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ABSTRACT 

Fragments of wall paintings retrieved from Hellenistic Tell Iẓṭabba (Nysa-Scythopolis), an archaeological site 
located in the area of the Beth She’an Valley (Israel), are the subject of this study. This research aims to 
characterize the plaster and color pigments of wall paintings retrieved from the site in order to gain new 
information concerning their nature, their origin and the technologies that were used to paint the walls of a 
Hellenistic settlement in the Near East. For that purpose, visual testing inspection, XRF, SEM-EDS, and XRD 
analyses were applied combined with archaeological and geographical data. As the site was founded in the 
160s BCE and destructed in 108/07 BCE, the material analyzed is not only stratigraphically well-secured but 
also well-dated to the mid-second century BCE. The walls of the dwellings under discussion were painted by 
the fresco method and the white-hued plaster was made of calcium carbonate matrix with embedded 
aggregates. The red and yellow paints were identified as red and yellow ochre pigments, respectively. The 
brown paint was a mixture of red ochre, yellow ochre, magnetite mineral and carbon black-based pigments. 
The black paint was identified as carbon black-based pigment. The pigments were mixed with fine plaster 
powder. The plaster and pigments were most likely regionally (if not locally) produced and supplied and 
provide us with information about the technical knowledge of the inhabitants of the Seleucid settlement. 

KEYWORDS: Nysa (Scythopolis), Hellenistic, Plaster, Fresco, Pigments, Secco. 
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1. INTRODUCTION 

Tell Iẓṭabba is the main settlement of Seleucid 
Nysa-Scythopolis (Beth Sh’ean). The site is located in 
the Beth She’an Valley (Fig. 1). Earlier excavations at 
the site were undertaken sporadically in the 1950s (by 
N. Zori), in 1977 (by V. Tzaferis) and from 1991 to 1994 
(by R. Bar-Nathan and G. Mazor) (see Ebeling et al., 
2020, pp. 177–178). Since 2019, the site has been inves-
tigated by a joint German-Israeli team aiming at a sys-
tematic understanding of the settlement history and 

economics of the Seleucid site as it is of major interest 
for the study of the Hellenistic period in the region. 
Our German-Israeli Tell Iẓṭabba Excavation Project 
undertakes a comprehensive archaeological investi-
gation of the site based on geophysical prospections 
(Lichtenberger et al., 2020) (Fig. 2) and archaeological 
excavations (Ebeling et al., 2020; 2021) (Fig. 3) in order 
to gain new insights into the nature of the Seleucid 
settlement there and thus expand our knowledge of 
Seleucid engagement in the region. 

 

Figure 1. Map showing the location of Tell Iẓṭabba (East), in the Beth She’an Valley, Israel (©German-Israeli Tell 
Iẓṭabba Excavation Project). 
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Figure 2. Aerial photograph of Tell Iẓṭabba (East) with interpretation of magnetic data (©German-Israeli Tell Iẓṭabba 
Excavation Project). 
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Figure 3. Plan of Tell Iẓṭabba (East) with excavated areas of the Israel Antiquities Authority (W and Z) and the Ger-
man-Israeli Tell Iẓṭabba Excavation Project (A–D) (©German-Israeli Tell Iẓṭabba Excavation Project). 

Nysa-Scythopolis belonged to a group of Graeco-
Roman cities that were supported by the Hellenistic 
dynasties – first the Ptolemies and later the Seleucids 
– and these cities later formed a group named Deca-
polis (Tal, 2011; Lichtenberger, 2020). One of the ma-
jor formation phases of these cities was in the time of 
Antiochos IV, who founded several towns in the re-
gion in the 160s BCE (Lichtenberger, 2008). These ur-
ban centers were surrounded by less urbanized enti-
ties, such as the Jewish state of the Hasmoneans or the 
Nabataeans, and came into conflict with them. The Se-
leucid settlement of Nysa-Scythopolis was destroyed 
by the Hasmonean John Hyrcanus I in 108/07 BCE, 
providing us with a fixed terminus ante quem for the 
settlement (Josephus Ant. 13.280; cf. Finkielsztejn 
1999). Since it was only founded about half a century 
earlier, all the material culture of the city stems from 
a short period of time. 

Nysa-Scythopolis was one of the sites founded by 
Antiochos IV and it is generally assumed that Greek 
settlers populated the newly founded city. This can 
also be inferred from the material culture of the Hel-
lenistic settlement that was excavated by the Israel 
Antiquities Authority in the 1990s and now in the on-
going German-Israeli project. The pottery and espe-

cially the amphorae suggest Greek consumption hab-
its of a community that was well connected with the 
Mediterranean region (Mazor et al., 2018). Glass 
(Jackson-Tal et al., 2021), plaster and stucco remains, 
as well as metal objects indicate that the community 
oriented towards the Hellenistic lifestyle but agricul-
tural production and use of mudbrick architecture 
also indicate an embeddedness in local knowledge 
cultures (Orendi et al., 2021). 

This research focuses on plaster and stucco remains 
retrieved from one of the walls (Wall 307) of a domes-
tic structure we excavated in Area C (cf. Ebeling et al., 
2020, pp. 184–187) (Fig. 4). The plaster and stucco re-
mains were not unearthed in situ on the walls; rather, 
they came from the floor level, Locus 324 and the fill 
below it, Locus 326, after having fallen off the walls 
due to the structure’s destruction as well as post dep-
ositional processes (Fig. 5). They were found when we 
excavated the foundation courses of Wall 307. The an-
alyzed fragments together with many others that 
came from our Areas C and B, as well as the previous 
Israel Antiquities Authority excavations (Mazor et al., 
2018, p. 3) can be assigned to the “first Pompeian 
style”/”Masonry Style”, typical of the Hellenistic pe-
riod and the Hellenistic Levant (Laidlaw, 1985; Ling, 
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1991, pp. 12–99). This style which imitates regular ma-
sonry in plastered relief, was analyzed from a stylistic 
perspective at Levantine Hellenistic sites such as Jebel 
Khalid, Syria (Jackson, 2016), or in Israel at Beth 
Yeraḥ/Philoteria (Tal and Reshef, 2017, pp. 28–30), 
Ashkelon (Birney, 2017) and Tel Anafa, where the 
painted plaster remains were analyzed chemically as 
well (Kidd, 2018); it is also attested in later Hero-
dian/Early Roman (and Roman) sites in Judaea (Foer-
ster, 1995, pp. 51–80; see also Rozenberg, 2008 and 
esp. 298–310 for a survey of sites in the region). This 
research aims to characterize the plaster and color 

pigments of wall paintings retrieved from the Hellen-
istic (Seleucid) period dwellings of Tell Iẓṭabba by us-
ing an interdisciplinary approach, combining chemi-
cal composition and microstructure analysis results 
with archaeological and geographical data, in order 
to gain novel information concerning the nature of the 
pigments, including whether they were locally pro-
duced or imported, and the technologies that were 
used to paint the walls. Our study as formulated be-
low comes to increase our knowledge concerning the 
use of plaster in Hellenistic Palestine and about the 
technological knowledge of a newly founded Hellen-
istic colony in the Near East. 

 

Figure 4. Plan of Tell Iẓṭabba (East), Area C of the German-Israeli Tell Iẓṭabba Excavation Project (Locus 324 is in 
Square DC33) (©German-Israeli Tell Iẓṭabba Excavation Project). 

 

Figure 5. Area C, left) W307, during excavations, looking east; right) Locus 324 (Square DC33) during excavations, look-
ing north (©German-Israeli Tell Iẓṭabba Excavation Project). 
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2. TECHNOLOGICAL BACKGROUND 

2.1. Mortar and plaster building materials 

Mortar is an artificial heterogeneous material used 
in buildings and constructions to fill the gaps between 
bricks and other building materials. It is a composite 
material consisting of an inorganic binder, such as 
lime (calcium carbonate, CaCO3), which is used as a 
matrix, mixed with aggregates and/or sand (SiO2) 
particles and water and it is used as a paste which is 
afterward dehydrated (Vázquez de Ágredos-Pascual 
et al., 2019, pp. 182–183; Arizzi and Cultrone, 2021). 
The main function of the matrix is to join the embed-
ded aggregate and/or sand particles together, 
whereas the embedded particles are added to achieve 
volume stability during drying and to increase the 
mechanical resistance of the dried mortar (Arizzi and 
Cultrone, 2021). 

Plaster is a building material used for the shielding 
and decorative coating of walls. Plaster is normally 
composed of calcium carbonate, made of hydrated 
lime and calcite dust, embedded aggregates and 
sometimes mixed with white powder of gypsum, cal-
cium sulphate hemihydrate (CaSO4· 2H2O) mineral 
(Ali and Elrahim, 2021, p. 47; Arizzi and Cultrone, 
2021). Gypsum was added to create a smooth surface 
ready for coloring with brushes and oxides (Ali and 
Elrahim, 2021, p. 47). Limestone is a calcium car-
bonate sedimentary rock. It is among the most com-
mon building materials particularly in the Mediterra-
nean region (Linn, 2017, p. 776). Limestone often con-
tains other components, such as organic remains, rock 
fragments, and other minerals, such as clay minerals 
(hydrous aluminium phyllosilicates), dolomite 
[CaMg(CO3)2], ankerite Ca(Fe,Mg,Mn)(CO3)2, siderite 
(FeCO3), and quartz (SiO2), as well as sulphates or sul-
phides (Arizzi and Cultrone, 2021; Szczepaniak, 
2014). The presence of Si and Al in mortar and plaster 
materials often indicates that calcite (CaCO3) frag-
ments were mixed with slaked lime Ca(OH)2 (Apos-
tolaki et al., 2006, p. 731; Rao et al., 2011). The mortar 
and plaster materials contain embedded aggregate 
minerals, such as quartz, potassium feldspar 
(KAlSi3O8), clinopyroxene [with general formula of 
(Ca,Mg,Fe,Na)(Mg,Fe,Al)(Si,Al)2O6], and hematite 
(Klempan et al., 2017, p. 1078). 

2.2. Common wall painting pigments used 
during antiquity 

During antiquity various pigments were used to 
create wall decorations (Table 1), which decorated 
public spaces, palaces, houses and tombs (Amadori et 
al., 2015; Aquilia et al., 2012; Barone et al., 2018; 
Buzgar et al., 2013; Crupi et al., 2018; Di Stefano and 
Fuchs, 2011; Delaney et al., 2017; Elias et al., 2006; Fe-
dorov and Samoylov, 2019; Fermo et al., 2013; Fostir-
idou et al., 2016; Gajić-Kvaščev et al., 2012; Guir-
dzhiiska et al., 2017; Gutman et al., 2016; Holakooei et 
al., 2015; Iordanidis et al., 2014; Kakoulli, 2002; Klem-
pan et al., 2017; Linn, 2017; Mateos et al., 2015; Mateos 
et al., 2018; Mazzocchin et al., 2003; Miriello et al., 
2021; Mortimore et al., 2004; Olivares et al., 2013; Pio-
vesan et al., 2016; Radpour et al., 2019; Roebroeks et 
al., 2012; Rozenberg, 2014; Sabbatini et al. 2000; Sid-
dall, 2018; Szczepaniak, 2014; Van der Weerd et al., 
2004; Westlake et al., 2012; Winter, 1983). The term 
“earth pigments” in the literature commonly refers to 
inorganic, naturally occurring minerals that are used 
as colorants, for instance naturally occurring ochres 
and green earth pigments (Marketou et al., 2019; 
Radpour et al., 2019). The term ochre (Table 1) refers 
to earth pigments made of rocks that contains iron ox-
ide or iron hydroxide mixed with varying amounts of 
other materials such as clay and sand. The selection of 
particular pigments may have reflected a personal 
choice and/or common taste during a particular pe-
riod. Yet, the selection of specific pigments may also 
have resulted from geographical limitations, the 
availability of raw materials in a particular region, 
along with economic considerations during a specific 
period (Apostolaki et al., 2006, p. 729; Radpour et al., 
2019). 

When archaeological wall paintings are studied, 
one of the most significant matters is the identification 
of the pigments that were used. Such characterization 
can provide valuable archaeological, ethnographical, 
anthropological and technological information con-
cerning the local palette of pigments available in a cer-
tain region, as well as wider scale data of trade rela-
tions and trends in more distant regions (Amadori et 
al., 2021; Dayet, 2021; Gutman et al., 2016). Such data 
may also increase our understanding of the methods 
of color production and application as well as wall 
painting techniques during the period (Gutman et al., 
2016, p. 184).  
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Table 1. Common wall painting pigments that were used during antiquity. 

Color Pigment Formula Description and information References 

White  Whiting chalk (also lime 
white) 

Calcium carbonate, CaCO3 A carbonate sedimentary rock. Fermo et al., 2013; Gutman 
et al., 2016; Kakoulli, 2002; 
Linn, 2017; Szczepaniak, 
2014. 

White gypsum  Calcium sulphate dihydrate 
mineral, CaSO4· 2H2O 

Often used as white pigments 
during the entire period of an-
cient Egypt. 

Di Stefano and Fuchs, 2011. 

Bone white Calcium phosphate, Ca3(PO4)2 Made of bone ash. Kakoulli, 2002. 

Kaolinite Al2Si2O2(OH)4 White to cream clay mineral. Kakoulli, 2002; Westlake et 
al., 2012. 

Potassium alum KAl(SO)2· 12H2O Described by Pliny the Elder as 
alumen. 

Delaney et al., 2017; Fedo-
rov and Samoylov, 2019. 

Lead white 
(hydrocerussite) 

2PbCO3· Pb(OH)2 Milky white to gray mineral. Kakoulli, 2002;  
Mazzocchin et al., 2003; 
Westlake et al., 2012. 

Celestite (strontium 
sulphate) 

SrSO4 White to blue mineral. Kakoulli, 2002. 

Red Red ochre  Haematite, α-Fe2O3, mixed 
with different quantities of 
clay and sand. 

Bright to dark red natural earth 
pigment. 

Aquilia et al., 2012; Elias et 
al., 2006; Gutman et al., 
2016; Kakoulli, 2002; Maz-
zocchin et al., 2003; Morti-
more et al., 2004; 
Roebroeks et al., 2012; Sab-
batini et al., 2000. 

Hematite Purest iron oxide, Fe2O3 Dark purple-red color. Linn, 2017; Siddall, 2018. 

Cinnabar Mercury(II) sulphide, HgS A bright cherry to brick-red min-
eral, which is not very abundant 
in the earth’s crust. 

Fermo et al., 2013; Gajić-
Kvaščev et al., 2012; 
Iordanidis et al., 2014; 
Kakoulli, 2002; Linn, 2017. 

Realgar α-As4S4 Red to orange-yellow in color. Di Stefano and Fuchs, 2011; 
Kakoulli, 2002. 

Vanadinite Pb5(VO4)3Cl A rare mineral with red to 
brownish-yellow color. 

Holakooei et al., 2015; 
Kakoulli, 2002. 

 Red lead Lead(II,IV) oxide, Pb3O4 Red with bright tones of pink and 
orange. This pigment was used 
in the Roman period. 

Holakooei et al., 2015; 
Westlake et al., 2012. 

Yellow Yellow ochre Goethite, iron oxide hydroxide 
α-FeO(OH) 

Yellowish-reddish to dark brown 
or black color. 

Elias et al., 2006; Gutman et 
al., 2016; Fermo et al., 2013; 
Kakoulli, 2002; Mazzocchin 
et al., 2003. 

Limonite, hydrated iron hy-
droxide, FeO· OH· nH2O 

Limonite is a mixture of several 
iron-containing minerals among 
them goethite (as a main compo-
nent), akageneite, lepidocrocite, 
and jarosite. 

Potassium jarosite, 
KFe3(SO4)2(OH)6 

Yellowish-brown color. 

Orpiment As2S3 Transparent bright orange-yel-
low mineral formed in volcanic 
fumaroles and as a hot-springs 
deposit.  

Di Stefano and Fuchs, 2011; 
Kakoulli, 2002. 

Sulphur flower α-S Bright yellow mineral. Kakoulli, 2002. 

Wulfenite PbMoO4 Yellow, orange-yellow, and 
honey-yellow. 

Holakooei et al., 2015. 

Brown Brown ochre Haematite, α-Fe2O3, and/or 

goethite, FeO(OH), and often 
magnetite, Fe3O4 

Partly hydrated iron oxide. Elias et al., 2006; Fermo et 
al., 2013; Kakoulli, 2002; 
Mortimore et al., 2004; Pio-
vesan et al., 2016. 

Raw umber Fe2O3· MnO2 Natural brown to reddish-brown 
earth pigment. 

Kakoulli, 2002. 

Black Charcoal black Carbon One of the oldest known pig-
ments. It was produced by in-
tensely heating wood in a limited 
oxygen environment to remove 
water residues. 

Ali and Youssef, 2020; Gut-
man et al., 2016; Iordanidis 
et al., 2014; Kakoulli, 2002; 
Klempan et al., 2017; Maz-
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Carbon black  Carbon Produced by the partial burning 
of heavy petroleum products. 

zocchin et al., 2003; Oliva-
res et al., 2013; Sabbatini et 
al. 2000; Van der Weerd et 
al., 2004; Winter, 1983. 

Bone black Carbon + Ca3(PO4)2 Charcoal produced by heating 
bones of animals in the presence 
of a minimal amount of oxygen. 

Vegetable bone black Carbon + K2CO3  Formed by heating carbon of veg-
etable origin. 

Pyrolusite MnO2 Black to lighter gray. Buzgar et al., 2013; West-
lake et al., 2012. 

Jacobsite MnFe2O4 Black to dark brown. Buzgar et al., 2013. 

Blue Egyptian blue Calcium copper silicate, 
CaCuSi4O10  

Between light blue and dark sky 
blue.  

Ali and Elrahim, 2021; 
Amadori et al., 2015; Fostir-
idou et al., 2016; Mateos et 
al., 2015; Piovesan et al., 
2016. 

Green Malachite Copper carbonate hydroxide 
mineral, CuCO3· Cu(OH)2 

Between bright and dark green.  Ali and Youssef, 2020; 
Amadori et al., 2021; 
Kakoulli, 2002; Mateos et 
al., 2015. 

Green gypsum Hydrated calcium 
sulphate, CaSO4· 2H2O 

Bright green. Mateos et al., 2015. 

Green earth Celadonite, 
K(Mg,Fe)(Fe,Al)Si4O10(OH)2 

Between bright and dark green, 
with an olive tone. 

Kakoulli, 2002; Linn, 2017. 

Conichalcite Calcium copper arsenate, 
CaCuAsO4(OH) 

Grass-green to yellowish green. Kakoulli, 2002. 

Serpentine green Mg3Si2O5· (OH)4 Between bright and dark green. Kakoulli, 2002. 

 
2.3. The use of iron oxides as pigments 

Metal oxides are found naturally in rocks and soils 
and therefore have been used since prehistoric peri-
ods as pigment because of their abundance, stability, 
and color diversity (Table 1). For example, red ochre 
(hematite-rich, Fe2O3) and yellow ochre [goethite-
rich, α-FeO(OH)] pigments were among the first col-
ors that were used in antiquity by pre-historic artists 
to paint on cave walls (Olivares et al., 2013, p. 1356; 
Roebroeks et al., 2012, p. 1889; Román et al., 2015, p. 
84; Sajó et al., 2015). Iron minerals were often used 
during ancient times since they are very abundant 
above the earth’s surface, and because their main 
components, iron oxides and oxy-hydroxydes, are 
characterized by deep colors with a beautiful appear-
ance, good coating properties and long-term durabil-
ity. Ochre pigments are composed of various miner-
als and contain varying amount of iron oxide or oxy-
hydroxyde, between 5–10 wt% to upwards of 90 wt% 
(Dayet, 2021). There is also evidence of prehistoric use 
of ochre pigments produced by iron-oxidizing bacte-
ria (FeOB), with needle shaped structures probably 
connected to iron-oxidizing bacterial activities (Garilli 
et al., 2020). Goethite is a yellow to orange-brown pig-
ment, with an orthorhombic crystal system, which 
transforms into red, dark red and red-brown hematite 
(αFe2O3) due to a dehydration process (2αFeOOH → 
αFe2O3 + H2O) at 260–300 oC (Dayet, 2021; de Faria 
and Lopes, 2007, p. 117; Garilli et al., 2020; Marcaida 
et al., 2017, p. 3854; Wadley, 2009, p. 166). Moreover, 
when the heating process of yellow or brown ochre 
color takes place under a fire that lasts for several 

hours, the pigment transforms into a red color at un-
derground temperature above 250 oC (Wadley, 2009, 
p. 169). Hematite, with a hexagonal crystal system, is 
primarily formed as nano of micro domains, which 
merge at higher temperatures leading to a further 
crystalline compound (De Faria and Lopes, 2007, p. 
117). Red ochre is a ubiquitous mineral in natural soils 
(Aquilia et al., 2012, p. 233; Mortimore et al., 2004, p. 
1179; Sajó et al., 2015, p. 5). Red ochre pigment is often 
found at archaeological sites in the southern Levant 
(Tsatskin and Gendler, 2016, p. 284). A red ochre pig-
ment was identified near various fire-related features 
in the Terra Rossa soil near the Kfar HaḤoresh Neo-
lithic site located in the Lower Galilee, Israel after 
characterization of the pigment by color catalogues, 
X-ray diffraction (XRD), X-ray fluorescence (XRF), 
and Fourier transform infrared (FTIR) analyses 
(Tsatskin and Gendler, 2016). The iron concentration 
and the iron-oxide crystalline grain size affects the 
hue of the red ochre pigment (Klempan et al., 2017, p. 
1091; Wadley, 2009, p. 166). For example, 1–2 µm goe-
thite crystalline grains results in yellow hue, whereas 
0.2 µm grains result in brown pigment (Wadley, 2009, 
p. 166). Presence of Cl in ochre pigments is usually re-
lated to a local occurrence of chlorinated salts 
(Amadori et al., 2015, p. 187). In order to get bright 
red, ochre pigments may be mixed with St. John white 
(calcium carbonate) (Sabbatini et al. 2000, p. 123). 
Sometime white lead was mixed with yellow ochre 
pigment in order to achieve a lighter hue of yellow, or 
massicot (PbO) lead (II) oxide mineral was used as a 
yellow pigment (Asderaki-Tzoumerkioti and 
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Doulgeri-Intzesiloglou, 2010, p. 5). Brown ochre pig-
ment is associated with both red and yellow ochre 
(Marketou et al., 2019; Piovesan et al., 2016, pp. 440–
441). However, lower iron content is presented in the 
brown ochre pigment compared to the red ochre 
(Marketou et al., 2019). Moreover, magnetite (Fe3O4), 
the black iron oxide, is frequently also presented in 
brown ochres (Piovesan et al., 2016, pp. 440–441).  

2.4. The fresco and secco painting techniques 

Palaces and houses in Ancient Greece and Rome 
were frequently beautifully decorated with wall 
paintings (Rozenberg, 2014, p. 120). The two most 
commonly used wall painting decoration methods 
were the fresco and secco techniques (Cerrato et al., 
2021; Rozenberg, 2014, p. 123). The word fresco origi-
nates from the Italian expression “buon fresco”, 
which means “really fresh” (wet). Fresco is a tech-
nique of wall painting whereby the paint is made by 
mixing ground pigment powder with a water me-
dium to create a suspension; next the painting is cre-
ated on top of fresh wet plaster made of hydrated lime 
[CaO + H2O → Ca(OH)2] and embedded aggregates. 
Dissolved lime diffuses from the plaster material into 
the painted layer and acts as a binder (Ali and 
Youssef, 2020, p. 50; Apostolaki et al., 2006, pp. 729–
730; Coccato et al., 2021, p. 3; Duran et al., 2011, p. 
2373; Westlake et al., 2012, p. 1414). Therefore, the use 
of the fresco technique may be detected by light mi-
croscope observation of the cross-section of the wall 
painted samples due to the absence of a notable sharp 
separation between the plaster material and the paint-
ing layer (Amadori et al., 2015, pp. 187, 190; Gutman 
et al., 2016, p. 200; Taglieri et al., 2019, p. 161). The ab-
sence of some organic binder in the decorated areas 
indicates that the technique used to create the mural 
was fresco (Vázquez de Ágredos-Pascual, 2019, p. 
182). 

Unlike fresco, secco means “on dry surface”, where 
in this type of mural painting the paint is applied on 
top of dry plaster surfaces with pigments mixed in an 
organic binding medium. The main difference be-
tween the fresco and secco methods is that the fresco 
wet plaster absorbs the pigments of the paint and 
when the walls are dry, the painting becomes part of 
their surface, whereas in the case of secco paintings 
the pigments were applied on top of the dry walls, 
coating their exterior surface. The use of the secco 
technique may by observed by light microscopy of the 
samples’ cross-section due to the presence of a distin-
guishable separation between the plaster and the 
painting layer (Gil-Torrano et al., 2019, p. 7). 

Both fresco and secco techniques were ubiquitous 
in ancient wall paintings. Moreover, many wall paint-
ings in Ancient Greece and Rome were done by using 

a combination of those two techniques, where the in-
itial painting was done using the fresco method and 
then details were often added later by using the secco 
technique (Apostolaki et al., 2006, pp. 729–730; Rozen-
berg, 2014, p. 123). Despite the differences between 
fresco and secco, in both techniques it was common 
to use metal oxides as pigments during the Hellenistic 
and Roman periods, as shown below. 

2.5. The use of pigments in the Hellenistic and 
Roman periods  

Hellenistic Terracotta figurines from Pherai (Greece) 
were studied by Asderaki-Tzoumerkioti and 
Doulgeri-Intzesiloglou (2021) in order to analyze the 
raw materials of the pigments and found that just a 
few pigments, mainly black and red, were sometimes 
applied directly on the clay body, whereas most dec-
orative pieces had a white film covering of the ce-
ramic body, and only on top of it were the colors 
painted. Their results indicated that the white sub-
strate was made of three kinds of white: (1) calcite 
(trigonal crystal system) and/or aragonite (ortho-
rhombic crystal system), which are dissimilar non-sil-
icate rock crystal forms of calcium carbonate (CaCO3), 
(2) gypsum calcium sulfate dihydrate mineral 
[CaSO4· 2(H2O)], and (3) white lead carbonate com-
plex salt [Pb3(CO3)2(OH)2]. Calcite and aragonite min-
erals were very common white color pigments, found 
either as the major component of the substrate or 
mixed with additional pigments to create lighter hues 
(Asderaki-Tzoumerkioti and Doulgeri-Intzesiloglou, 
2010, p. 8; Fermo et al., 2013, p. 1113; Gutman et al., 
2016, p. 201; Kakoulli, 2002, p. 64; Szczepaniak, 2014, 
p. 29). In addition to calcium carbonate, gypsum cal-
cium sulfate dehydrate and white lead, other white 
pigments that were used during antiquity are bone 
white, kaolinite, potassium alum and celestite 
(Delaney et al., 2017, p. 8; Di Stefano and Fuchs, 2011, 
p. 234; Fedorov and Samoylov, 2019, p. 32; Kakoulli, 
2002, p. 64; Mazzocchin et al., 2003, p. 567; Westlake 
et al., 2012, p. 1414). 

Carbon-based black pigments, such as charcoal 
black, carbon (coal) black, bone black and vegetable 
bone black were widely used during antiquity (Table 
1). For example, Klempan and his colleagues (2017) 
studied pigments retrieved from the Etruscan wall 
paintings at Caere, Italy, dated to the Hellenistic pe-
riod, and discovered that the black color was charcoal 
black (Klempan et al., 2017, p. 1087). When large 
amounts of phosphorus and calcium are detected in a 
black paint, the pigments are associated with bone 
black or with ivory black (Duran et al., 2011, p. 2375). 
Gray color was achieved by mixing black pigments, 
such as carbon-based black, with calcite powder 
(Iordanidis et al., 2014, p. 2717).  
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Dark and light olive green tones, with hues be-
tween yellow-green and deep green, were produced 
by many combinations of yellow ochre, green earth, 
Egyptian blue and pyrolusite Mn-based black pig-
ment (Radpour et al., 2019). 

There are many examples in the literature of the 
use of pigments in the Mediterranean during the pe-
riod between the third century BCE and the second 
century CE. For example, Fostiridou and his col-
leagues studied the pigments of Hellenistic funeral 
figurines, dated between the third and second centu-
ries BCE, and Roman funeral figurines, dated be-
tween the first and second centuries CE retrieved 
from tombs in the center of Thessaloniki, Greece. 
These figurines revealed the presence of red ochre, 
yellow ochre, cinnabar [mercury(II) sulfide (HgS)], 
Egyptian blue (CaCuSi4O10), and carbon-based black 
pigments, as well as the presence of calcite, dolomite 
and quartz (Fostiridou et al., 2016, p. 453). At Tel 
Anafa, Israel, red and yellow pigments showed high 
levels of iron; two pink samples were made of white-
lead with mercury enrichment, while the green pig-
ment was made of copper-oxide (Verdigris) and black 
of carbon-based material (Kidd, 1999, pp. 9–10; Kidd; 
2018). 

White calcium carbonate, red ochre, yellow ochre, 
brown ochre, and carbon-based black pigments were 
very common in Mediterranean wall paintings in Hel-
lenistic- and Roman-period Greece. Yet, in some cases 
other pigments, such as Egyptian blue and green 
earth (celadonite), were also used. For example, ex-
amination of decorated graves of Etruscan Tarquinia, 
Italy, dated between the seventh and second centuries 
BCE, found that the pre-Roman wall paintings were 
painted with white calcite, red ochre, yellow ochre, 
and carbon-based black pigments; yet, other pig-
ments, including green malachite pigment, Egyptian 
blue, lazurite violet (Caeruleum Scythicum) pigment, 
and red cinnabar were also used (Barone et al., 2018, 
pp. 394–397). Hellenistic decorative wall paintings 
from Thracian fresco tombs found in south Bulgaria, 
dated to fourth-third centuries BCE, were painted 
with red and yellow ochres and with white calcite 
(Guirdzhiiska et al., 2017, p. 431). Hellenistic period 
samples retrieved from the Etruscan wall paintings at 
Caere, Italy revealed the use of white calcite, charcoal 
black, red and yellow ochres, and Egyptian blue pig-
ments (Klempan et al., 2017, p. 1087). Analysis of wall 
paintings found in Hellenistic and Roman Paphos, 
Cyprus revealed that they were made of red ochre, 
yellow ochre, and chalk white pigments and black 
iron oxide was used as black pigment (Balandier et al., 
2017, p. 336). Analysis of colors from a pigment pro-
duction site located at the ancient agora of Kos, 
Greece, dated to the late Hellenistic period (second 
half of the first century BCE), revealed that the red 

pigment was attributed to hematite. However, two of 
the red samples also contained lead tetroxide in addi-
tion to the hematite. The yellow color was identified 
as yellow earth (goethite and quartz), but yellow jar-
osite was also detected. The brown pigments were 
produced by mixing different iron oxides. The blue 
pigment was identified as Egyptian blue, and the 
green color was made of green earth pigment pro-
duced of celadonitic rock (Marketou et al., 2019). Ex-
amination of red, brown, black, and green wall paint-
ing fragments from the archaeological site of Pompeii, 
Italy revealed the use of red, yellow and brown 
ochres, green earth, and charcoal as a black pigment 
(Miriello et al., 2018). In situ examination of two mu-
ral paintings of the “House of Garden” in Pompeii 
identified various pigments, including lead white, 
yellow ochre, lead white mixed with yellow ochre in 
order to obtain light-yellow regions, red hematite, 
Egyptian blue and black carbon (Miriello et al., 2021). 
In situ characterization of Pompeian blue, green, yel-
low and red pigments preserved in their original 
bowls revealed the use of Egyptian blue, green mala-
chite pigment, yellow ochre, red ochre and cinnabar 
minerals (Marcaida et al., 2018). The use of cinnabar 
pigment in Roman times was an indicator of richness, 
whereas red ochre, in contrast, was a much cheaper 
pigment (Marcaida et al., 2018, p. 461). Analysis of 
wall painting samples retrieved from a Roman villa in 
Mošnje, located in the north-west of Slovenia and 
built in the first half of the first century CE, revealed 
the use of red and yellow ochres, green earth, lime 
white and carbon-based black pigments (Gutman et 
al., 2016, p. 201). Analysis of Roman frescoes retrieved 
from the Villa dei Quintili, Rome, Italy, dated to the 
second century CE, identified the use of lime white, 
red ochre and yellow ochres, carbon black of vegeta-
ble origin, and Egyptian blue pigments (Crupi et al., 
2018, p. 422). Study of layered pigments from Roman 
wall paintings discovered in Caesarea, Israel from 
both domestic and public buildings, dated between 
the late first century CE and the third century CE, re-
vealed the use of lime white, yellow and red ochres, 
hematite, cinnabar, red lake, carbon-based black, 
Egyptian blue, and green-earth pigments (Linn, 2017, 
p. 775). Analysis of decorative pigments from the 
walls of the Roman villa of El Ruedo in southern 
Spain, dated to the third to fifth centuries CE, re-
vealed the use of red, orange, yellow and pink ochres, 
white calcite and carbon black, as well as Egyptian 
blue, green gypsum, and green earth (Mateos et al., 
2015, p. 19). Analysis of wall paintings from the Ro-
man villa of Fuente Alamo in southern Spain revealed 
the use of lime white, red and yellow ochres, carbon-
based smoke black, Egyptian blue and green earth 
pigments (Mateos et al., 2018, pp. 19–22). 
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2.6. The characterization methods of wall 
painting pigments 

A multidisciplinary archaeometric approach is es-
sential in order to achieve information concerning the 
materials and techniques that were used for wall 
paintings during antiquity (Liritzis et al., 2020; Miri-
ello et al., 2021, p. 258). Characterization of wall pig-
ments should always start with macroscopic visual 
testing (VT) examinations in order to determine the 
condition of the decorated wall and the degree of 
damage, including cracks, notches, gaps and depos-
its, such as dirt, dust and soot (Ali and Youssef, 2020, 
p. 42). Successful study of pigments should include a 
combination of two main types of analyses: (1) miner-
alogical analyses and (2) total elemental analyses 
(Dayet, 2021). The most common methods used to 
identify a color palette, including pigments of lime 
white, red, yellow and brown ochres, carbon-based 
black, as well as other pigments such as the green 
earths, green gypsum, Egyptian blue, and others are 
XRF analysis, scanning electron microscope (SEM) 
analysis with energy dispersive spectroscopy (EDS), 
XRD, Raman spectroscopy, and FTIR spectroscopy 
(Amadori et al., 2021; Crupi et al., 2018, p. 423; Fostir-
idou et al., 2016, p. 453; Gil-Torrano et al., 2019, p. 5; 
Guirdzhiiska et al., 2017, p. 431; Gutman et al., 2016, 
p. 194; Holakooei et al., 2016; Linn, 2017, p. 776; Mar-
caida et al., 2017; Marketou et al., 2019; Mateos et al., 
2018; Siddall, 2018; Taglieri et al., 2019, p. 158). Other 
methods for pigment identification are color cata-
logues, petrography combined with polarized light 
microscopy, infrared spectroscopy, pyrolysis–gas 
chromatography–mass spectrometry (Py–GC–MS), 
particle-induced X-ray emission (PIXE) analysis, neu-
tron activation analysis (NAA), inductively coupled 
plasma and atomic emission spectroscopy (ICP-AES), 
inductively coupled mass spectrometry (ICP-MS, 
with laser ablation: LA-ICP-MS), X-ray Photoelectron 
Spectroscopy (XPS), High-resolution scanning elec-
tron microscopy (HRSEM), and transmission electron 
microscopy (TEM) (Arizzi and Cultrone, 2021; Dayet, 
2021; Di Stefano and Fuchs, 2011; Garilli et al., 2020; 
Klempan et al., 2017; Liritzis et al., 2020; Piovesan et 
al., 2016; Tsatskin and Gendler, 2016). The mineralog-
ical characterization can be done by XRD, Raman 
spectrometry, FTIR, petrography, as well as by ther-
mogravimetry or Mössbauer spectrometry. SEM-EDS 
technique allows total elemental analysis, but it is also 
a main method for the identification of mineral 
phases on the surface of a sample according to its im-
ages in back scattered electron (BSE) mode, which 
highlights chemical contrasts in combination with 
EDS chemical analysis. Therefore, according to Dayet 
the most recommended method for pigment charac-
terization is the SEM-EDS analysis. Yet, as in other 

fields of materials characterization, the combination 
of several methods is always preferred in order to re-
duce the risk of misinterpretation of the phases and 
confusion between minerals. The recommended 
methods for elemental analysis of pigment materials 
are XRF, SEM-EDS, PIXE, NAA, ICP-AES, and LA-
ICP-MS (Dayet, 2021). 

3. EXPERIMENTAL METHODS 

(a) VT inspection of the samples retrieved from the 
wall painting plaster and pigments (Fig. 6) was 
carried out in order to examine the general con-
dition of the samples and to detect visible char-
acteristics and defects that may assist in under-
standing the manufacturing process. 

(b) In order to build a macroscopic level catalogue 
of the plaster and pigments retrieved from Tell 
Iẓṭabba and to be able to visually compare the 
pigments to the available literature, the sample 
surfaces were photographed in daylight by us-
ing a Canon 6D Camera, with EF 40 mm 1/2.8 
STM Lens, as well as XIT Extension Macro 
Rings (65 mm) equipment. 

(c) XRF method for non-destructive testing (NDT) 
analysis is frequently used to determine the 
chemical composition of ancient plasters and 
pigments with characteristic detection limits of 
0.01% for main elements and about 1–5 ppm for 
trace elements (Arizzi and Cultrone, 2021). This 
non-invasive technique can be applied in situ 
in order to identify inorganic compounds 
(Liritzis et al., 2020, p. 66). In order to obtain 
preliminary results of the composition of the 
plaster and pigments, chemical analysis was 
done by using a XLt-900 GOLDD (Thermo Sci-
entific™ Niton) handheld (HH) XRF machine. 
This instrument is equipped with a 50 kV Tar-
get X-ray tube and 80 MHz real-time digital 
signal process. The irradiation area was circu-
lar (8 mm in diameter) and each measurement 
was performed for 60 seconds and measure-
ments were done by means of the characteristic 
secondary X-rays emitted from the material as 
it was bombarded with high-energy X-rays. 
This tool is equipped with a Geometrically Op-
timized Large Area Drift Detector (GOLDD™) 
for better analysis of light elements (Mg-S). Yet, 
light elements such as carbon and oxygen 
could not be identified with this HH-XRF in-
strument due to strong absorption of X-rays 
owing to trapped air between the sample and 
the XRF detector (Duran et al., 2011, p. 2373). 
Therefore, the elemental concentrations based 
on the XRF results are presented here unnor-
malized (total elements composition is not 100 
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wt%). Moreover, in order to achieve reliable re-
sults with a portable HH-XRF machine several 
factors must be taken into account, such as the 
correct calibration of the instrument and the 
surface roughness (Liritzis et al., 2020, pp. 62, 
66). 

(d) Scanning Electron Microscope (SEM) analysis 
was preformed, including Energy Dispersive 
Spectroscopy (EDS) chemical analysis with an 
Environmental SEM. One of the main ad-
vantages of using ESEM for plaster and pig-
ment characterization is that the samples do 
not need carbon or gold coating, as the exami-
nation is carried out under low vacuum mode 
conditions (Arizzi and Cultrone, 2021). The 
samples were characterized by a FEI Quanta 
200FEG ESEM, equipped with an Everhart-
Thonley secondary electron (SE) detector. Both 
SE and BSE modes were applied in order to in-
spect the pigments. The EDS analysis was per-
formed with Si(Li) liquid-cooled Oxford X-ray 
detector. The decorated surface of the samples 
was first examined in the planar section (P-sec-
tion). However, in order to better understand 
the technology that was used to paint the walls, 
samples were also ground in the transvers 
cross-section (T-CS) with 340–4000 silicon car-
bide grit papers and then examined by SEM. 
Such T-CS examination assisted in distinguish-

ing fresco from secco painting techniques (Coc-
cato et al., 2021). In order to compare the EDS 
and XRF analyses results, the EDS analysis re-
sults are presented in their elemental composi-
tion and not as oxides. 

(e) X-ray diffraction (XRD) analysis was applied to 
identify the crystalline phases of the brown 
paint. A large database exists and data inter-
pretation is quite straightforward; neverthe-
less, peak overlap may occur. The analysis was 
performed with D8 Advance, Bruker diffrac-
tometer (435 mm diameter) designed for X-ray 
powder diffraction (XRPD) with theta-theta 
(Bragg-Brentano) and a 2.2 kW Cu sealed tube 
X-ray source, generating Cu Kα radiation at a 
wavelength of 1.541 Å from a generator work-
ing condition of 40 kV and 40 mA and power 
stability better than 0.01%. A parallel beam of 
monochromatic X-ray radiation was created by 
the use of a Göbel mirror optics. The brown 
paint layer was peeled from Sample no. 6 by 
using a stainless steel scalpel and then the 
brown layer was crushed with an agate mortar 
to a fine powder that was examined by XRD. 
The sample was rotated to offer better sam-
pling, with a 10o–100o range and a step size of 
0.02o. The data achieved from XRD analysis 
was interpreted by using Bruker-DIF-
FRAC.EVA software. 

  

 

Figure 6. The wall fragments retrieved from the Tell Iẓṭabba wall paintings: (a)–(p) samples 1–16, respectively; and (q) a 
reference sample. 
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4. RESULTS 

Based on VT inspection of the Tell Iẓṭabba painted 
wall samples, a short description of the samples is 
given here. Sample no. 1 (Fig. 6a) includes a bright red 
strip on its upper parts, a thin layer of black color be-
low it, and exposed plaster on the lower part of the 
sample. Sample no. 2 (Fig. 6b) is coated with bright 
red color. Sample no. 3 (Fig. 6c) is made of two layers 
of white plaster. Sample no. 4 (Fig. 6d) includes a red 
strip, below it a thin brown-gray strip, and below it 
yellow color on the right side and black areas on the 
left side, as well as areas of exposed plaster on both 
sides. Sample no. 5 (Fig. 6e) is coated with bright red 
color. Sample no. 6 (Fig. 6f) is coated with brown-gray 
color. The upper left side of Sample no. 7 (Fig. 6g) is 
covered with black and brown-gray strips; the central 
part reveals brown-gray color as well as exposed plas-
ter and the right lower side is coated with bright red 
color. Samples no. 8 and 9 (Fig. 6h, 6i, respectively), 
are covered with bright red color and areas of ex-
posed plaster. Sample no. 10 (Fig. 6j) is covered with 
two layers of white plaster. Sample no. 11 (Fig. 6k) in-
cludes remains of a red strip on its upper parts, yel-
low color on its right side, and black color and ex-
posed plaster at the rest of the sample. Sample no. 12 
(Fig. 6l) is composed of exposed plaster, as well as re-
mains of yellow and black-gray colors. Sample no. 13 
(Fig. 6m) is covered with red color and some areas of 
exposed plaster. Sample no. 14 (Fig. 6n) is covered 
with red pigment on the left and brown-gray pigment 
on the right. Sample no. 15 (Fig. 6o) is covered with 
areas of brown-gray color. The right side of Sample 
no. 16 (Fig. 6p) is covered with bright red and its left 
side covered with brown-gray color. A reference sam-
ple (Fig. 6q) is made of plaster taken from the Tell 
Iẓṭabba’s walls. 

4.1. The white plaster from the painted walls 
of Tell Iẓṭabba (Area C, W307) 

VT inspection revealed that the base of all samples 
retrieved from the painted walls is made of plaster 
material (matrix) with embedded white, brown, gray, 
red, orange, yellow and black particles. The size of the 
embedded particles was up to 2 mm (Figs. 7b, 7i, 7p, 
8a–c). Some of the samples include one layer of plas-
ter, whereas others include two layers: a substrate 
layer (the lower layer) and a cover layer (the upper 
layer) (Fig. 8a–b). In all samples the area close to the 
paint was finer, smother, and brighter, indicating that 
fewer embedded particles were used near the upper 
external surface of the plaster, and the external sur-
face of the walls was probably smoothed with water 
(Fig. 7k, 7o). The back side of the plaster included a 

coarse and rough surface (Figs. 7i, 8e), and perhaps 
had some mortar remains. The plaster was decorated 
with red, yellow, brown-gray, and black decorations 
(Figs. 6 and 7). Observation of the T-CS of Sample no. 
4 revealed gradual transition (absence of a notable 
sharp separation) between the plaster material and 
the black and red painted layer (Fig. 8d), as typical of 
the fresco technique. 

XRF analysis of the plaster substrate and plaster 
cover layers revealed that both were mainly com-
posed of Ca (10.1–38.5 wt%), yet up to 13.3 wt% of Si 
and up to 12.4 wt% S were detected as well (Table 2). 
Up to 2.0 wt% of the elements Fe, Al, Cl, K, Ti, P, and 
Mn were also detected in the plaster samples (Table 
2). The Si content was higher in the substrate plaster 
than in the upper plaster layers, probably resulting 
from the sand particles embedded in the substrate 
plaster matrix (Table 2). 

SEM observation of the fine plaster’s external sur-
face revealed a relatively uniform surface (Fig. 9a–b). 
SEM observation of the T-CS of Sample no. 4 (BSE 
mode) revealed a gradual layer between the plaster 
and the red painted layer (Fig. 9c), as typical of the 
fresco technique. Higher SEM magnifications re-
vealed a crystalline microstructure as well as sponge 
morphology (Fig. 9d–g). SEM observation of the 
coarse plaster substrate material revealed a rougher 
surface than the cover layer plaster material, with 
crystal grains of 2–8 µm in size (Fig. 8f–g). The crys-
talline microstructure of the fine cover plaster near 
the paint includes grains of 1–5 µm in size as well as 
smaller grains of 200–600 nm in size (Figs. 9, 10), 
which may hint that the plaster was made of calcite 
fragments mixed with slaked lime (Apostolaki et al., 
2006, p. 731). 

SEM-EDS analysis revealed that the coarse plaster 
substrate composition is 26.9–34.2 wt% Ca, 50.5–58.4 
wt% O, up to 17.2 wt% C, 2.3–3.6 wt% Si, and up to 
0.8 wt% of the elements S, Fe, Al, Mg, Na, Cl and K 
(Table 3, Fig. 8f–g). SEM-EDS analysis of the fine plas-
ter cover (Figs. 9) revealed a similar composition of 
28.2–40.4 wt% Ca, 45.4–51.5 wt% O, 9.9–13.7 wt% C, 
0.9–11.1 wt% Si, 0.3–12.3 wt% S, up to 1.3 wt% of the 
elements Fe, Al, Mg, Na, Cl and K (Table 3, Fig. 9b–e, 
9f). The analysis results show that the coarse plaster 
and the fine plaster are mainly composed of CaCO3. 
The EDS results (Table 3) are in good agreement with 
the XRF results of the plaster (Table 2). SEM-EDS 
analysis of the white particle shown in Fig. 8c (T-CS, 
arrow) revealed it is composed of 27.3 wt% Ca, 20.2 
wt% S, 52.3 wt% O, and 0.2 wt% Si (Table 3), indicat-
ing that the embedded white particle is a calcium sul-
phate mineral, typical of white gypsum pigment (Ta-
ble 1). 
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Figure 7. A catalogue of the plaster and pigments retrieved from the Tell Iẓṭabba wall paintings (Canon 6D camera): (a) 
Sample no. 4, showing dark red, brown-gray, and yellow pigments (P-section); (b) rough plaster substrate at the back of 

Sample no. 4 (P-section); (c) dark red pigment (Sample no. 4, P-section); (d)-(e) yellow pigment surrounded by plaster 
(Sample no. 4, P-section); (f) black pigment surrounded by plaster material (Sample no. 4, P-section); (g) brown-gray 

pigment (Sample no. 6, P-section); (h) brown-gray pigment at the center of Fig. 7h and a step with red pigment (Sample 
no. 6, isometric view); (i) rough plaster at the back of Sample no. 8 (P-section); (j) light red pigment surrounded by plas-

ter material (Sample no. 8, P-section); (k) upper layer of plaster (Sample no. 10, P-section); (l) the upper layer and the 
lower layer of plaster (Sample no. 10, isometric view); (m) yellow pigment at the center of Fig. 7m and gray pigment at 
the lower left part of the image, surrounded by plaster (Sample no. 11, P-section); (n) yellow pigment (Sample no. 11, P-

section); (o) fine plaster (reference sample); and (p) rough plaster (back of the reference sample). 
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Figure 8. Images of the plaster: (a) two layers of plaster, where layer 1 is the substrate layer and layer 2 is the cover 
layer below the paint (Sample no. 4, polished T-CS), where the upper part of layer 2 is finer than the rest of the plaster 
with fewer embedded particles; (b) two layers of plaster (Sample no. 10, T-CS); (c) a white inclusion identified by EDS 
analysis as calcium sulphate dihydrate mineral (white arrow, Sample no. 4, T-CS); (d) a diffusion of pigments into the 

plaster layer, where arrow 1 shows black pigment and arrow 2 shows the red pigment (Sample no. 4, T-CS); (e) plaster at 
the back side of Sample no. 8 (P-section); (f) SEM observation of the plaster substrate (reference sample, P-section); and 

(g) SEM higher magnification showing crystals of 2–8 µm in size (reference sample, plaster substrate, P-section). 

Table 2. XRF chemical analysis of the plaster (P-section). 

Sample description 
 
Locus 

Composition weight percentage (wt%) 

Ca Si S Fe Al Cl K Ti P Mn 

Sample no. 1, coarse substrate plaster 324 21.7 2.2 9.1 0.5 – 0.1 0.3 – 0.1 – 

Sample no. 2, plaster  324 28.9 5.2 0.5 1.4 0.8 0.1 0.6 0.2 0.3 0.2 

Sample no. 3, plaster with white hue 324 11.1 13.3 0.4 3.4 1.7 0.2 2.5 0.4 0.4 – 

Sample no. 4, coarse substrate plaster 326 24.9 4.4 5.6 1.0 0.5 0.1 0.5 0.2 0.3 – 

Sample no. 5, coarse substrate plaster, area 1  326 16.0 2.5 0.1 1.4 – – 0.5 0.2 0.3 – 

Sample no. 5, coarse substrate plaster, area 2  324 10.1 – – 0.8 – – 0.3 0.1 0.6 – 

Sample no. 6, coarse substrate plaster 326 26.7 5.4 0.3 1.4 0.8 0.1 0.7 0.2 0.3 – 

Sample no. 7, fine and smooth plaster 324 25.1 4.7 4.9 1.1 1.0 0.1 0.5 0.2 0.2 – 

Sample no. 7, fine and smooth plaster with white 
hue 

324 25.2 5.3 7.0 0.8 0.8 0.2 0.5 0.2 0.2 – 

Sample no. 8, fine and smooth plaster  324 31.4 3.6 1.1 1.0 0.7 0.1 0.4 0.1 0.2 0.1 

Sample no. 9, fine and smooth plaster 324 35.5 2.7 0.7 1.6 1.1 0.1 0.3 – 0.2 – 

Sample no. 9, coarse substrate plaster 324 22.4 5.5 1.6 1.6 0.7 0.1 0.7 0.2 0.3 – 

Sample no. 10, fine and smooth plaster with white 
hue 

324 38.5 1.8 0.2 0.6 – 0.1 0.2 – 0.1 – 

Sample no. 10, coarse substrate plaster 324 21.9 6.2 1.5 1.7 0.9 0.1 0.8 0.2 0.2 – 

Sample no. 11, coarse substrate plaster 324 26.3 2.8 6.1 0.6 – – 0.3 0.1 0.2 – 

Sample no. 12, fine and smooth plaster 324 23.8 2.3 10.5 0.7 – – 0.3 0.1 0.2 – 

Sample no. 12, fine and smooth plaster with white 
hue 

324 23.3 3.6 12.4 0.5 – – 0.3 – 0.1 – 

Sample no. 13, coarse substrate plaster 326 23.5 6.2 0.5 2.0 1.1 0.1 0.8 0.3 0.3 – 

 



104 D. ASHKENAZI et al. 

 

Mediterranean Archaeology and Archaeometry, Vol. 21, No 3, (2021), pp. 89-122 

 
Figure 9. SEM images of the plaster: (a) general view of the white fine exterior surface of the reference sample in Fig. 6q 

(BSE mode, P-section); (b) higher magnification of the Fig. 9a (SE mode); (c) the interface between the plaster (dark area) 
and red pigment, showing the presence of pigment particles within the plaster (bright particles according to BSE mode, 
T-CS, Sample no. 4); (d) higher magnification of the area shown in Fig. 9b (BSE modes, P-section, reference sample), (e) 
area of crystalline microstructure (SE mode, Sample no. 4, P-section); (f) higher magnification of Fig. 9e showing grains 

of 1–4 µm in size; (g) crystalline microstructure and sponge morphology (reference sample, BSE mode); and (h) higher 
magnification showing sponge morphology and crystalline grains of 1–5 µm, as well as smaller crystalline grains of 

200–400 nm in size (SE and BSE modes, respectively). 
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Figure 10. SEM images of the plaster (Sample no. 10, P-section): (a) general view of the upper (left side of image) and 
lower (right side of image) plaster layers; (b) view of the upper plaster layer; (c)–(d) higher magnification of the upper 

layer (SE and BSE modes, respectively); (e) view of the lower plaster layer (SE mode); and (f) higher magnification of the 
lower layer (SE Mode). A crystalline microstructure was observed in both layers, with large grains of 2–8 µm, as well as 

smaller crystalline grains of 200–600 nm in size.  
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Table 3. SEM-EDS chemical analysis of the plaster, where SA represents the scanned area. 

Sample description 
Composition weight percentage (wt%) 

Ca O C Si S Fe Al Mg Na K 

Fine and smooth plaster, reference sample (Fig. 9a, P-sec-
tion), SA: 500 μm × 500 μm 

35.3 48.8 12.5 1.5 0.3 0.4 0.6 0.3 0.3 – 

Fine and smooth plaster, Sample no. 4 (P-section, SA: 150 
μm × 150 μm 

33.0 51.5 13.7 0.9 0.4 – 0.2 – 0.3 – 

Fine and smooth plaster, Sample no. 4 (T-CS), near deco-
ration, SA: 100 μm × 100 μm 

28.2 49.6 8.4 0.9 12.3 – 0.3 0.3 – – 

Plaster, embedded white particles, Sample no. 4 (T-CS, 
Fig. 8c), near decoration, SA: 100 μm × 100 μm 

27.3 52.3 – 0.2 20.2 – – – – – 

Plaster, Sample no. 10, upper layer (P-section), SA: 200 μm 
× 200 μm 

31.1 48.6 11.1 4.5 0.5 1.3 1.3 0.6 0.4 0.6 

Plaster, Sample no. 10, lower layer (P-section), SA: 200 μm 
× 200 μm 

40.4 45.4 10.4 2.1 0.2 – 0.6 0.5 0.4 – 

Plaster, reference sample (Fig. 9b, P-section), SA: 500 μm 
× 500 μm  

30.8 50.4 13.6 2.0 0.3 1.5 0.6 0.5 – 0.3 

Plaster, reference sample (Fig. 9d, P-section), SA: 150 μm 
× 150 μm 

34.0 48.3 9.9 3.3 1.5 0.8 1.0 0.6 0.2 0.4 

Coarse substrate plaster, reference sample (Fig. 8f), SA: 
200 μm × 200 μm  

34.4 58.4 – 3.6 0.5 0.7 0.8 0.6 0.5 0.5 

 
4.2. The red pigment 

VT inspection of the red color revealed two types 
of red; the first one is dark red (Figs. 6d upper layer, 
6i, 7a, 7c, and 11a upper layer) which contains many 
cracks (Fig. 11c), and the second one is a bright and 
less dense red (Figs. 6a–b, 6e, 6h, 6m, 7j). XRF analysis 
results revealed that the elemental composition of the 
dark and bright red color is similar, with an iron con-
tent of 3.1–4.4 wt% Fe for the dark red hue and 1.0–
3.0 wt% Fe for the bright red hue (Table 4). The ele-
ments Ca, Si, S, Al, K, Ti and P were also detected in 
both red hues. Yet, higher concentrations of calcium 

and sulfur were observed in the bright red and higher 
concentrations of iron were observed in the dark red 
color (Table 4), indicating that the dark red pigment 
layer is denser and thicker than the bright red pig-
ment layer. Therefore, the bright red was most prob-
ably mixed with calcium carbonate and calcium sul-
phate dihydrate minerals (Table 1) in order to achieve 
a brighter appearance. The composition of the red 
pigment layer was 1.0–4.4 wt% Fe according to XRF 
analysis (Table 4); whereas the iron concentration in 
the plaster was only 0.5–2.0 Fe wt% (Table 2), identi-
fying the red hue as red ochre pigment. 

Table 4. XRF chemical analysis of the red pigment. 

Sample description 
Composition weight percentage (wt%) 

Ca Si S Fe Al Cl K Ti P 

Sample no. 1, bright red 19.0 4.5 8.0 3.0 0.8 0.1 0.4 0.1 0.2 

Sample no. 2, bright red 35.4 2.5 0.3 1.4 0.6 – 0.3 – 0.2 

Sample no. 4, dark red 16.9 5.0 6.3 4.4 1.1 0.1 0.5 0.2 0.2 

Sample no. 5, bright red, area 1 33.6 3.3 0.8 1.8 0.7 0.1 0.3 0.1 0.2 

Sample no. 5, bright red, area 2 30.1 4.4 1.1 2.6 1.3 0.1 0.5 0.2 0.2 

Sample no. 5, bright red, area 3 29.8 4.4 1.1 2.5 1.3 – 0.5 0.2 0.2 

Sample no. 7, bright red 25.9 4.8 6.7 1.0 0.7 0.1 0.4 0.1 0.2 

Sample no. 8, bright red, area 1 33.2 3.3 1.0 1.7 1.2 0.1 0.4 0.1 0.2 

Sample no. 8, bright red, area 2 31.6 2.9 0.9 1.3 0.8 – 0.3 0.1 0.3 

Sample no. 9, dark red 30.8 3.3 0.5 3.1 1.8 – 0.3 0.2 0.2 

Sample no. 11, bright red 21.1 4.2 9.8 1.4 0.8 – 0.4 0.2 0.2 

Sample no. 13, dark red 28.0 3.5 1.3 3.8 1.9 – 0.4 0.2 0.2 

 
SEM observation of the dark red painted surface 

(Fig. 11a) revealed that it contains many cracks and is 
brighter than the plaster that surrounds it (Fig. 11b–c, 

according to BSE mode), and also brighter than the 
brown-gray painted areas (Fig. 11d–f). Higher SEM 
magnifications revealed that the dark and bright red 
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pigments were composed of larger crystals of 2–6 µm 
in size and smaller crystals of 200–1000 nm in size 
(Fig. 12). SEM-EDS analysis of the dark red pigment 
revealed that it is mostly composed of iron oxide, 
with a composition of 15.0–22.7 wt% Fe, 41.9–48.0 
wt% O, 7.1–9.5 wt% C, 7.8–8.7 wt% Si, 7.1–8.1 wt% Ca, 
2.5–3.1 wt% S, 5.0–5.8 wt% Al, and up to 1.2 wt% of 
the elements Mg, Na, Cl, K, Ti and P (Table 5), indi-
cating that the dark red pigment is red ochre. SEM-

EDS analysis of the bright red pigment revealed a 
similar composition to the dark pigment, however, 
with less iron content (11.3–12.8 wt% Fe) and with 
higher calcium content (19.3–19.8 wt% Ca) (Table 5). 
The EDS results (Table 5) are in relatively good agree-
ment with the XRF results (Table 4), yet, the iron con-
tent in the SEM-EDS results is much higher as ex-
pected from surface analysis. 

 
Figure 11. Images of the Sample no.4’s decorated surface (P-section): (a) general view of the dark red, brown-gray, yel-
low and black pigments, as well as the areas of exposed plaster; and (b)–(c) SEM images of the dark red pigment (area 
inside the square in Fig. 11a, bright areas according BSE mode), showing the presence of many cracks surrounded by 

plaster (dark area according BSE mode), (d) a general view of the red, brown-gray and yellow pigments; (e) SEM image 
of the red pigment strip (upper bright area according to BSE mode) and the brown-gray strip (lower darker area); and (f) 
SEM image of the plaster and brown pigment strip (upper dark area) and the yellow pigment (lower bright zone accord-

ing to BSE mode). 
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Figure 12. SEM images of the red pigment microstructure (P-section): (a) view of the dark red pigment surface (Sample 
no. 4, SE mode, area inside the square in Fig. 11a); (b)–(c) higher magnification of Fig. 12a (SE and BSE modes, respec-
tively) showing larger crystals of 2–6 µm in size and smaller crystals of 200–800 nm in size; (d)-(e) general view of the 
bright red pigment surface (Sample no. 8, SE mode); and (f) higher magnification of Fig. 12e (Sample no. 8, BSE mode) 

showing larger crystals of 2–6 µm in size and smaller crystals of 200–1000 nm in size. 

Table 5. SEM-EDS chemical analysis of the red pigment, where SA represents the scanned area.  

Sample description 
Composition weight percentage (wt%) 

Ca O C Si S Fe Al Mg Na Cl K P Ti 

Sample no. 4, dark red pigment (Fig. 12a), 
SA: 150 μm × 150 μm 

8.1 41.9 7.9 8.7 3.1 22.7 5.0 0.8 0.5 – 0.9 – 0.4 

Sample no. 4, dark red pigment (Fig. 12b), 
SA: 25 μm × 25 μm 

7.5 42.3 7.6 7.8 2.5 24.1 5.8 0.7 0.4 0.2 0.8 – 0.2 

Sample no. 4, dark red pigment (Fig. 12c), 
SA: 15 μm × 15 μm 

7.1 48.0 9.5 8.4 2.6 15.0 5.5 0.5 0.5 0.3 1.2 0.2 0.2 

Sample no. 8, bright red (Fig. 12d), SA: 60 μm 
× 60 μm 

19.3 47.6 7.8 5.2 0.5 12.8 5.2 0.4 0.5 – 0.5 0.2 – 

Sample no. 8, bright red (Fig. 12e), SA: 40 μm 
× 40 μm 

19.8 48.0 8.3 5.4 0.3 11.3 5.1 0.7 0.2 0.2 0.7 – – 
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4.3. The yellow pigment 

VT inspection of the yellow color revealed it con-
tains cracks (Fig. 7d, 7e, 7m, 7n), and it is surrounded 
by plaster material. XRF analysis of the yellow paint 

revealed it contains 0.9–3.9 wt% Fe, as well as the 
presence of the elements Ca, Si, S, Al, Cl, K, P, and Ti 
(Table 6). 

Table 6. XRF chemical analysis of the yellow pigment. 

Sample description 
Composition weight percentage (wt%) 

Ca Si S Fe Al Cl K Ti P 

Sample no. 4, yellow, area 1 21.2 4.3 6.0 3.3 0.7 0.2 0.5 0.1 0.2 

Sample no. 4, yellow, area 2 19.9 2.7 10.1 3.9 0.6 0.1 0.3 – 0.2 

Sample no. 11, yellow, area 1 19.7 3.2 9.9 3.0 0.7 0.1 0.3 – 0.2 

Sample no.11, yellow, area 2 23.4 4.5 8.5 0.9 1.0 0.1 0.5 0.2 0.3 

 
SEM observation of the yellow painted surface re-

vealed that it is much brighter than the brown pig-
ment (Fig. 11d–f, BSE mode). Higher SEM magnifica-
tion revealed larger crystals of 2–6 µm in size and 
smaller crystals of 300–1000 nm in size (Figs. 13 and 
14). SEM-EDS analysis of the yellow pigment re-
vealed it was mostly composed of iron oxide, with a 
composition of 22.8–26.1 wt% Fe, 42.5–45.0 wt% O, 

7.5–11.5 wt% C, 7.0–10.8 wt% Ca, 2.0–8.3 wt% Si, 0.4–
5.3 wt% Al, and up to 1.6 wt% of the elements Mg, Na, 
Cl, K, Ti, P and Pb (Table 7). The EDS analysis results 
(Table 7) are in relatively good agreement with the 
XRF results (Table 6), yet, the calcium content is much 
lower and the iron content much higher according to 
the SEM-EDS results, as expected. 

 
Figure 13. SEM images of the yellow pigment (Sample no. 4, P-section): (a)–(b) general view of the surface (SE and BSE 
modes, respectively); and (c)–(d) higher magnification of Fig. 13a (SE and BSE modes, respectively), showing large crys-

tals of 2–5 µm in size and small crystals of 500–1000 nm in size. 
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Figure 14. SEM images of the yellow pigment microstructure (Sample no. 4, P-section): (a) general view of the yellow 
pigment (bright area according to BSE mode) surrounded by plaster material (darker material); (b)–(c) higher magnifica-

tion of the yellow pigment in Fig. 14a (SE and BSE modes, respectively); (d) higher magnification of Fig. 14c, showing 
crystalline microstructure; (e)–(f) higher magnification of two areas in Fig. 14d (SE and BSE modes, respectively), show-

ing large crystals of 3–6 µm in size and small crystals of 300–1000 nm in size. 
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Table 7. SEM-EDS chemical analysis of the yellow pigment, where SA represents the scanned area. 

Sample description 
Composition weight percentage (wt%) 

Ca O C Si S Fe Al Mg Na Cl K Other 

Sample no. 4, yellow pigment (Fig. 14c, in-
side the bright area), SA: 250 μm × 250 μm 

10.8 42.5 11.5 2.0 5.4 24.2 0.4 0.5 0.3 0.3 0.3 
1.6 Pb 
0.2 P 

Sample no. 4, yellow pigment (Fig. 14d), 
SA: 150 μm × 150 μm 

10.5 45.0 8.6 3.4 7.5 26.1 1.0 0.7 0.4 0.3 – – 

Sample no. 4, yellow pigment (Fig. 14f), 
SA: 25 μm × 25 μm 

7.0 43.2 7.5 8.3 2.8 22.8 5.3 0.8 0.5 0.3 0.8 
0.4 Ti 
0.3 P 

 
4.4. The brown-gray pigment 

VT inspection of the brown-gray color revealed a 
quite uniform surface (Figs. 6f, 7g), yet, areas with red 
tone were also observed, for example, the red line in 

Sample no. 6 (Fig. 7h). XRF analysis of the brown-gray 
paint (Table 8) revealed a composition almost identi-
cal to the composition of the coarse and fine plaster 
layers (Table 2), with an iron content of 0.5–1.6 wt% 
Fe (Table 8). 

Table 8. XRF chemical analysis of the brown-gray pigment.  

Sample description 
Composition weight percentage (wt%) 

Ca Si S Fe Al Cl K Ti P 

Sample no. 14, brown-gray (higher area) 29.5 5.5 2.9 1.6 0.9 0.1 0.6 0.2 0.3 

Sample no. 14, brown-gray (lower area) 33.5 3.6 2.9 0.9 – 0.1 0.4 0.1 0.2 

Sample no. 15, brown-gray 20.7 2.5 8.3 0.5 – – 0.3 0.1 0.3 

Sample no. 16, brown-gray, area 1 24.1 4.0 4.9 1.0 0.6 0.1 0.5 0.2 0.4 

Sample no. 16, brown-gray, area 2 24.0 4.4 7.6 0.9 0.4 0.1 0.5 0.2 0.2 

 

SEM observation of the brown-gray pigment re-
vealed both larger crystals of 2–6 µm in size and 
smaller crystals of 200–800 nm in size (Fig. 15). SEM-
EDS analysis of the brown-gray pigment revealed a 
composition of 18.1–21.9 wt% Ca, 48.3–52.1 wt% O, 
9.9–11.2 wt% C, 3.1–9.8 wt% Si, 1.0–10.8 wt% S, 2.3–
3.1 wt% Fe, 1.4–3.6 wt% Al, and up to 1.6 wt% of the 
elements Mg, Na, Cl, K and P (Table 9). The EDS re-
sults (Table 9) are in relatively good agreement with 
the XRF results (Table 8); yet, the iron content in the 
SEM-EDS results is higher. Moreover, according to 
the EDS results, the iron content in the brown-gray 
paint (Table 9) is much lower than the content in the 
red and yellow paints (Tables 5 and 7, respectively), 
but much higher than the iron content in the plaster 
(Table 3). 

The XRD analysis results of the brown color layer 
painted on top of the plaster material (Sample no. 6) 

revealed that the main crystalline phase is calcium 
carbonate. Yet, picks of crystalline haematite, α-Fe2O3 
(red ochre pigment), goethite, α-FeO(OH) (yellow 
ochre pigment), and magnetite, Fe3O4 (common in-
gredient in brown ochre), as well as picks of graphite 
(carbon-based black pigments) were also detected 
(Fig. 16). In addition, picks of crystalline kaolinite 
[Al2Si2O5(OH)4], quartz (SiO2) and gypsum (CaSO4· 
2H2O) minerals were also detected (Fig. 16). The re-
sults are with good agreement with the XRF and 
SEM-EDS analysis. The dominance of the calcium car-
bonate mineral in the brown color, as well as the 
quartz, gypsum and kaolinite may be explained ac-
cording to the use of pigments mixed with ground 
powder of plater material and according to the use of 
fresco method, resulting in a diffusion between the 
pigments and the plaster matrix base.  
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Figure 15. SEM images of the brown-gray pigment: (a) the external surface of Sample no. 6 (SE mode, P-section); (b) the 
crystalline microstructure, with large crystals of 2–5 µm in size and small crystals of 300–800 nm in size (Sample no. 6, 
BSE mode); (c)–(d) crystalline microstructure (Sample no. 4, SE and BSE modes, respectively); and (e)–(f) large crystals 

of 2–6 µm in size and small crystals of 200–800 nm in size (Sample no. 4, SE and BSE modes, respectively). 

Table 9. SEM-EDS chemical analysis of the brown-gray pigment, where SA represents the scanned area. 

Sample description 
Composition weight percentage (wt%) 

Ca O C Si S Fe Al Mg Na Cl K P 

Sample no. 6, brown-gray (Fig. 15a), SA: 150 
μm × 150 μm 

21.9 48.3 11.0 7.8 3.7 2.3 2.7 1.2 0.3 0.2 1.1 0.4 

Sample no. 6, brown-gray (Fig. 15a), SA: 50 
μm × 50 μm  

20.4 48.6 9.9 9.8 1.1 3.1 3.6 1.6 0.4 0.3 1.2 – 

Sample no. 4, brown-gray hue (Fig. 15c), SA: 
150 μm × 150 μm  

19.4 50.9 11.2 3.8 9.0 2.6 1.4 0.7 0.2 0.3 0.4 0.1  

Sample no. 4, brown-gray hue (Fig. 15e), SA: 
25 μm × 25 μm 

18.1 52.1 10.9 3.1 10.8 2.5 1.4 0.5 0.3 – 0.3 – 
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Figure 16. XRD analysis results of the brown paint on top of the plater (Sample no. 6). 

 
4.5. The black pigment 

VT inspection of the black color revealed that it 
contains many cracks (Figs. 7f). XRF analysis of the 
black paint (Table 10) revealed a composition almost 

identical to the composition of the plaster (Table 2), as 
well as of the brown-gray paint (Table 8), with iron 
content of 0.7–2.6 wt% Fe (Table 10). 

Table 10. XRF chemical analysis of the black pigment. 

Sample description 
Composition weight percentage (wt%) 

Ca Si S Fe Al Cl K Ti P 

Sample no. 1, black, area 1 21.8 5.4 6.4 1.6 0.9 0.2 0.6 0.1 0.2 

Sample no. 1, black, area 2 20.9 4.2 8.8 1.7 0.6 0.2 0.4 0.1 0.2 

Sample no. 1, black, area 3 19.5 4.3 9.0 2.6 1.2 0.1 0.4 0.1 0.1 

Sample no. 4, black 24.2 3.6 10.6 0.7 0.6 0.1 0.4 0.1 0.2 

Sample no. 7, black 23.6 4.5 7.1 0.7 0.7 0.2 0.4 0.1 0.3 

 

SEM observation of the black pigment revealed 
both larger crystals of 2–5 µm in size and smaller crys-
tals of 600–1000 nm in size (Fig. 17). SEM-EDS analy-
sis of the black pigment revealed a composition of 
22.5–30.2 wt% Ca, 46.7–52.8 wt% O, 8.5–10.3 wt% C, 
2.5–4.0 wt% Si, 7.5–8.1 wt% S, 0.8–1.4 wt% Fe, 0.9–1.7 

wt% Al and up to 0.7 wt% of the elements Mg, Na, 
and K (Table 11). According to the EDS results, the 
iron content in the black paint (Table 11, 0.8–1.4 wt% 
Fe) is lower than the content in the brown-gray paints 
(Tables 9, 2.5–2.6 wt% Fe). 
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Figure 17. SEM images of the black pigment (Sample no. 4, P-section): (a) general view of the black pigment, showing a 

rough surface (SE mode); (b) general view (BSE mode); (c)–(d) crystalline microstructure (SE and BSE modes, respec-
tively); (e)–(f) higher magnification of the crystalline microstructure, showing larger crystals of 2–5 µm in size and 

smaller crystals of 600–1000 nm. 

 

Table 11. SEM-EDS chemical analysis of the black pigment, where SA represents the scanned area. 

Sample description 
Composition weight percentage (wt%) 

Ca O C Si S Fe Al Mg Na Cl K 

Sample no. 4, black pigment (Fig. 17a), SA: 800 μm 
× 800 μm  

27.1 50.0 8.5 3.2 8.0 1.0 1.1 0.7 – – – 

Sample no. 4, black pigment (Fig. 17c), SA: 150 μm 
× 150 μm 

30.2 46.7 10.3 2.5 7.5 0.8 0.9 0.5 0.2 – 0.4 

Sample no. 4, black pigment (Fig. 17e), SA: 50 μm × 
50 μm 

22.5 52.8 8.9 4.0 8.1 1.4 1.7 0.6 – – – 

 
5. DISCUSSION 

The plaster and pigments retrieved from the wall 
paintings of the Hellenistic Tell Iẓṭabba site were 

studied by a multidisciplinary approach in order to 
gain information concerning their composition, mi-
crostructure, the raw materials’ origin, as well as the 
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technologies that were used to paint the walls. For ex-
ample, VT and SEM-EDS observation of the T-CS of 
Sample no. 4 revealed the use of the fresco technique, 
with gradual changes between the painted layer and 
the plaster beneath it (Figs. 8d, 9c). 

The plaster was made of calcium carbonate matrix 
with up to 2 mm embedded aggregates. For all exam-
ined samples, the plaster layer near the painting is 
finer and smoother than the back side of the plaster, 
which attests to a different type of plastering of the 
walls’ inner and outer surfaces. SEM-EDS analysis re-
sults revealed that the main elements in the plaster 
were Ca, O, C, and Si (Table 3). Higher Si suggests im-
proved resiliency to water. Based on VT, XRF and 
SEM-EDS analyses, the plaster of all samples was sim-
ilar in composition and contained mostly calcium car-
bonate (calcite, CaCO₃), with silica presence (Tables 2 
and 3), indicating that it was made of a lime binder 
(matrix) and embedded aggregate minerals, such as 
quartz sand, kaolinite, and potassium feldspar, as ex-
pected from the literature review (Apostolaki et al., 
2006, p. 731; Klempan et al., 2017, p. 1078; Mateos et 
al., 2018, p. 22). SEM observation of the fine plaster 
external surface revealed relatively a uniform exterior 
(Figs. 9–10). According to XRF and analysis results, 

the Si content was higher in the substrate plaster than 
in the fine plaster cover (Table 2). According to the 
SEM-EDS analysis results, the fine plaster contains 
slightly more calcium and somewhat less silicone 
compared to the coarse plaster (Table 3); this may be 
explained according to more embedded sand parti-
cles in the rough and coarse plaster compared to the 
fine plaster. The XRF analysis and the EDS analysis 
results of the studied plaster are in good agreement 
(Table 2 and 3, respectively). Based on the SEM-EDS 
analysis (Table 3), the plaster substrate layer consists 
of calcite crystals with grains of 2–8 µm in size (Fig. 
8f–g, T-CS), whereas the top plaster layer consists of 
coarser grains, with grains of 1–8 µm in size, and finer 
grains, 0.2–0.7 µm in size (Figs. 9 and 10, Table 12, P-
section). These results are in agreement with the pub-
lished literature; for example, Duran and his col-
leagues studied Roman and Arabic wall paintings re-
trieved from the Patio De Banderas, located in the Re-
ales Alcazares’ Palace of Seville, Spain, and found that 
the calcite grains in the plaster were 1–3 µm in size. 
Yet, according to Duran and his colleagues, the ob-
served red haematite grains and yellow goethite 
grains were less than 0.5 µm in size (Duran et al., 2011, 
p. 2373). 

Table 12. The observed grain size of the plaster and pigments (according to SEM observation). 

Color Sample no. Larger crystals (µm) Smaller crystals (µm) 

Coarse plaster surface (Fig. 8f–g) Reference sample 2–8  – 

Fine plaster (Fig. 9a–b) Reference sample 1–5 0.2–0.6 

Fine plaster (Fig. 9e–f) Sample no. 4 1–4 0.3–0.7 

Fine plaster (Fig. 10) Sample no. 10 2–8 0.2–0.6 

Dark red (Fig. 12a–c) Sample no. 4 2–6 0.2–0.8 

Bright red (Fig. 12d–f) Sample no. 8 2–6 0.2–1.0 

Yellow (Fig. 13) Sample no. 4 2–5 0.5–1.0 

Yellow (Fig. 14) Sample no. 4 3–6 0.3–1.0 

Brown-gray (Fig. 15a–b) Sample no. 6 2–5 0.3–0.8 

Brown-gray (Fig. 15c–f) Sample no. 4 2–6 0.2–0.8 

Black (Fig. 17) Sample no. 4 2–5 0.6–1.0 

 
Preliminary identification of the pigments was 

done based on the VT inspection combined with a 
comparison of the current pigment catalogue (Fig. 7) 
and the existing literature. VT inspection of the red 
color and comparison of the pigment catalogue (Fig. 
7a, 7c, 7j) to the literature show that the red hue is 
probably related to red ochre (Aquilia et al., 2012, p. 
230; Balandier et al., 2017, p. 334; Gajić-Kvaščev et al., 
2012; Marketou et al., 2019; Mateos et al., 2018, pp. 16–
17; Miriello et al., 2018; Roebroeks et al., 2012, p. 1890; 
Sajó et al., 2015, p. 5). Comparison of the yellow paint 
(Fig. 7d, 7e, 7m, 7n, pigment catalogue) to the litera-
ture shows that the yellow tone is probably related to 
yellow ochre (Aquilia et al., 2012, p. 230; Balandier et 
al., 2017, p. 334; Marketou et al., 2019; Mateos et al., 
2018, pp. 16–17; Miriello et al., 2018). VT and cata-
logue observation of the black paint (Fig. 7f, pigment 

catalogue) revealed that the black hue is probably re-
lated to carbon-based black pigments (Miriello et al., 
2018; Tomasini et al., 2012, p. 36). 

The XRF analysis results of the red color revealed 
it was composed of iron (1.3–4.4 wt% Fe), Ca, Si, S, Al, 
Cl, K, P, and Ti (Table 4). The XRF analysis results of 
the red color revealed an almost similar composition 
of the plaster. The similar results may be explained 
according to the fact that the XRF method is a bulk 
analysis technique; therefore, the information de-
pends on the depth of penetration of the XRF instru-
ment, which may range between ~ 1 µm up to few 
centimeters, depending on the examined elements. 
Yet, according to the XRF results the amount of iron 
in the red paint (Table 4) is significantly higher than 
in the plaster materials (with 0.5–3.4 wt% Fe, Table 2). 
The composition received from the XRF analysis of 
the dark and bright red color was similar; yet, a higher 
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concentration of Ca was detected in the bright red 
color and a higher concentration of Fe was noticed in 
the dark red color, indicating that the dark red pig-
ment layer was denser and thicker than the bright red 
pigment layer (Table 4). For a comparison, the XRF 
analysis results of the red ochre pigment identified in 
the terra rossa soil near the Neolithic site of Kfar 
HaḤoresh, Israel was composed of the elements iron 
(4.6 wt% Fe), Ca, Si, S, Al, Cl, K, P, Mn, and Mg 
(Tsatskin and Gendler, 2016, p. 284). SEM observation 
of the present dark red color revealed many cracks. 
Larger crystals of 2–6 µm in size and smaller crystals 
of 200–1000 nm in size were observed by SEM on the 
surface of the dark and bright red hues (Fig. 12). SEM-
EDS analysis of the dark and bright red pigments re-
vealed that both are composed of iron oxide. The dark 
red hue contained 15.0–22.7 wt% Fe, and the bright 
red hue contained 11.3–12.8 wt% Fe; yet, other ele-
ments, including O, C, Si, Ca, S, Al, Mg, Na, Cl, K, Ti 
and P, were also identified in the dark and bright red 
hue (Table 5), as typical of red ochre pigment. The 
current EDS results of the red pigments are in good 
agreement with the XRF results (Table 5 and Table 4, 
respectively); yet, the iron concentration in the SEM-
EDS results is much higher, as expected from the sur-
face elemental technique. The EDS analysis results 
(Table 5) show a larger amount of iron in the red paint 
than in the plaster material (Table 3). The XRF and 
SEM-EDS current results are also in good agreement 
with the literature. For a comparison, PIXE analysis 
results of red colored samples, which were excavated 
from the Vinča Neolithic period culture archaeologi-
cal site (Serbia) and identified as red ochre pigment, 
revealed a composition of 4.7–4.9 wt% Fe, 27.0–30.0 
wt% Si, 2.0–7.0 wt% Ca, 1.3–1.9 wt% K as major ele-
ments (Gajić-Kvaščev et al., 2012, p. 1032). Based on 
current VT examination, XRF and SEM-EDS chemical 
analyses of the red hue and the observed microstruc-
ture, the red color retrieved from the decorated walls 
of Tell Iẓṭabba was identified as red ochre pigment. 

The XRF analysis results of the yellow color re-
vealed it was composed of iron (0.9–3.9 wt% Fe), Ca, 
Si, S, Al, Cl, K, P, and Ti (Table 6), which is a much 
higher iron content than the amount detected in the 
plaster (Table 2) and almost identical to the to the XRF 
analysis of the red color (Tables 4). SEM observation 
of the yellow pigment revealed that it is similar to the 
red pigment brightness; yet, the yellow pigment is 
much brighter than the brown pigment (Fig. 11, BSE 
mode). Larger crystals of 2–6 µm in size and smaller 
crystals of 300–1000 nm in size were observed in the 
yellow pigment (Figs. 13 and 14). SEM-EDS analysis 
of the yellow pigment revealed it was mostly com-
posed of iron oxide (goethite), with 22.8–26.1 wt% Fe 
and 42.5–45.0 wt% O (Table 7). Moreover, according 

to SEM-EDS analysis, the amount of sulfur in the yel-
low pigment (2.8–7.5 wt% S) is higher than in the red 
pigment (0.3–3.1 wt% S) (Tables 7 and 5, respectively). 
Therefore, it is possible that potassium jarosite, 
KFe3(SO4)2(OH)6, was also used in addition to the iron 
oxide in order to produce the yellow color. The XRF 
and SEM-EDS analysis results of the yellow color (Ta-
bles 6 and 7, respectively) are in relatively good agree-
ment, but the calcium content is much lower and the 
iron content much higher according to the SEM-EDS 
results (Table 7), as expected from a surface elemental 
technique. Based on the VT examination of the hue, 
XRF and SEM-EDS chemical analyses, and the ob-
served microstructure, the yellow paint was identi-
fied as yellow ochre pigment. 

XRF analysis of the brown-gray paint (Table 8) re-
vealed a composition almost identical to the plaster 
composition (Table 2), with an iron content of 0.5–1.6 
wt% Fe for the brown-gray paint (Table 8). SEM ob-
servation of brown-gray pigment show both larger 
crystals of 2–6 µm in size and smaller crystals of 200–
1000 nm in size (Fig. 15). SEM-EDS analysis of the 
brown-gray pigment revealed the presence of 2.3–3.1 
wt% Fe and 1.1–10.8 wt% S (Table 9). The EDS analy-
sis results are in good agreement with the XRF analy-
sis results (Tables 9 and 8, respectively); nevertheless, 
the iron amount in the SEM-EDS results is higher than 
in the XRF results, as expected. In addition, according 
to the EDS results, the iron content in the brown-gray 
paint (Table 9) is much lower than its content in the 
red and yellow paints (Tables 5 and 7, respectively), 
but much higher than the iron content in the plaster 
(Table 3). Although the main detected phase of the 
brown-gray paint was calcium carbonate according to 
the XRD analysis results, other crystalline phases 
were also detected, such as haematite, goethite, and 
magnetite minerals, as well as graphite phase (Fig. 
16). In the Hellenistic, and Roman periods it was a 
common practice to mix different pigments in order 
to achieve a desired color shade (Barone et al., 2018, 
p. 390). Therefore, based on VT examination, XRF 
analysis, SEM observation with both SE and BSE 
modes, SEM-EDS analysis, and XRD analysis, the 
brown-gray paint was a mixture of red ochre, yellow 
ochre, magnetite mineral and carbon black-based pig-
ments mixed with fine ground plaster powder 
(mostly calcium carbonate). This conclusion is in 
good agreement with the literature (Barone et al., 
2018; Iordanidis et al., 2014; Klempan et al., 2017; Mar-
ketou et al., 2019; Piovesan et al., 2016).  

XRF analysis of the black paint (Table 10) revealed 
a composition almost identical to the plaster as well 
as to the brown-gray paint (Tables 2 and 8, respec-
tively), with an iron content of 0.7–2.6 wt% Fe (Table 
10). SEM observation revealed larger crystals of 2–5 
µm in size and smaller crystals of 600–1000 nm in size 
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(Fig. 17). According to the SEM-EDS analysis results, 
the iron content in the black paint (0.8–1.4 wt% Fe, Ta-
ble 11) is lower than the content in the brown-gray 
paints (2.3–3.1 wt% Fe, Table 9). The use of carbon-
based black pigment for wall painting was common 
in the Land of Israel during antiquity. For instance, 
Piovesan and his colleagues (2016) concluded that the 
black color from the walls of the Migdal (Magdala) 
synagogue and a Roman villa at Lod, Israel were 
made with carbon-based black at both Roman Empire 
period sites (Piovesan et al., 2016, p. 441). Even 
though carbon content is not quantifiable by SEM-
EDS analysis on graphite-coated samples, the absence 
of further elements attributed to other black pig-
ments, such as bone black, which contains phospho-
rus, and vegetable bone black, which contains potas-
sium, indicates the use of carbon (coal) black or char-
coal black pigments (Duran et al., 2011, p. 2375; Pio-
vesan et al., 2016, p. 441). Therefore, based on the VT 
examination, XRF, SEM BSE mode observation, and 
SEM-EDS chemical analyses, the black paint was 
identified as carbon-based black pigment. 

Based on the current research analysis results, the 
coarse plaster and fine plaster were identified as 
mostly made of calcium carbonate, CaCO3, which was 
one of the most common white pigments (lime white, 
Table 1) used in murals during antiquity. Yet, the em-
bedded white particles, such as the one observed in 
Fig. 8c, were made of a calcium sulphate mineral. 
Tufa stone, which is a type of limestone, is one of the 
main rocks in the area of Beth She’an Valley. Gypsum 
(CaSO4· 2H2O) was also a common white pigment 
during antiquity (white gypsum, Table 1). In the re-
gion of the Beth She’an Valley there are gypsum de-
posits that were used since the beginning of the sec-
ond millennium BCE as building materials (Maeir, 
2020, p. 6). The composition of the plaster found in 
Tell Iẓṭabba is similar to the plaster materials found in 
other Hellenistic period sites in Israel (Segal and Po-
rat, 1997). Therefore, the raw materials used for the 
production of the plaster were probably brought from 
the near neighborhood and, based on the chemical 
analyses results, both lime and gypsum may have 
been used (Tables 2 and 3). The red paint was identi-
fied as red ochre pigment (rich in haematite, α-Fe2O3, 

mixed with plaster material); the yellow pigment was 
identified as yellow ochre pigment [mainly Goethite, 
α-FeO(OH)] mixed with plaster; the brown paint was 
identified as a mixture of red ochre, yellow ochre and 
carbon black-based pigments mixed with plaster; and 
the black paint was identified as carbon black-based 
pigment mixed with plaster. The coarse plaster in-
cludes crystals with grain of 2–8 µm in size. The fine 
plaster contains coarser grains, 1–8 µm in size, and 
finer grains, 0.2–0.7 µm in size. The pigments also in-
clude coarser grains, 2–6 µm in size, and finer grains, 

0.2–1.0 µm in size (Table 12). Therefore, the pigments 
were perhaps intentionally mixed with calcium car-
bonate or this may be the result of the use of the fresco 
technique. The red and yellow pigments observed by 
SEM, BSE mode as bright areas are observed because 
they are heavier materials than the calcite, quartz, and 
graphite phases; yet, the calcium carbonate matrix 
and the brown-gray and black pigments were ob-
served by BSE mode as dark gray areas because of 
their lower density. The density of haematite (red) is 
5.30 g/cm3; the density of goethite (yellow) is 3.80 
g/cm3; the density of magnetite is 5.17 g/cm3 (dark 
brown, gray to black); the density of calcium car-
bonate (white) is 2.71 g/cm³; the density of quartz, 
SiO2, is 2.65 g/cm³; and the density of the graphite 
carbon (black) is 2.26 g/cm3 (Westlake et al., 2012). 
White calcium carbonate, red ochre, yellow ochre pig-
ment, and carbon black-based pigments are ubiqui-
tous materials in the Mediterranean region, including 
Israel. For example, Piovesan and his colleagues ex-
amined wall painting pigments of Roman period sites 
(Migdal and Lod, Israel), and concluded that red, yel-
low and brown were most likely regionally supplied. 
White calcium carbonate, red ochre, yellow ochre, 
and black carbon-based pigments were observed at 
other sites from the Hellenistic period in Israel, such 
as ‘Akko (Ptolemais), Jericho and Maresha (Marisa) 
(Kakoulli, 2002, p. 62; Segal and Porat, 1997), and Tel 
Anafa (Kidd, 1999). Therefore, it is most reasonable 
that the pigments examined in the current study were 
made of raw materials from the site environs. 

Based on the current research results, a four step 
methodology is suggested in order to study plaster 
and pigments from archaeological decorated walls. 
(1) The literature review should include archaeologi-
cal information as well as mineralogical and techno-
logical aspects. (2) The examination should start with 
VT examination. In addition, it is mostly recom-
mended to build a color catalogue (Fig. 7) that would 
help to compare the pigments to those that appear in 
the literature. Such a catalogue may be built by using 
a camera equipped with special lenses and creating a 
lighting environment that simulates daylight, and/or 
by using stereoscopic microscope, and/or by multifo-
cal microscope (Ashkenazi and Cvikel, 2020). (3) The 
chemical analysis for plaster and pigment identifica-
tion should be done by at least two of the following 
methods: XRF, SEM P-section and T-CS observations 
of the samples with both SE and BSE modes combined 
with EDS analysis, XRD analysis, Raman spectros-
copy, and FTIR spectroscopy (Amadori et al., 2021; 
Crupi et al., 2018, p. 423; Fostiridou et al., 2016, p. 453; 
Gil-Torrano et al., 2019, p. 5; Guirdzhiiska et al., 2017, 
p. 431; Gutman et al., 2016, p. 194; Holakooei et al., 
2016; Linn, 2017, p. 776; Liritzis et al., 2020; Marcaida 
et al., 2017; Marketou et al., 2019; Mateos et al., 2018; 
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Siddall, 2018; Taglieri et al., 2019, p. 158). In addition, 
other methods may be also used, including: Py–GC–
MS, PIXE analysis, NAA, ICP-AES, inductively cou-
pled mass spectrometry ICP-MS, LA-ICP-MS, XPS, 
HRSEM, and TEM (Arizzi and Cultrone, 2021; Dayet, 
2021; Di Stefano and Fuchs, 2011; Garilli et al., 2020; 
Klempan et al., 2017; Liritzis et al., 2020; Piovesan et 
al., 2016; Tsatskin and Gendler, 2016). (4) The discus-
sion and conclusions should be based on a compari-
son of the obtained results with those that appear in 
the literature, including taking into account both the 
date of the wall paints and the geographical location 
of the archaeological site. 

6. CONCLUSIONS 

Fragments of Hellenistic wall paintings retrieved 
from Tell Iẓṭabba were studied using a multidiscipli-
nary approach in order to study the chemical compo-
sition, microstructure, technologies used and, if pos-
sible, the origin of the plaster and pigment raw mate-
rials. Based on current research results, the plasters 

were composed of calcium carbonate matrix with em-
bedded aggregates, including a calcium sulphate 
mineral and sand particles. The red and yellow paints 
were identified as red and yellow ochre pigments, re-
spectively, the brown paint was a mixture of red 
ochre, yellow ochre, magnetite mineral and carbon 
black-based pigments, and the black paint was carbon 
black-based pigment, probably graphite black; all 
were mixed with fine plaster powder. The plaster and 
pigments were most probably locally supplied. The 
Tell Iẓṭabba pigments are similar to pigments re-
trieved from other Hellenistic period sites in Israel, 
underlining that the settlers of the Seleucid town par-
ticipated in local technical knowledge and regional 
supply chains, as we have observed regarding their 
adaption to local agricultural practices (Orendi et al., 
2021). Adopting the “first Pompeian style”/”Ma-
sonry Style” on the walls of their dwellings, likely as 
an Hellenized token of their shared identity with 
other such Hellenistic centers, may attest to the cos-
mopolitan character of the site and its settlers. 
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