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1. Introduction
The aim of this study was to investigate the original wall 
painting mineral based natural pigments used in the 
frescoes of the mid-9th century Byzantine period church; 
latter converted into a mosque in the early 16th century. 
Different characterization methods were employed to 
identify the mineral based natural pigments and determine 
their chemical composition (micro-X-ray diffraction 
analysis (µ-XRD), Raman and Fourier transform infrared 
(FTIR) spectroscopies, and scanning electron microscopy 
coupled with energy dispersive X-ray spectroscopy (SEM–
EDX)). The goal is for restorers to utilize the data obtained 
in the present investigation of the frescoes belonging to 
the original structure during the restoration works of the 
mosque, specifically in the subsequent cleaning, repairing, 
and preservation processes.

The church is believed to have originally served as the 
central element of a monastery and was constructed as one 
1The Atik Mustafa Pasha Mosque is also known as Hazreti Jabir Mosque, because it is believed that Jabir bin Abdullah, a companion of the Prophet, is 
entombed in the south-eastern corner of the bema part (Esmer, 2016).

of the first cross-in-square churches, featuring a central 
dome and three apses on the east side - an architectural 
plan that was most used for churches during the middle 
Byzantine period (Demus, 1964). It is considered that 
on its North and South sides, there were side chapels 
(parekklesion). Nevertheless, the origins of the church are 
still under debate. According to the architectural elements 
used in the building, the first construction dates from the 
second half of the 9th century, sharing similarities with 
other churches from the period of Emperor Theophilos. 
It has been suggested that Thecla, the daughter of 
Theophilos, ordered the building of the church in honor of 
St. Thecla (Eyice, 1991a; Wiener Müller-Wolfgang, 2001). 
However, other names, such as  Sts. Peter and Mark, Sts. 
Cosmas and Damianos, and St. Elias of Petrion, have also 
been suggested by historians (Encyclopedia of the Hellenic 
World, 2023).

Nowadays called Atik Mustafa Pasha Mosque1, after the 
Ottoman grand vizier Koca Mustafa Pasha, the building is 
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located next to the Golden Horn in the modern İstanbul 
Fatih/Ayvansaray district (Figure 1) (Yandex Maps; 
Google Earth Website) a vibrant and culturally diverse 
urban quarter in the northwest corner of the Historic 
Peninsula of Istanbul. During the Byzantine period, this 
area was known as Blakhernae, and it was the location 
of the Blakhernae Palace (Esmer, 2016). This district 
belonged to the XIV Regio as part of the historical center 
of Constantinople, after the Byzantine Emperor Manuel 
Komnenos enlarged the borders of the city (Eyice, 1991b).

This church was one of the two that have been converted 
by Koca Mustafa Pasha into a mosque. To differentiate 
between the two mosques,  the adjective “atik” (old) was 
added to the name of this one. For its new purpose as a 
mosque, several modifications were applied. These include 
the construction of a mihrab, marking the position of the 
imam, which is located within the central eastern apse 
of the building and is crowned by a conch (half-dome) 
(Figure 1e) (Kızılkayak, 2023). The original Byzantine 
cupola with windows was replaced by an Ottoman dome, 
new windows and a minaret were added, and some of 
the original windows were closed by brick or stone. The 
roof underwent extensive renovation, and on the western 
facade a last prayer area with five marble columns was 
added, following the traditional mosque building scheme. 
From the  Byzantine period, the barrel vaults above the 
central cross remained. 

The building was damaged by a fire in 1729, and the 
earthquake of 1894 destroyed the minaret, among other 
elements. In 1906, during the rule of Abdulhamid II, the 
minaret was reconstructed. On the south facade, frescoes of 
St. Kosmas, Archangel Michael, and St. Damianos, dating 
from the 14th or 15th century, remained above the windows 
(Figure 1c) (Kızılkayak, 2023). During the restoration 
undertaken in 1956, these frescoes were discovered and 
subsequently hidden behind wood (Mathews and Ernest, 
1985).  The same frescoes were covered by plaster during 
the restoration undertaken in 1992.

The current restoration of the mosque started in 2021 
and has been highlighting the architectural and historical 
significance of this mosque and of its decorative elements 
(Figure 1d, Figure 1e). During the restoration, the original 
ground floor level was discovered, revealing rich mosaic 
decorations (Figure 1g).  It was revealed that during 
the Ottoman  period, the floor level of the building was 
elevated more than 1 meter above the original ground 
level of the church (Figure 1f). Details at the lower wall 
level have revealed that originally colored marble plates 
were covering the walls. However, the marble plates were 
later removed and replaced by fresco paintings, still during 
the Byzantine period. Unique fresco examples, featuring 
ornaments or scenes of wrongdoers in the afterlife, were 
found between the floor level of the Ottoman Mosque and 

the original floor level of the former Byzantine church. 
These frescoes are significant for the Byzantine art history 
in Türkiye, because they are the first examples of this type 
from the middle Byzantine period in Istanbul. The mosque 
is expected to be reopened by late 2023 after the ongoing 
restoration (Türkyılmaz, 2023).

The identification of mineral based natural pigments 
used in cultural heritage artifacts is crucial for their 
restoration, preservation, dating, and authentication 
(Bell et al., 1997; Edwards et al., 2000; Smith and Clark, 
2004). Frescoes are common artworks on the walls of old 
churches, spread over a wide geographical area. Especially 
in recent years, the investigation of Roman wall painting 
techniques and the mineral based natural pigments used, 
through modern analytical methods, has been gaining 
relevance. Nevertheless, in Türkiye, despite several known 
examples (Akyol et al., 2005; Dooryhée et al., 2005; 
Akyuz et al., 2009; Weber et al., 2009; Akyol et al., 2011; 
Zimmermann, 2011; Bakiler et al., 2016), this type of 
study is still relatively scarce. In the literature, Fikri et al. 
(2022) utilized ATR-FTIR, XRF and Raman techniques for 
characterizing wall paintings in Morocco (North Africa) 
(Fikri et al., 2022). Koochakzaei et al. (2022) highlighted 
the importance of SEM-EDS, micro-Raman, and FTIR 
techniques for mineral based natural pigment analysis 
in wall paintings in Isfahan, Iran (Asia) (Koochakzaei 
et al., 2022). In another study, Marrocchino et al. (2022) 
reported the role of SEM-EDS, micro-Raman, and XRF 
techniques in analyzing mineral based natural pigments in 
wall paintings in Certosa di Calci, Pisa in Italy (Europe) 
(Marrocchino et al., 2022). Colored components of murals 
in cultural heritage artifacts are nowadays investigated 
using various analytical techniques, such as Raman and 
FTIR spectroscopies (Crupi et al., 2015; Piovesan et al., 
2016; Barone et al., 2018; Germinario et al., 2018), XRD 
(Mazzocchin et al., 2004; Uvarov et al., 2015; Bakiler 
et al., 2016) and SEM-EDX (Uvarov et al., 2015; Bakiler 
et al., 2016). Due to the potential damage caused by 
certain methods, samples were extracted from sections 
of the building that had fallen or broken off naturally and 
were subsequently analyzed. Considering the historical 
significance and distinctive nature of these samples, it is 
evident that cultural heritage objects necessitate special 
care during the analysis process.

The application of spectroscopic analyses to cultural 
heritage objects has a long history, starting in the 1950s, 
and mineral based natural pigments have since always 
been among the preferred elements for analysis (Olin, 
1966; Van’t Hul-Ehrnreich, 1970; Gilbert et al., 2003; 
Franquelo et al., 2009). FTIR and Raman spectroscopies 
provide detailed molecular information, and they have 
gained a prominent role over the years as very powerful 
techniques for the investigation of mineral based natural 
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Figure 1. a) and b)2 Map of the location of the Atik Mustafa Pasha Mosque; c) and d) Overview of the mosque 
before and during restoration; e) A view of the dome, mihrab, minbar, and decorative patterns inside the mosque 
before restoration; f) Image showing the floor level of the mosque (marked with a red line), raised more than 1 
m above the original floor level of the church during the Ottoman period; g) Mosaic decoration of the original 
ground floor of the Byzantine church.

2Yandex Maps, (2023). URL https://yandex.com.tr/harita/?ll=28.247374%2C40.823802&z=8.07 (accessed 08.30.24).
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pigments, either organic or inorganic, natural, or synthetic, 
often used in combination with XRD, which is also a 
highly effective method for materials characterization. 
When combined with techniques that afford elemental 
composition, such as the SEM-EDX method (Zeng et al., 
2010; Tomasini et al., 2012; Rosado et al., 2013; Mahmoud, 
2014). FTIR, Raman and XRD can provide a detailed 
chemical characterization of the materials under study. The 
combined use of these techniques is then taken advantage 
in the present investigation, highlighting the importance 
of a multianalytic approach in the characterization of the 
investigated historical wall paintings. 

2. Materials and methods
The samples used in this study are from the original 
church’s frescoes and were obtained with the permission 
of the T.R. Directorate General of Foundations before the 
commencement of the mosque’s current restoration in 
2021. Black, green, red, yellow, pink, white and cream-
colored plaster samples were taken from the wall paintings 
(6 samples), specifically from the locations indicated 

in Figure 2. Microscopic images were taken to closely 
examine the morphology and texture of the samples prior 
to Raman, FTIR, and µ-XRD analyses, and these images 
are shown in Figure 3. 

The morphology of the samples was examined using 
the Nikon SMZ 745T stereomicroscope and the Zeiss Axio 
Imager A2m, both located within the Research Center 
for the Conservation of Cultural Property of Foundation, 
Fatih Sultan Mehmet Vakıf University. The elemental 
compositions of the paintings were determined using 
a SEM/Hitachi SU3500 equipped with an EDX micro-
analytical system (Oxford X-ACT) at the Aluminum 
Testing Training and Research Center at Fatih Sultan 
Mehmet Vakif University, utilizing a 30 kV electron beam 
under low vacuum. No coating was applied to prevent 
charge effects. The EDX analyses were performed on 
fourteen representative samples exhibiting different colors.

µ-XRD patterns were collected at room temperature 
using a Bruker D8 Discover diffractometer equipped with 
a Vantec 500 detector at the Material Research Center for 
Cultural Property and Artworks of Mimar Sinan Fine Arts 

Figure 2. General plan of the mosque, showing the places from where the samples were taken (red dots) (left), 
and far (Figures 2a–2d) and near (Figures 2a*–2d*) views of the walls from which the samples were taken.
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Figure 3. Stereo microscope images of the samples used in the study (R: red, B: black, G: green, P: pink, Y: yellow, C: 
cream, and W: white) (in large images, the scale is 1 cm, while in the detailed smaller images, the scale is 100 µm).

University, with a goniometer speed of 2θ = 1°/min and 
Cu Kα radiation (λ = 1.5418 Å; 40 kV; 30 mA). For data 
collection, a 2q scan range between 5° and 80° was used, 
with a step size of 0.02°, a divergence slit of 0.5 mm and a 
receiving slit of 0.3 mm. A Cu anode was used during the 
analyses. No fluorescence effects were observed in the XRD 
patterns. All measurements were made from the surface of 
the samples, using a 0.5 mm collimator. The analyses of the 
XRD patterns (phase identification) were performed using 
the Philips X’Pert High Score Plus software (PDF-2 Release 
2003) package in conjunction with the Joint Committee on 
Powder Diffraction Standards (JCPDS) database.

The Raman spectra of the different colored regions of 
the collected samples were obtained using a multichannel 
Renishaw inVia spectrometer equipped with a Peltier-
cooled CCD detector at the Nanotechnology Application 
and Research Center of İstanbul Technical University. A 
diode laser (785 nm) was used as excitation source (System 

operating with laser wavelengths in the range 320 nm to 
1064 nm and power consumption:150W). Different laser 
powers ranging from 1% to 5% were used for Raman 
analysis of samples with various colors. Samples were 
scanned in the wavenumber range of 100 to 2000 cm-1 and 
with a spectral resolution of 2 cm–1. To provide a better 
signal-to-noise ratio, the integration time was set as 10 s, 
and 5–10 scans were coadded to generate the final spectra. 
For each sample, the analyses were repeated in different 
spots.

The IR spectra were obtained in ATR mode using a 
Jasco-6800 FTIR spectrometer equipped with a diamond 
single-bounce ATR accessory and Spectra Manager 
software at the Research Center for the Conservation of 
Cultural Property of Fatih Sultan Mehmet Vakıf University. 
Thirty-two scans were co-added, with a 4 cm–1 resolution, 
in the spectral range of 4000–400 cm–1. The spectrum of 
air was used as the background in the measurements.
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3. Results
3.1. SEM-EDX
SEM-EDX analyses were performed on the differently 
colored regions of the samples. The results are shown in 
Table 1.

The SEM-EDX analyses of the red samples (see Table 
1, and also Figure 3, for sample identification) showed 
the presence of sulfur (S) and calcium (Ca) as major 
constituents (with mercury in sample F3-R3), silicon (Si), 
iron (Fe), and aluminum (Al), as main minor components. 
Sulfur and calcium were also detected as major elements 
in the black, pink, cream, and green samples (with residual 
sulfur in F5-B3), while in the yellow and white samples, 
sulfur was present in considerably lower amounts, with 
calcium being the sole major constituting element. Silicon 
was observed in significant amounts in the yellow, pink, 
and white samples, while aluminum and iron appeared in 
their maximum amounts in the yellow samples (iron was 
also found to be present in large amounts in one of the red 
samples, F2-R2). Minor amounts of sodium, potassium, 
magnesium and phosphorous were also determined in 
most of the studied samples.
3.2. µ-XRD
The µ-XRD results presented in Table 2, specifying 
the minerals identified in the different samples. The 
diffractograms for each sample are shown in Figures 
4–7. In the XRD analyses, diffractograms were obtained 
from crystals at the surface of the samples with different 
orientations, and the samples presented different degrees 

of crystallization. As a result, the intensities of the signals 
vary from sample to sample, necessitating the use of 
different reference data values for the same mineral in the 
analyses.
3.3. Raman and IR spectroscopy
The minerals/ mineral based natural pigments identified 
by Raman and IR spectroscopies, along with their 
characteristic Raman reference bands and references, are 
listed in Table 3. The spectra are shown in Figures 8– 11.

4. Discussion
4.1. Red samples 
The SEM-EDX analyses of the red samples F1-R1 and 
F2-R2 revealed the dominant presence of sulfur and 
calcium in these samples, with iron being also present 
in large amount in F2-R2. The F3-R3 sample has a large 
content of mercury, and F4-R4 has calcium and iron as 
major constituting elements (Table 1). All samples show 
significant amounts of silicon and aluminum. These 
results agree with those obtained by µ-XRD and Raman/
IR spectroscopies, which demonstrated that in the F1-R1 
sample was totally gypsum and F2-R2 sample, the major 
constituting minerals were gypsum (Ca(SO4).2H2O), 
calcite (Ca. 7–8%, CaCO3) and hematite (Fe2O3). Hematite 
is responsible for the red color of these samples. On the 
other hand, F3-R3 (mainly gypsum) owes its color to the 
presence of cinnabar (HgS), a well-known red mineral 
based natural pigment in antiquity, along with a small 
amount of limonite FeO(OH)·nH2O, which is frequently 

Table 1. SEM-EDX results of the bulk samples in the differently colored areas (values in %).

Element
Oxide F1

-R
1

F2
-R

2

F3
-R

3

F4
-R

4

F1
-B

1

F2
-B

2

F5
-B

3

F1
-G

1

F2
-G

2

F3
-Y

1

F6
-Y

2

F1
-C

1

F2
-P

1

F3
-W

1

CaO 40.95 37.45 38.17 82.89 41.76 44.18 88.17 48.77 40.75 60.41 73.12 41.46 42.27 71.97

SO3 46.96 35.34 14.73 ND 50.59 38.04 0.76 39.13 43.59 9.48 ND 52.14 32.30 8.62

SiO2 5.17 6.72 6.00 6.33 4.13 8.61 3.24 6.25 7.51 13.59 13.04 2.86 12.40 10.35

Al2O3 1.90 2.51 2.79 2.93 1.08 3.18 3.78 1.55 2.00 6.73 7.16 1.19 4.77 4.47

MgO 0.72 1.71 ND 0.79 0.63 1.83 1.20 0.63 0.98 1.26 0.56 0.44 2.68 0.84

FeO 2.90 13.64 1.79 6.22 0.69 1.57 ND 2.04 1.95 6.58 6.12 0.50 2.92 1.77

Na2O 0.78 1.17 0.84 0.84 0.52 1.00 1.25 ND ND 0.69 ND 0.59 1.36 0.74

K2O ND ND ND ND ND ND ND 0.98 1.18 ND ND ND ND ND

HgO ND ND 35.67 ND ND ND ND ND ND ND ND ND ND ND

P2O5 ND ND ND ND ND ND 0.52 ND ND 0.87 ND ND ND 0.88

ND: not detected.
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Table 2. Summary of µ-XRD results.

Reference 
Code Mineral Name

F1
-R

1

F2
-R

2

F3
-R

3

F4
-R

4

F1
-B

1

F2
-B

2

F5
-B

3

F1
-G

1

F2
-G

2

F3
-Y

1

F6
-Y

2

F1
-C

1

F2
-P

1

F3
-W

1

01-086-2339
Calcite

+ + + + +

01-072-1937 + + + + + + + + +
00-033-0311

Gypsum
+ +

00-036-0432 + + + + + + + + + +
01-085-0987

Hematite
+ + +

00-024-0072 + +

01-074-2195 Limonite/ Goethite + + +

00-003-0427 Quartz + +
00-042-1408 Cinnabar + +
01-083-2008 Celadonite + +

Figure 4. µ-X-ray diffraction pattern of the bulk red samples’ 
surface. Identified minerals: calcite (Cal), gypsum (Gp), hematite 
(Hem), goethite (Gth), quartz (Qz), cinnabar (Cin).
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Figure 5. µ-X-ray diffraction pattern of the bulk black samples’ surface. 
Identified minerals: calcite (Cal), gypsum (Gp), quartz (Qz).

Figure 6. µ-X-ray diffraction pattern of the bulk green and yellow 
samples’ surface. Identified minerals: calcite (Cal), gypsum (Gp), 
hematite (Hem), limonite (Lm), celadonite (Cel).
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observed in red mineral based natural pigments because 
of the hydration of iron oxides by contact with moisture. 
The F4-R4 sample was shown to contain mostly calcite and 
hematite, while no gypsum is present. In most of samples, 
gypsum and calcite act as filling material, and the presence 
of aluminum and silicon in the samples can be connected 
to the presence of feldspars, clay minerals (e.g., kaolinite) 
and quartz in the base-material of the studied fragments. 
Characteristic Raman bands of hematite were observed at 
226, 293, 411 and 615 cm–1, 222, 290, 406, 608, and 1303 
cm–1 and 226, 293, 411, and 612 cm–1, in the spectra of F1-
R1, F2-R2, and F4-R4, respectively (see Figure 8a) (Liu 
et al., 2022). Raman bands ascribable to gypsum were 
observed at 499 and 1006 cm–1, and 496 and 1007 cm–1 in 
samples F1-R1 and F2-R2 (Liu et al., 2022), respectively, 
while characteristic Raman bands of cinnabar were 
observed at 253, 286, and 343 cm–1 in the spectrum of F3-
R3 (Argote et al., 2020). The low intensity band at 551 cm–

1, present in the spectrum of this sample, has been assigned 

to goethite (Bakiler et al., 2016) which probably present 
in hematite as contamination. In the Raman spectrum of 
the F4-R4 sample, besides the bands of hematite, bands at 
158, 709, and 1085 cm–1 were also observed, which were 
ascribed to calcite (Akyuz et al., 2015). In the FTIR spectra 
of the red samples, bands due to hematite and kaolinite 
(probably from the base material) were observed. The 
infrared spectra of hematite and kaolinite are in fact very 
similar, exhibiting characteristic peaks at 1032, 1008, 913, 
and 536 cm–1 (Figure 8b) (Bikiaris et al., 2000). The sharp 
IR band at 1398 cm–1 and the small peaks at 871 and 712 
cm–1 are ascribable to calcite (Ospitali et al., 2008).
4.2. Black samples
Like the red colored fragments, the black colored F1-B1 
and F2-B2 samples are characterized by high amounts of 
calcium and sulfur, with silicon and aluminum also present 
in considerable amounts. The origin of these elements is the 
same as indicated above for the red samples. The sample 
F5-B3 shows only a little amount of sulfur, revealing that 

Figure 7. µ-X-ray diffraction pattern of the white, pink, and 
yellow samples’ surface. Identified minerals: calcite (Cal), 
gypsum (Gp), hematite (Hem), cinnabar (Cin), quartz (Qz).
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gypsum is absent in this piece (a result confirmed by the 
XRD analysis of this sample; see Figure 5). The identified 
aluminum and silicon have the same origin as in the red 
samples. All these minerals are constituents of the base 
material of the samples.  

The black color in all F1-B1, F2-B2, and F5-B3 samples 
is due to the presence of black carbon, as testified by the 
observation of the characteristic Raman bands of this 

material at ~1378 and 1580 cm–1 (Figure 9a) (Cerrato et 
al., 2021) The obtained FTIR spectra of the black colored 
regions are given in Figure 9b, showing the major bands of 
the identified base materials. On the other hand, the main 
characteristic band of the carbon black mineral based 
natural pigment, at approximately 1580 cm–1 (aromatic 
C=C stretching vibrations), could not be observed in 
the infrared spectra. However, the band observed at 

Table 3. Raman bands of minerals (or mineral based natural pigments) identified in wall paintings.

Chemical
formula

Mineral/ 
pigment

Raman bands (cm–1) and their relative intensity in 
qualitative terms Ref.

CaCO3 Calcite
155, 281, 712, 1086(s)
155(m), 281(m), 7128(w), 959, 1084, 1086(s), 1432, 
1435, 1746

(Fikri et al., 2022)
(Liu et al., 2022)

CaSO42H2O Gypsum 414(m), 494(m), 669(m), 1008(s), 1137(m)
423, 500(m), 1009(s), 1134(m)

(Fikri et al., 2022)
((de Moura et al., 2023)

Fe2O3 Hematite
220(m), 288(s), 405(m)
224(m), 290(s), 408(m), 493(w), 610(m)
225(m), 292(s), 411, 612(m), 1102, 1318

(Fikri et al., 2022)
(Liu et al., 2022)
(Buzgar et al., 2009) 

FeO(OH).nH2O Limonite 303(w), 394(s), 562(m) 
305(w), 395(s), 557(m)

(de Moura et al., 2023)
(Mahmoud, 2014) 

HgS Cinnabar 253(s), 285(w), 343(m), 351(w) (Liu et al., 2022) 

C Carbon 1383, 1578 (Mahmoud, 2014) 

K(Mg,Fe2+)(Fe3+,Al)
[Si4O10](OH)2

Celadonite 175, 200, 277(s) (Perez-Rodriguez et al., 
2015) 

Relative intensity: s, strong; w, weak; m, medium.

Figure 8. a) Raman and b) FTIR spectra of red samples.
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Figure 9. a) Raman and b) FTIR spectra of black samples.

approximately 1620 cm–1 (olefinic C=C bond stretching) 
undoubtedly indicates the presence of carbon in the 
samples. 
4.3. Green and yellow samples
When compared with the red and black colored samples, 
the green and yellow samples share similar base materials, 
with gypsum and calcite dominating. Quartz, feldspars, 
and clay materials are also present, as testified by the 
results of the SEM-EDX analyses, which revealed major 
amounts of calcium, sulfur (higher amounts in the green 
samples), silicon (higher amounts in the yellow samples), 
and aluminum.

The presence of potassium in the green samples (F1-
G1 and F2-G2) is consistent with the XRD detection of 
celadonite (K(Mg,Fe2+)(Fe3+,Al)[Si4O10](OH)2) (Figure 6), 
which is responsible by the green color exhibited by the 
samples. In the literature, the d(060) value has been used 
as an indicator to distinguish celadonite from glauconite 
minerals using XRD (Ospitali et al., 2008; Hradil et al., 
2011). In the present study, as d(060) is less than 1.51 nm 
in the diffractogram of all green samples (Figures 6h–6i), 
the presence of celadonite was confirmed. The nature of 
the green mineral based natural pigment has also been 
confirmed by the Raman analyses, where characteristic 
bands of celadonite could be observed: in F1-G1 (Figure 
10), at 189, 273, and 550 cm–1, and in F2-G2 at 199, 280, 
and 533 cm–1 (Ospitali et al., 2008; Moretto et al., 2011). 
In the Raman spectra of the green sample’s bands due to 
the base materials (calcite and gypsum, in particular) were 
also observed (see Figure 10a). In the yellow samples, F3-
Y1 and F6-Y2, calcite and gypsum were also identified 
by the XRD analyses, which also revealed presence of 

limonite in both samples and a minor amount of hematite 
in the F3-Y1 sample. In fact, this mineral can be defined as 
limonite mineral, which is the aqueous phase of goethite. 
In XRD analysis, the database corresponds to the mineral 
as goethite. These two minerals are responsible by the 
different yellow tones of the two samples, with F3-Y1 
showing a more orange-like coloration (see Figure 3) due 
to the presence of the red hematite mineral based natural 
pigment. Both the Raman and FTIR measurements 
confirm the presence of limonite as the mineral based 
natural pigment giving the yellow color to the pieces, 
with the characteristic Raman bands of this mineral being 
observed at ca. 549 and 552 cm–1 (Figure 10a), and the 
infrared mark bands being observed at 1029 and 1006 cm–1 
(comparing well with the literature values of 1032 cm–1 
and 1004 cm–1) (Bakiler et al., 2016).
4.4. White, pink, and cream samples
As the remaining samples, the studied fragments exhibiting 
white pink and cream colors have major amounts of 
calcium and sulfur, and significant amounts of silicon and 
aluminum, which reflect the constitution of their base 
material. These SEM-EDX results were fully confirmed 
by the XRD, Raman and FTIR data, where calcite and 
gypsum were identified as main minerals present in the 
samples (Figure 7 and Figure 11). The amount of calcite 
is particularly large in the white sample, F3-W1, since in 
this case the mineral acts also as mineral based natural 
pigment. This sample was taken from the same fragment 
as F3-R3 (see Figure 3), where cinnabar was identified, and 
red spots are also observed in the F3-W1 sample. The XRD 
analysis of the piece thus reveals presence of cinnabar 
together with the calcite and gypsum (Figure 7). 
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The pink color of sample F2-P1 is due to hematite, 
which has been identified in this sample by both XRD and 
Raman spectroscopy (see Figure 7 and Figure 11a), while, 
accordingly, the SEM-EDX results show the presence of a 
significant amount of iron in this sample.

Finally, the cream colored F1-C1 sample owns its color 
most probably to trace amounts of iron oxides (hematite 

and limonite most probably), but these minerals could 
not be detected in the performed XRD and spectroscopic 
measurements. Nevertheless, the SEM-EDX analysis 
shows that a small amount of iron is indeed present in the 
F1-C1 sample.

The obtained results are summarized in Table 4. Two 
red mineral based natural pigments were identified in 

Figure 10. a) and FTIR b) spectra of green and yellow samples.

Figure 11. a) FTIR, b) Spectra of cream, pink, and white samples.
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Table 4. Summary of the results obtained with the different analytical methods.

Colour Sample Elements  
detected by SEM-EDX

Minerals detected 
by XRD Raman bands (cm–1) FTIR (cm–1)

Red

F1-R1 Ca, S, Si, Fe, Al, Na, Mg

Calcite 280, 711 712, 872, 1793

Gypsum 414, 494, 1008 598, 671, 1004, 1109, 1620, 
1682, 3244, 3400, 3533

Hematite 224, 290, 408, 493, 616 532, 454

F2-R2 Ca, S, Fe, Si, Al, Mg, Na

Calcite 710 712, 872, 1795

Gypsum 413, 494, 1009 598, 671, 1004, 1108, 1682, 
3252, 3398, 3523

Hematite 223, 292, 615, 1308 525, 444

F3-R3 Ca, Hg, S, Si, Al, Fe, Na

Calcite nd 712, 872, 1794

Gypsum, Goethite nd nd

Hematite 291, 616 531, 466, 1397

Cinnabar 254, 285, 344 712, 1031

F4-R4 Ca, Si, Fe, Al, Mg

Calcite 712, 1087 712, 872, 1794

Gypsum nd nd

Hematite 227, 293, 410, 612 536, 465

Black

F1-B1 S, Ca, Si, Al

Calcite 1378*, 1580* 712, 872

Gypsum nd 598, 671, 1004, 1108, 1619, 
1682, 3399, 3533

Quartz nd nd

F2-B2 Ca, S, Si, Al, Mg, Fe, Na
Calcite

1377*, 1578*
712, 872

Gypsum 598, 671, 1004, 1109, 1620, 
1682, 3399, 3525

F5-B3 Ca, Si, Al, Mg, Na Calcite 1380*, 1580* 711, 871, 1795

Green

F1-G1 Ca, S, Si, Fe, Al, K

Calcite 709, 1083 712, 872

Gypsum 415, 1007 598, 670, 1004, 1106, 1416, 
1619, 1682, 3243, 3399, 3524

Celadonite 189, 273, 550 437, 796, 971

F2-G2 Ca, S, Si, Al, Fe, K

Calcite 710 712, 873

Gypsum 414, 1006, 1136 598, 670, 1004, 1107, 1421, 
1619, 1683, 3243, 3399, 3525

Celadonite 199, 280, 533 nd
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the studied frescoes paintings: hematite (present in most 
of the samples) and cinnabar. The black-colored areas 
derive their color from the presence of amorphous carbon 
(carbon black), while celadonite was identified as the 
green mineral based natural pigment. The yellow color is 
believed to be achieved by mixing hematite and limonite 
with the base mineral’s gypsum and calcite. In the XRD 
measurements conducted on the white-colored fragment, 
the presence of the red cinnabar mineral based natural 
pigment was detected (along with gypsum and calcite). 
In the white region, the sample exhibits visible red spots, 
which could be attributed to either the application of 
white (calcite-based) paint over a red (cinnabar-based) 
layer or the addition of a very small amount of cinnabar 
to the white paint. This investigation emphasizes the 
importance of employing a multi-analytic approach for 
characterizing the historical wall fresco paints, particularly 
in identifying the mineral based natural pigments used. 
The SEM-EDX analyses of the samples yielded crucial data 
concerning the chemical element contents in each studied 
sample, facilitating the interpretation of both XRD and 
spectroscopic (Raman and FTIR) data.

Table 5 presents a comparative examination of 
techniques used for the analysis and mineral based natural 
pigment detection in historical wall paintings from various 
locations. 

5. Conclusion
In conclusion, the characterization of different mineral 
based natural pigments used in the walls of Atik Mustafa 
Pasha Mosque from the Byzantine period has been 
extensively investigated using various techniques. These 
advanced techniques have provided valuable insights 
into the chemical composition of mineral based natural 
pigments, identification of chemical functional groups, 
and understanding crystal structures, contributing 
significantly to art historical studies. This study revealed 
the presence of two distinct red mineral based natural 
pigments in the examined fresco paintings: hematite, 
prevalent in most samples, and cinnabar. Black-colored 
areas derive their color from the presence of amorphous 
carbon (carbon black), while celadonite has been identified 
as the green mineral based natural pigment. The yellow 
color is believed to result from a mixture of hematite and 
limonite with the base minerals gypsum and calcite, which 
probably come from intonaco of wall paintings. XRD 
measurements on the white-colored fragment detected the 
presence of the red cinnabar mineral based natural pigment 
along with gypsum and calcite. This study emphasizes the 
importance of a multi-analytic approach in characterizing 
historical wall paintings, particularly in identifying the 
mineral based natural mineral based pigments used. 
Additionally, the SEM-EDX analyses revealed how the 

Yellow

F3-Y1 Ca, Si, S, Al, Fe, Mg

Calcite 155, 1085, 1087 712, 871, 1795, 2511

Hematite 284, 287, 609 464, 532, 1029

Limonite 549, 552 797

F6-Y2 Ca, Si, Al, Fe

Calcite 156, 1086, 1088 712, 871, 1406, 1789

Gypsum 408, 414 466, 1006, 2322

Limonite 549, 553 780, 1622

 Cream F1-C1 Ca, S, Si, Al

Calcite 155, 273, 1083 712, 872, 1796, 2512

Gypsum 415, 528, 1007 598, 671, 1109, 1620, 1682, 
3243, 3400, 3534

Quartz - nd

Pink F2-P1 Ca, S, Si, Al, Mg, Fe, Na

Calcite 281, 1085 712, 872, 1795, 2519

Gypsum 416, 529, 1007 598, 671, 1106, 1619, 1683, 
3242, 3400, 3526

Hematite 227, 1067, 1346 457

White F3-W1 Ca, Si, S, Al, Fe

Calcite 285, 1087 712, 873, 1795, 2512

Gypsum 418, 526 nd

Cinnabar - 712, 1032

nd: not detected, * characteristic bands of carbon black.

Table 4. (Continued)
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Table 5. Comparative examination of techniques for analysis and mineral based natural pigment detection in historical wall paintings 
from various locations.

Region/
Country Technique Results Time References

Morocco XRF, Raman,
ATR-FTIR

Hematite, cinnabar, 
gypsum calcite, carbon 
black.

9th–12th century (Fikri et al., 2022) 

Sinop, Türkiye XRF, Raman,
ATR-FTIR

Calcite, red ochre, 
goethite, cinnabar, green 
earth, carbon black.

2nd–4th cent. A.D.
Late roman period (Bakiler et al., 2016) 

Isfahan, Iran SEM-EDS, 
micro Raman, FTIR, Ultramarine. 17th–4th century (Koochakzaei et al., 2022) 

Tuscany, Italy SEM-EDS, 
micro Raman, XRF

Ferroceladonite, 
hematite, gypsum, calcite, 
goethite.

14th century (Marrocchino et al., 
2022) 

Mani Peninsula, Greece SEM, FTIR, XRD, XRF

Hematite, powdered 
charcoal, cinnabar, 
minium, ultramarine 
blue, celadonite or 
glauconite.

10th–15th century (Hein et al., 2009) 

İstanbul, Türkiye SEM-EDS, XRD, FTIR, 
and micro Raman

Hematite, cinnabar, 
limonite, calcite, gypsum, 
celadonite

9th century In this study

XRD, Raman, and FTIR data complement each other in 
illuminating the historical details of wall paints, similar 
to findings in studies conducted in the global literature. 
Future studies will have the opportunity to delve deeper 

into earlier periods through the integration of surface 
analysis, chemical characterization, and image processing-
artificial intelligence algorithms.
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