esthetic preferences and stylistic trends of their time [1,2].

Since the earliest stages of human cultural development, people have searched for
natural sources of colors, both organic and inorganic, to create pigments, a practice that has
accompanied the making of marks and decorated objects from prehistoric times onward.
The use of pigments for decoration is a universal phenomenon found throughout the
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world’s prehistory, reflecting both esthetic traditions and technological knowledge shared
by diverse cultures [3]. Decorative materials in colors that contrasted with the base were
often applied to enhance visual appeal. The decoration of ceramic wares varied widely in
terms of application techniques and ornamental designs. The use of colorful decorations
in prehistoric contexts serves as a key indicator for identifying regional differences and
expressing cultural identity. In prehistoric times, these pigments came in a range of
colors, including white, black, yellow, and various shades of brown and red. They were
applied as an additional layer that was distinct in color from the pre-treated underlying
surface known as engobe. Engobe refers to a thin, clay-based coating applied to pottery
to improve smoothness and enhance surface texture. By the end of the Early Neolithic
period in the Balkan Peninsula, red and dark colors—particularly in shades of brown
and black—were commonly applied as paint on a polished surface to adorn ceramic
vessels. This method of applying decorations, known as the paint technique, declined
during the Chalcolithic period, when encrusting red pigments became the dominant
decoration technique. A specific method of incrustation involving rubbing a red pigment
with a powdery consistency onto a previously roughened surface or applying a very dilute
solution after the vessel has been fired is the so-called pseudo-incrustation method [4].

The adoption of analytical techniques in archeology has expanded research beyond
cultural classification based on typology and decorative styles of pottery, enabling the
study of raw material composition as well. Spectroscopic techniques, in particular, allow
for the identification of the chemical and mineral composition of pigments—information
that cannot be determined through visual inspection alone.

In the prehistory of the Balkan Peninsula, coloristic decorations played a vital role in
shaping regional and cultural characteristics across Southeastern Europe and served as
a basis for relative chronology. Archaeometric analysis of the mineral pigments used for
decoration offers complementary technological and material insights. Over the past three
decades, a growing number of published studies have examined the archaeometric analysis
of prehistoric red and dark pigments from this region. A significant volume of research
has been conducted in Greece [5–11] and Romania [12–17]. Despite the limited number,
studies have also been published from Hungary [18,19], Albania [20–22], Serbia [23–25],
and Croatia [26]. The archaeometric research on pigments from the Neolithic and Chalcol-
ithic periods in Bulgaria is still in its early stages and remains relatively sporadic. Some
research teams have conducted archaeometric analyses of the red and dark decoration
compositions on Neolithic and Chalcolithic ceramic vessels from several settlements across
Bulgaria [27–31].

This study aims to identify the red and dark (brown to black) mineral pigments used
for decoration on Neolithic and Chalcolithic pottery from the territory of Bulgaria and to
assess a possible regional variation in their composition, with particular attention to identi-
fying region-specific pigment types that may serve as provenance indicators. A total of 34
decorated pottery fragments from nine archeological deposits, located in four geographical
zones in Bulgaria, were analyzed using two complementary spectroscopic techniques: laser-
induced breakdown spectroscopy (LIBS) and Fourier-transformed infrared spectroscopy in
attenuated total reflection mode (ATR-FTIR). The data obtained from the LIBS analyses are
treated with the multivariate statistical technique, principal component analysis (PCA), to
explore the variances in the elemental content of the decorations.

2. Materials and Methods
2.1. Analyzed Decorated Sherds

The ceramic artifacts analyzed in this study were selected to reflect the decorative
styles typical of Neolithic and Chalcolithic cultural groups across different regions of
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Bulgaria. Their dating is based on the Bulgarian periodization method [32]. Most of the
fragments are small (~2–5 cm2) to medium (~6–12 cm2) in size and do not retain identifiable
vessel shapes. This study includes artifacts from nine archeological sites located within four
distinct geographical regions of Bulgaria. Figure 1 presents a map showing the locations of
these sites, and the main characteristics of the ceramic shards are summarized in Table 1.

Figure 1. Map of Bulgaria with archeological sites where the analyzed pottery sherds were collected.

Table 1. Synthesis of the pottery information with the corresponding photos (EN—Early Neolithic;
LN—Late Neolithic; EC—Early Chalcolithic; LC—Late Chalcolithic). The type of decoration refers to
the decoration technique. The marker in the photo represents 1 cm.

Sample Photos Sample ID Type of Decoration Epoch Cultural
Affiliation Archeological Site

U6 paint LN/EC Balgarchevo I Strumsko

U7 paint LN/EC Balgarchevo I Strumsko

U8 paint LN/EC Balgarchevo I Strumsko

U9 paint LN/EC Balgarchevo I Balgarchevo

U10 paint LN Topolnica–
Acropotamos Damyanitsa

U11 paint LN Topolnica–
Acropotamos Damyanitsa

U13 paint LN Topolnica–
Acropotamos Damyanitsa

N1 paint LN Topolnica–
Acropotamos

Topolnica–
Promachon
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Table 1. Cont.

Sample Photos Sample ID Type of Decoration Epoch Cultural
Affiliation Archeological Site

N2 paint LN Topolnica–
Acropotamos

Topolnica–
Promachon

N4 paint LN Topolnica–
Acropotamos

Topolnica–
Promachon

N5 paint LN Topolnica–
Acropotamos

Topolnica–
Promachon

N7 paint LN Topolnica–
Acropotamos

Topolnica–
Promachon

B1 paint EN Gradeshnitsa Gradeshnitsa,
Malo Pole

B3 paint EN Gradeshnitsa Gradeshnitsa,
Malo Pole

B4 paint EN Gradeshnitsa Gradeshnitsa,
Malo Pole

B5 paint EN Gradeshnitsa Gradeshnitsa,
Malo Pole

B6 paint EN Gradeshnitsa Gradeshnitsa,
Malo Pole

B7 paint EN Gradeshnitsa Gradeshnitsa,
Malo Pole

B8 paint EN Gradeshnitsa Gradeshnitsa,
Malo Pole

B9 paint EN Gradeshnitsa Gradeshnitsa,
Malo Pole

B10 paint EN Gradeshnitsa Gradeshnitsa,
Malo Pole

 

B11 paint EN Gradeshnitsa Gradeshnitsa,
Malo Pole

B25 paint LC Krivodol–Sălcuţa–
Bubani Mezdra, Kaleto
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Table 1. Cont.

Sample Photos Sample ID Type of Decoration Epoch Cultural
Affiliation Archeological Site

B26 paint LC Krivodol–Sălcuţa–
Bubani Mezdra, Kaleto

S5 paint EN Karanovo I Madzherito

S15 Pseudo-incrustation LC Karanovo VI Starozagorski Bani

S16 Pseudo-incrustation LC Karanovo VI Starozagorski Bani

S20 Pseudo-incrustation LC Karanovo VI Starozagorski Bani

S21 Pseudo-incrustation LC Karanovo VI Starozagorski Bani

S26 Pseudo-incrustation LC Karanovo VI Starozagorski Bani

 

K2 paint LC Kozarevo Mound

K3 paint LC Kozarevo Mound

K4 Pseudo-incrustation LC Kozarevo Mound

K5 Pseudo-incrustation LC Kozarevo Mound

The southwest area is represented by twelve sherds from four archeological sites,
all located along the Struma River valley in the Blagoevgrad district: three sherds from
settlement near Strumsko, dated to the Late Neolithic (~5100–4900 BC) to Early Chalcolithic
(~4900–4700 BC) period (sherds U6, U7, and U8) [33]; one sherd from a settlement near
Balgarchevo village, dated to the end of the Late Neolithic period (sherd U9) [34]; three
sherds from a Late Neolithic settlement near Damyanitsa village (sherds U10, U11, and
U13) [35]; and five sherds from a settlement (Topolnica–Promachon) near Topolnica village,
dated to the Late Neolithic period (sherds N1, N2, N4, N5, and N7) [33]. The sherds U6,
U7, U8, and U9 belong to the Balgarchevo I culture, and the sherds U10, U11, U13, N1, N2,
N4, N5, and N7 are affiliated with the Topolnica–Acropotamos culture.

From the region of northwestern Bulgaria, twelve sherds from two archeological
sites are provided. Ten of the sherds are from a settlement in the Malo Pole area near
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Gradeshnitsa village, Vratsa District (sherds B1, B3–11), dated to the Early Neolithic period
(~6200–5500 BC) [36]. These ten sherds represent the Gradeshnitsa culture. The other two
sherds are from a Late Chalcolithic settlement (~4400–3900 BC) in the Kaleto area near the
city of Mezdra (sherds B25 and B26) and represent the final stage of the Krivodol–Sălcuţa–
Bubani culture [37].

The central Bulgaria region is represented by six sherds from two archeological
sites located in the Thracian valley. Five of them are from the settlement mound in the
Starozagorski Bani site, Stara Zagora district (sherds S15, S16, S20, S21, and S26). These
sherds are dated to the last phase of the Late Chalcolithic period and represent the Kara-
novo VI culture [38]. One sherd (S5) is from the archeological site near Madzherito village,
dated to the Early Neolithic period [39]. This sherd represents the Karanovo I culture,
specifically the Azmak version.

From the eastern region, four sherds are provided from the Kozarevo Mound, which is
located near the city of Kableshkovo, Bourgas District (K 2-5) [40]. These sherds are dated
to Phase III of the Late Chalcolithic period.

When identifying complex inorganic materials such as mineral pigments, it is essential
to use a combination of analytical techniques to complement their results. Considering the
valuable nature of archeological artifacts, the use of non-invasive methods is required. To
acquire comprehensive information, two spectroscopic techniques were employed. LIBS
was used to determine the chemical elements in the pigments, while FTIR, which provides
insights into the molecular composition, was used to complement the LIBS results.

2.2. Laser-Induced Breakdown Spectroscopy (LIBS)

Among the key benefits that make LIBS competitive with other analytical techniques
in archaeometry are its micro-destructive nature, the lack of requirement for prior sam-
ple preparation, its ability to detect multiple elements simultaneously, the option for
depth profiling without the need for object fractionation, and its suitability for in situ
analysis—particularly important when laboratory-based analysis is not achievable. LIBS
has demonstrated its ability to successfully study archeological pigments [41,42].

The LIBS technique involves directing a focused, high-energy laser pulse onto the
surface of a sample. The laser pulse duration is about a few nanoseconds. The intense
energy at the focal point rapidly heats the material, causing a minute portion to be ablated
and form a plasma plume composed of atoms and ions from the sample’s elements. Once
the laser pulse ends, electrons in the plasma recombine with ions, and the excited species
relax, releasing light that is characteristic of the elements present. This emitted light is then
transmitted to a spectrometer using an optical fiber. LIBS can be used to analyze a wide
variety of materials irrespective of their phase [43,44].

In this study, LIBS measurements were carried out using a portable LIBSCAN25+
system (Applied Photonics Ltd., Skipton, UK). The setup features a Q-switched Nd:YAG
laser operating at the fundamental wavelength of 1064 nm, with a pulse duration of 10 ns
and a standard output energy of 50 mJ per pulse. It also includes six spectrometers covering
the 200–750 nm spectral range, along with beam focusing and light collection optics. The
laser beam was focused onto the sample surface using a lens with a 90 mm focal length.
Plasma emission was collected via six optical assemblies, three designed for the UV-VIS
range and three for the VIS–NIR range, and transmitted to the spectrometers through
optical fibers.

For the experiments, the samples were irradiated using reduced pulse energy of 8 mJ to
ensure ablation of only the decoration layer, without affecting the underlying engobe. The
depth of the crater obtained under these experimental conditions is approximately in the
range of 1–5 µm. Ablation was conducted under ambient air at atmospheric pressure. To
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minimize interference from the initial continuum emission of the plasma, signal acquisition
was delayed by 1.3 microseconds following each laser pulse, with a detection window (gate)
of 1 millisecond. Spectral data collection was managed using the LIBSoft V14 software.
Analyses were carried out on both the decorations and the engobes of the pottery sherds.
For the identification of the chemical elements from the detected spectral lines the National
Institute of Standards and Technology (NIST) database was used [45].

The LIBS data were statistically evaluated using principal component analysis (PCA) to
group the fragments based on similarities and differences in their elemental compositions.

PCA is a technique for reducing the complexity of large datasets by converting the
original variables into a smaller number of uncorrelated variables known as principal
components. These components represent the most important patterns of variation within
the data, enabling more straightforward analysis and visualization with minimal loss
of meaningful information [46–48]. The PCA score plot displays the similarities and
differences between sherds, showing how they are distributed in the space defined by the
principal components. In this current study, each dot on the score plot represents a sherd.
The closer the dots are, the more similar the characteristics are in terms of elemental content.
The PCA loading plot shows the relationship between the variables and the PCs, indicating
how strongly each variable influences each PC. The statistical analysis in our study was
performed using the OriginPro 2018 (9.55) software.

2.3. Fourier-Transformed Infrared Spectroscopy in Attenuated Total Reflection Mode (ATR-FTIR)

ATR-FTIR is a prominent analytical method for determining the mineral composition
of archeological ceramics [49–51]. It works by detecting the characteristic absorption of
infrared radiation by the functional groups within the material, which are influenced by
its molecular structure, bond vibrations, and crystal lattice. This technique is valued for
its simplicity, speed, and reliability. It offers notable advantages over other mineralogical
methods by enabling the identification of both crystalline and pseudo-amorphous phases
in ceramic components. Additionally, FTIR is considered non-invasive due to its minimal
sample requirements [52].

In this study, ATR-FTIR was employed to identify the mineral compounds present
in the pigments. The analyses were conducted using a Perkin Elmer Spectrum Two FTIR
spectrometer equipped with a PIKE GladiATR accessory and a monolithic diamond ATR
crystal (Pike Technologies, Fitchburg, WI, USA) at room temperature. For each sample, a
small portion of the decorative layer was carefully scraped, finely ground in an agate mortar,
and placed directly onto the diamond crystal without additional preparation. Spectra
were collected in the mid-infrared (MIR) range (4000–400 cm−1), averaging 32 scans at a
resolution of 4 cm−1. Baseline correction was carried out using the instrument’s software,
and spectral data were plotted using OriginPro Version 2024 (10.1) (OriginLab Corporation,
Northampton, MA, USA). Interpretation was performed by comparing the results with
established reference studies.

3. Results
3.1. Elemental Composition

The elemental analyses with LIBS are constrained to qualitative and semi-quantitative
elemental determination due to the absence of suitable matrix-matched calibration stan-
dards for pigments and ceramic materials. Based on the analytical results, all examined
ceramic sherds display an identical elemental content. The predominant elements detected
include calcium, aluminum, iron, magnesium, silicon, potassium, and sodium. Addition-
ally, manganese, strontium, barium, and titanium were also identified.
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All the detected elements are present in each of the analyzed sherds, both in the
engobes and the decorations. Nevertheless, the relative intensities of the spectral emission
lines of the detected elements varied in each sherd, indicating different concentrations of
these elements.

Due to the similar elemental composition of all decorations, distinguishing between
various mineral pigments is challenging. This necessitates the application of the multi-
variate technique PCA for the statistical treatment of the data obtained from the LIBS
analysis, which helps classify the sherds according to the differences and similarities in
their chemical content. Classification of the sherds is based on variations in the spectral
line intensities of the constituent elements. The input data for conducting PCA consisted
of the intensities of selected spectral lines emitted by each element. Given that spectral
line intensities depend not only on elemental concentrations but also on the matrix effects
and experimental conditions, normalization of the measured peak areas is required. This
normalization was achieved by dividing the integrated peak area of each selected spectral
line by the total light intensity emitted from the plasma in each recorded spectrum [53].

The characteristic atomic and ionic emission lines used for elemental identification and
for conducting PCA are presented in Table 2. The choice of appropriate spectral lines for
PCA is guided by two primary considerations: the spectral lines must be free from overlap
with lines of other elements, and the strongest analytical lines of certain elements—those
most susceptible to self-absorption effects—should be avoided.

Table 2. Characteristic spectral lines employed for elemental identification in LIBS spectra. The
Roman numerals I and II denote spectral lines emitted from neutral atoms and singly ionized atoms,
respectively.

Element Wavelengths (nm)

Ca 315.89 II, 317.93 II, 393.36 II, 396.85 II, 457.85 I, 458.14 I, 527.03 I *, 671.77 I
Si 250.69 I *, 251.61 I, 252.41 I, 252.85 I, 288.16 I
Al 308.22 I *, 309.27 I, 394.40 I, 396.15 I
Mg 279.55 II, 280.27 II, 285.21 I, 382.93 I, 383.23 I, 516.73 I *
Na 449.42 I *, 589.00 I, 589.59 I
K 404.41 I *, 693.88 I
Fe 271.90 I, 275.01 I, 293.69 I *, 302.06 I, 356.54 I, 357.01 I, 358.12 I, 374.55 I
Mn 259.37 II, 403.08 I, 403.31 I, 403.45 I, 475.40 I *
Ti 334.94 II, 336.12 II, 337.75 I *, 338.38 II, 498.17 I, 499.11 I, 499.95 I, 500.72 I
Sr 407.77 II, 421.55 II *, 460.73 I
Ba 455.40 II, 493.41 II *, 553.55 I

* Characteristic spectral lines employed to perform the statistical analysis with PCA.

The PCA technique enables the extraction of complex information from multiple
datasets by visualizing variations in the relative elemental composition across different
sherds. Figure 2 shows the resulting biplot of the first two principal components, which
explain 53.10% of the cumulative variance (PC 1 explains 30.39% of the variation, while PC
2 explained 22.71% of the variation). The biplot combines the score plot and the loading plot
into a single graph. Although all of the decorations have an identical elemental composition
and the score plot does not show apparent clustering, some distinctive characteristics can
still be observed.

The score plot reveals a slight separation between the red and dark decorations, indi-
cating differences in their mineral composition despite the overall similarity in elemental
content among all the sherds. All of the red-decorated sherds, except K4 and K5, along
with some of the dark-decorated ones, are located in the negative region of PC2. In contrast,
most of the dark-decorated ones are located in the positive region.
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Figure 2. Biplot of the first two principal components resulting from PCA of LIBS data of the red
and dark decorations. The blue scales, right and top, refer to the loadings; the black scales, left and
bottom, refer to the scores.

Most of the scores representing red decorations are clustered together, indicating
significant similarity in their chemical composition. It is also observed that the dark
decorations are more dispersed, implying that a greater diversity of substances has been
used for the dark colors.

Another distinctive feature that can be noticed on the score plot is that the sherds
from Kozareva Mound (K2, K3, K4, and K5) are, to some degree, separated from the rest.
They are located in the most positive part of PC1. The loading plot shows that PC1 is most
influenced by iron and silicon. This indicates that the decorations of these sherds—both
red and dark—are distinguished from the others by a higher content of these elements.

The loading plot reveals that the loadings associated with barium and manganese
exhibit a strong positive correlation, indicating that in samples with increased manganese
content, barium levels are also increased—and vice versa. Most of the dark-decorated
sherds are positioned in the positive side of PC2, which is most influenced by barium and
manganese. This suggests that, in these dark decorations, the coloration is most likely
achieved through the application of mineral compounds containing manganese oxides
enriched with barium.

It is quite possible that barium naturally exists in clays as a minor component. To
make sure that the increased levels of barium and manganese in the decorations—and
the resulting dark color—are due to their intentional addition rather than being inherent
to the clay, the spectra of the dark decorative areas were compared with those of the
corresponding engobe layers. The analysis revealed that the spectral lines of barium and
manganese are significantly weaker—or entirely absent—in the engobes compared to the
decorations. This confirms the suggestion that the dark color is due to the presence of
minerals containing barium and manganese. Figure 3 presents an example spectra obtained
from one of the dark-decorated sherds (sherd N4), illustrating this finding. The spectral
regions from 576.00 nm to 587.00 nm and from 594.00 nm to 609.00 nm, in which some of
the barium and manganese spectral lines are emitted, obtained from the decoration and the
engobe, are compared.

Most of the dark-decorated sherds exhibited an increased amount of barium-enriched
manganese minerals compared to their engobes. The exceptions are sherds B5, B6, B9, B10,
N2, S5, K2, and K3. In the decorations of sherds B5, B6, B9, and B10, only manganese is
increased, indicating the use of manganese oxides as a pigment. In sherd N2, the decoration
shows increased concentrations of both manganese and iron, most likely indicating the use
of umber—a natural earth pigment containing iron oxide and manganese oxide known for
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its brownish color [54]. In sherds S5, K2, and K3, only iron is increased, suggesting that the
dark color in these objects was achieved using iron oxides.
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Figure 3. Exemplary LIBS spectra comparing the decoration and the corresponding engobe of one of
the dark-decorated sherds (sherd N4), highlighting two spectral regions that include barium lines
(at 577.76 nm, 582.63 nm, 585.37 nm, 597.17 nm, 599.71 nm, and 606.31 nm) and manganese lines (at
601.35 nm, 601.66 nm, and 602.18 nm).

The other strong positive correlation observed on the loading plot is between calcium
and strontium. The simultaneous increase in calcium and strontium can be explained by
the fact that during the growth of calcite crystals, it is common for calcium atoms to be
substituted by strontium cations (Sr2+) due to the close similarity in their ionic radii and
charges, as well as the ability of carbonates to interact with various divalent metals [55–57].
Therefore, the strong positive correlation between these two elements suggests the presence
of calcite in some of the decorations.

The PCA biplot shows that most of the red decorations exhibit a higher titanium
content compared to the dark decorations. When comparing the spectra of the decorations
to those of the corresponding engobes, it is evident that the titanium spectral lines in the
red decorations are as strong as those in the engobes. In contrast, in the dark decorations,
they appear weaker. To illustrate this, Figure 4 shows the spectral region from 497.5 nm
to 501.00 nm, highlighting several atomic spectral lines of titanium obtained from two
examples. The spectra of the red (Figure 4a) and dark (Figure 4b) decorations, along with
their corresponding engobes, are compared.

Figure 4. Representative section of spectra from two selected sherds indicating differences in the
titanium spectral lines (at 498.17 nm, 499.11 nm, 499.95 nm, 500.72 nm) intensities and comparing
the presence of titanium in decorated areas with their corresponding engobes. Red-decorated sherd
S15 (a) and dark-decorated sherd B5 (b).
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In general, the red-decorated objects exhibit a significant similarity between the deco-
ration and the engobe material, with the iron content being slightly higher in the decoration.
The only exceptions are the sherds from Kozareva Mound (K2, K3, K4, and K5), which
display a significantly higher iron content in the decoration compared to the engobe. In
contrast, the dark decorations exhibit a slightly more diverse composition, primarily due to
elevated levels of barium, manganese, and, in some sherds, iron.

The spectral lines of aluminum, silicon, magnesium, potassium, and sodium are almost
equally strong both in the decorations and engobes. Considering that these elements are
natural constituents of clays, it can be assumed that the coloring mineral, most probably
red ocher, was mixed with clay.

3.2. Molecular Composition

The ATR-FTIR analysis provided additional details on the mineralogical composition of
the paints used to decorate the ancient pottery. The spectra obtained displayed complex and
partially overlapping characteristic bands, making interpretation challenging. Representative
spectra are shown in Figure 5. All the detected minerals are summarized in Table 3.

 

(a) (b) 

 

(c) (d) 

 

 

(e)  

Figure 5. Representative ATR-FTIR spectra of selected samples illustrating (a) the presence of
calcite (Cal), clay minerals, and hematite (Hem), which contribute to the red coloration of the paint;
(b) characteristic features of hydromagnesite (Hmgs) and magnetite (Mag), which are associated with
the dark coloration of the paint; (c) absorption bands of manganese oxides, which are also responsible
for dark-colored paints; (d) spectral signatures of proteinaceous materials; and (e) bands attributed to
lipids, suggesting the presence of oils or resins.
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Table 3. Mineral content of the decorations on the sherds with their corresponding IDs. (tr—traces).

Sample ID Mineral Composition

U6 quartz, magnetite, hematite, and hydromagnesite

U7 quartz, magnetite, hematite, and protein (tr) (in brown) // quartz magnetite,
hematite, and organic (tr) (in red)

U8 quartz, magnetite, and hematite
U9 quartz and hematite (brown) // quartz, hematite, and magnetite (red)
U10 quartz, magnetite, and hematite
U11 quartz, magnetite, gypsum (tr), and hydromagnesite
U13 quartz, magnetite, and hematite
N1 Magnetite and hematite
N2 quartz, magnetite, calcite, and lipids (tr)
N4 quartz, magnetite, hematite, and calcite
N5 quartz, magnetite, and hematite
N7 quartz and hematite
B1 quartz, hematite, and magnetite
B3 quartz and magnetite
B4 quartz and manganese oxides
B5 quartz, hematite, calcite, and organic (tr)
B6 quartz, hematite, magnetite, manganese oxides, and calcite (tr)
B7 quartz, hematite, manganese oxides, and protein (tr)
B8 quartz, hematite, and carbonate (tr) (brown)

B9 quartz, hematite, magnetite, and carbonate (tr) (brown) // quartz, hematite,
carbonate (tr), and organic (tr) (red)

B10 quartz, hematite, manganese oxides, carbonate (tr), and lipids (tr) (black) //
quartz, hematite, carbonate (tr), and lipids (tr) (red)

B11 quartz, hematite, magnetite, and calcite tr (brown) // quartz and hematite (red)
B25 quartz, kaolinite, and hematite

B26 calcite, hematite, kaolinite, and quartz (red) // calcite, hematite, kaolinite, and
quartz (yellow)

S5 quartz, hematite, and calcite
S15 quartz, hematite, calcite (tr), and organic (tr)
S16 quartz, hematite, magnetite, and calcite (tr)
S20 quartz, hematite, and calcite (tr)
S21 quartz, hematite, and calcite
S26 quartz, hematite, calcite, and magnetite (tr)
K2 quartz, kaolinite, and hematite
K3 quartz and hematite
K4 quartz, hematite, and magnetite
K5 quartz and hematite

All spectra were dominated by characteristic vibrations of absorbed water, which are
seen as a very broad band around 3400 cm−1 and attributed to O–H stretching and another
broad band around 1640 cm−1 due to the H–O–H bending mode of water [58]. Quartz was
also present in all spectra, identified by its characteristic doublet at 778–799 cm−1, with the
peak at 695 cm−1 and the shoulder at 1164 cm−1 [59]. The presence of aluminosilicate clay
minerals, such as illite, montmorillonite, and kaolinite, was indicated by a strong, broad
band in the 800–1200 cm−1 range centered between 1005 and 1049 cm−1, corresponding to
Si–O stretching vibrations, as well as Si–O–Si bending features around 450 and 420 cm−1

(Figure 5a). Furthermore, a weak band at ~915 cm−1, attributed to Al–OH vibrations in
phyllosilicates, was observed in some samples (Figure 5a) [60].

In some spectra, characteristic bands of carbonate species, likely from calcite (CaCO3),
were also observed. These included a broad band near 1420 cm−1 and two narrow bands
at 873 and 713 cm−1, corresponding to the asymmetric stretching of the carbonate ion
(ν3), out-of-plane bending (ν2), and in-plane bending (ν4) vibrations, respectively [61].
Additionally, the presence of hydromagnesite (4MgCO3·Mg(OH)2·4H2O) was inferred by
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two narrow bands at 1410 and 1453 cm−1, which split the carbonate stretching vibration
(Figure 5b) [62].

Characteristic spectral features associated with iron- and manganese-based metal ox-
ides were consistently detected in the 900–400 cm−1 region, which are typically responsible
for the red to brown/black hues of the decorative pigments. Hematite (Fe2O3) was clearly
identified in red paints through its prominent absorption band at 524–536 cm−1 (Figure 5a).
Its second notable band falls within 430–470 cm−1, overlapping with the regions of clays
and feldspars, complicating precise attribution [61]. In the dark-colored pigments, hematite
was often found alongside magnetite (Fe3O4), with a characteristic peak between 556 and
585 cm−1 (Figure 5b,d) [63]. Manganese oxides were also detected in some dark samples
by bands around 602, 562, 518, and 464 cm−1 due to Mn–O vibrations (Figure 5c) [64,65].

Traces of organic compounds were detected in several samples. In two samples (U7
and B7), weak features of proteinaceous materials were identified by the asymmetric and
symmetric –CH2– stretching modes at 2984 and 2855 cm−1, along with amide I, II, and III
bands at 1629, 1577, and 1465 cm−1, respectively (Figure 5d). In two other samples (B10
and N2), a weak broad absorption at 1737 cm−1, corresponding to the C=O stretching mode
of lipids, was detected (Figure 5e), suggesting the presence of oil or resinous materials [66].

4. Discussion
This archaeometric study of red- and dark-decorated prehistoric pottery sherds re-

vealed a notable similarity in the composition of the decorative layers. In addition to the
coloring agent, earth pigments typically contain a combination of accessory components
such as clays, carbonates, and quartz [67]. All of the analyzed samples contained clay
minerals, including aluminosilicates, as well as quartz and various metal oxides. The clay
material is a carrier to which the coloring agent is added.

The results from both analytical methods indicated that in the red decorations, iron
oxides, specifically hematite, are the predominant constituent. The elemental analyses
disclosed an increased amount of titanium in all the engobes and in nearly all of the red
decorations compared to the dark ones. The increased titanium amount can be attributed to
the fact that this element is a common trace element in clay minerals. It is typically present
as titanium dioxide (TiO2) or as a substituent within the crystal lattice of clay minerals. The
concentration of titanium can vary depending on the type and origin of the clay [68–70].

The elemental analysis revealed that sherds from the eastern region, specifically
the Kozarevo Mound, generally exhibit the highest concentrations of iron and silicon
compared to samples from the other studied regions. This could be a reflection of a
regional characteristic of the clay which might naturally contain more iron oxides and
silicate minerals.

In some of the red-decorated sherds, the presence of calcite is observed. Although
calcite is typically associated with the formation of white rather than red or dark coloration,
its occurrence in these samples may not be accidental. Calcite can be intentionally added to
alter the mechanical properties of the material; for example, it may serve as an extender
in pigments [71] or as a temper when added to clay [72]. Nevertheless, it is more likely
that the calcite originates naturally from the raw materials used. Many studies report the
natural presence of calcite in red pigments [73–77], including in pottery from Bulgaria [28].

Similarly, calcite is also detected in some of the dark-decorated sherds, where its
presence is again more plausibly attributed to the natural composition of the raw materials
rather than deliberate addition. Additionally, in two dark-decorated sherds from the
southwestern region, the carbonate mineral hydromagnesite is identified. These minerals
may also derive from natural raw materials, but they can alternatively form through
post-burial precipitation or as an alteration product [78].
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The red pigment used across Southeastern Europe during the Neolithic and Chal-
colithic periods shows significant permanence, with hematite being the predominant
ingredient. The use of cinnabar on a limited number of archeological findings has only
been reported in Hungary [19] and in the western part of the Balkans, Serbia [23], and
Thessaly, Greece [11].

Unlike the red decorations, the brown ones demonstrate a slightly greater vari-
ety in their composition. Molecular analysis primarily identifies hematite and mag-
netite, and in some samples, these are mixed with manganese oxides. The elemen-
tal analyses and the resulting loadings in PCA revealed a robust positive correlation
between barium and manganese in most of the dark decorations. The simultane-
ous increase in barium and manganese contents most likely indicates the presence of
psilomelane, a widespread group of hard, black, hydrous barium-bearing manganese
oxides/hydroxides, including primarily romanechite (Ba,H2O)2(Mn4+,Mn3+)5O10 and hol-
landite Ba(Mn4+,Mn2+)8O16. Also, psilomelane is often associated with wad, an old mining
term for a black earth pigment rich in manganese. Wad has no defined chemical composi-
tion and typically consists of hydrated manganese oxides (such as romanechite, pyrolusite
(MnO2), birnessite ((Na,Ca)0.5(Mn4+,Mn3+)2O4·1.5H2O), todorokite (Ca,K,Na,Mg,Ba,Mn)
(Mn,Mg,Al)6O12.3H2O), and hydrated iron oxides [75,77].

All sherds showing notable increases in barium and manganese contents are located
in western Bulgaria—specifically, the Vratsa and Mezdra districts in northwestern Bulgaria
and the Struma River valley in the southwest. Given the known presence of wad in
southwestern Bulgaria and also that relatively close to these two regions, there are deposits
of romanechite and hollandite [79], the presence of barium-bearing manganese minerals in
the dark decorations can be considered as a local characteristic of the mineral sources and
could therefore be a valuable indicator of origin.

To the best of our knowledge, the use of barium-bearing manganese oxides/hydroxides,
specifically those from the psilomelane group, has not yet been identified as a dark pigment
within the territory of the Balkan Peninsula. Their use has been reported in Paleolithic rock
art in southwestern Europe [80–82].

In some of the dark-decorated objects from northwestern Bulgaria, an increased iron
content was detected along with an increased manganese content. This suggests that the
dark pigment used in these cases was umber, a natural earth pigment mixture consisting
primarily of iron oxides with manganese oxides.

The results from both methods show that the dark decorations on sherds from central
(Madzherito) and eastern (Kozarevo Mound) Bulgaria consist primarily of iron-bearing
minerals (hematite and magnetite) mixed with clay.

The molecular analysis detected organic components in some of the sherds. Pro-
teinaceous materials were identified in two of the dark decorations. Traces of lipids were
detected in two other sherds, both in red and dark decorations, suggesting the presence of
oil or resinous materials. These organics could point to ancient food processing, old repairs,
or waterproofing purposes [83,84]. Alternatively, they may have served as binding agents
to enhance the adhesion of pigments to the ceramic surface [85,86].

Across Southeastern Europe, dark colors ranging from brown to black were produced
using various inorganic materials in combination with specific firing conditions. One of
the primary raw materials used was manganese-enriched earth (umber). This material
has been mainly identified in Romania [14–16], Albania [21,22], and Greece (Thessaly) [8].
Another method for achieving dark coloration involved using iron-containing minerals
fired in a reducing atmosphere, a technique also documented in many parts of the Balkan
Peninsula, particularly in Romania [14–16], Albania [21,22], and Greece (Thessaly and
Eastern Macedonia) [6,7].
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There are some publications on the use of carbon black pigments, specifically graphite,
on the territory of Southeast Europe [7,9,15,87–89]. In Bulgaria, the use of graphite has
been documented in objects from the western region [33,90]. A specific technique involv-
ing carbon black has been identified in Croatia, where soot was used to achieve a black
color [26].

In general, the mineral pigments identified in Neolithic and Chalcolithic pottery from
Bulgaria display a high degree of consistency, closely matching those found across South-
eastern Europe. In both Bulgaria and the wider region, red coloration was predominantly
achieved with hematite, with cinnabar appearing only rarely in the Western Balkans. The
dark pigments, on the other hand, exhibit greater diversity, including mixtures of iron
oxides (magnetite and hematite), manganese oxide-rich earths, and, in some areas, graphite.
The only notable regional distinction, according to our results, is the use of barium-rich
manganese oxides in western Bulgaria. This overall uniformity in pigment use, combined
with localized variations, points to shared technological traditions alongside region-specific
resource exploitation in the Balkans during these periods.

5. Conclusions
This study presents the results of archaeometric research on mineral pigments in

red- and dark-decorated prehistoric pottery sherds from various geographical regions of
present-day Bulgaria. A combined spectroscopic approach was utilized to identify the
earth pigments used for decoration.

The results revealed compositional similarities across the analyzed samples. In all
of the decorations, the mineral pigment is mixed with a clay carrier material. The red
decorations are consistently dominated by hematite. Dark decorations, on the other hand,
demonstrate greater compositional diversity, with various combinations of iron oxides
(magnetite and hematite) and manganese oxides being detected. Strong correlation between
barium and manganese in many dark-decorated sherds indicated the use of barium-bearing
manganese oxide (assuming the presence of romanechite, hollandite, or todorokite in
the raw material). This pigment type was identified in dark decorations from western
Bulgaria (Vratsa District and the Struma River valley), suggesting local sourcing and
potential as a provenance marker. Some sherds from northwestern Bulgaria (Vratsa District)
exhibited high levels of both iron and manganese, suggesting the use of umber as a pigment.
In contrast, the dark-decorated sherds from central (Stara Zagora District) and eastern
(Bourgas District) Bulgaria were primarily composed of magnetite and hematite mixed
with clay.

In general, the red pigments show considerable conservative tendency regardless of
the region, period, or decorative technique. However, the dark decorations show a clear
regional differentiation in the mineral pigments used.

This archaeometric study has revealed important insights into the raw materials
used in the red and dark decorations of Neolithic and Chalcolithic pottery from various
geographical regions of Bulgaria, providing a basis for elucidating and tracing the spread of
the technology of coloristic decorations and regional characteristics during late prehistory
in Southeastern Europe.
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15. Buzgar, N.; Bodi, G.; Aştefanei, D.; Buzatu, A. The Raman study of white, red and black pigments used in Cucuteni Neolithic
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