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ABSTRACT OF THE THESIS 

 

Application Of Materials Characterization Techniques For The Technical Examination 

Of Thirteenth Century Cypriot Wall Paintings 

by 

 

Haroula Kyriacou 

 

Masters of Science in Materials Science and Engineering 

University of California, Los Angeles, 2016 

Professor Ioanna Kakoulli, Chair 

 

This study identifies the techniques and materials of thirteenth century Byzantine Cypriot 

wall paintings in the Church of the Transfiguration at Sotera. The analysis of the 

paintings based on materials characterization techniques follows a multi-scale and multi-

analytical approach combining non-invasive and non-destructive techniques including X-

ray fluorescence (XRF), fiber optic reflectance spectroscopy (FORS), scanning electron 

microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDS), X-ray 

diffraction (XRD) and Raman spectromicroscopy (µRS). Results have indicated the use 

of local inorganic mineral pigments applied in a multilayered structure following 

conventions of Byzantine traditions. Findings include chromium-bearing compounds, as 

well as lithopone and lead-containing pigments, applied in post-Byzantine painting 

programs.  
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1 Introduction	 		

The study of archaeological and historic wall paintings provides a multitude of details 

about the cultures and civilizations of the past. Material culture, including wall paintings, 

plays a large role in the understanding and protection of cultural identity and the ability to 

preserve it for the future. However, owing to the value and significance of archaeological 

and historic wall paintings, their analysis often requires extensive sampling which is a 

prohibiting factor. With advancements in technology, mainly the development of hand-

held instruments and portable devices for the characterization of materials, attributes such 

as the raw material used for the composition of the wall paintings, the techniques 

employed for their construction and deterioration mechanisms have become more 

accessible. Additionally, and more importantly, analysis can be taken non-invasively 

(without the need for taking samples) or with minimally invasive non-destructive 

techniques requiring very small samples (<1 mm3) where the sample is reusable for 

multiple analyses. These technological improvements allow for the analysis of previously 

inaccessible relics, including sacred and religious wall paintings, to be fully 

characterized. 

 

Investigations on Byzantine wall paintings in Cyprus have been recorded since the 1960s 

(Mango & Hawkins, 1966; David C Winfield, 1968; David C. Winfield, 1971); however, 

these initial technical studies were based only on empirical assessments. It is only in the 

past two decades that scientific investigations of important wall painting schemes, both 

Byzantine and post-Byzantine, have been conducted either as scientific studies to support 

art historical analyses or to inform conservation protocols (Frieden, 1997; Ioanna 
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Kakoulli, 1994; Ioanna Kakoulli & Christian Fischer, 2009; I. Kakoulli & Fischer, 2011; 

Ioanna Kakoulli & Fischer, 2012; Ioanna Kakoulli, Prikhodko, King, & Fischer, 2014; 

Ioanna Kakoulli, M. Schilling, & J. Mazurek, 2013; Nevin, Melia, Osticioli, Gautier, & 

Colombini, 2008; Sister Daniilia, Minopoulou, Demosthenous, & Karagiannis, 2008; 

Solomidou-Ieronymidou & Rickerby, 2010; Woolley, Nadolny, & Shekede, 2012).  

These studies, focusing on the materials and techniques of wall paintings in Cyprus, 

provided important information on technological knowledge of artists and artists’ 

workshops in Byzantine and post-Byzantine Cyprus, the raw materials used and their 

origin, whether local or imported, and the social and artistic context of the period. 

 

This research, which is part of the project “The church of the Transfiguration at Sotera 

(Famagusta District) in context: History – Architecture – Murals,” aims to contribute to 

the body of knowledge on Byzantine paintings in Cyprus with a scientific examination of 

late thirteenth century paintings at the Church of the Transfiguration at Sotera 

(Famagusta District) characterized by a re-orientation in terms of style and iconography 

towards the Crusader Kingdoms in the Levant (Carr, 2009; Walter, 2001). The scientific 

analysis of the wall paintings in this study involves combined non-invasive techniques 

and minimally invasive non-destructive techniques. Non-invasive techniques include 

analytical photography (reflectance and luminescence), portable X-ray fluorescence 

spectrometry (pXRF) and fiber optic reflectance spectroscopy (FORS) in the ultraviolet, 

visible and infrared (UV-VNIR between 350 nm to 2.5µm). Seventeen microsamples 

collected from representative areas of the wall paintings were analyzed non-destructively, 

combining optical stereomicroscopy (SM), 3-D digital microscopy (DM), polarized light 
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microscopy (PLM), field emission gun (FEG) variable pressure (VP) scanning electron 

microscopy (SEM) coupled with energy dispersive X-ray spectroscopy (EDS), Raman 

spectromicroscopy (µRS) and X-ray diffraction (XRD). The complementary information 

received from these techniques allowed for a detailed characterization of the stratigraphy 

and individual components of the late thirteenth century Byzantine wall paintings.  The 

significance of this research is highlighted by the fact that a single church at Moutoullas 

contains the only dated ensemble of thirteenth-century paintings on Cyprus, giving 

importance to the findings of the Church of the Transfiguration at Sotera (Carr & 

Morrocco, 1991).  

 

1.1 Historical	Context	and	the	Wall	Paintings	

As a small island nation strategically located in the Mediterranean Sea (Figure 1), 

Cyprus’s complex political history is reflected through surviving material culture that 

spans millennia. With the split of the Roman Empire, Cyprus became a member of the 

Byzantine Empire, where Christianity flourished (Mirbagheri, 2009).  However, as 

Byzantium faced turmoil and the island fell under various rulers including the Lusignan, 

Venetians and Ottoman Empire, the many Orthodox churches in Cyprus encountered 

religious opponents, political adversaries and a lack of proper care. Owing to their 

historical and artistic value and significance, ten churches in Cyprus covet a UNESCO 

World Heritage Title, though countless others equally exhibit works of cultural 

importance (UNESCO).   
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Figure	1.	Map	of	the	location	of	Cyprus	in	context	to	the	Mediterranean	(a)	and	of	the	island	country	itself	(b).	The	
village	of	Sotera	is	located	south	of	the	large	city	of	Famagusta	and	inland	from	the	beach	cities	of	Agia	Napa	and	
Protaras.	Images	courtesy	of	http://worldcompetes.com/cyprus	

	

The Church of the Transfiguration at Sotera is an example of such a monument. Located 

in the village of Sotera in the Famagusta District in Cyprus, its thirteenth century wall 

paintings and domed basilica style architecture exhibit the continuance of Byzantine style 

with external influences (UNESCO). Though this period saw a transition to Gothic 

buildings due to the Latin influence in the large cities, the Byzantine traditions in church 
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paintings were still evident in small villages and monasteries throughout the island 

(Stylianou & Stylianou, 1964). The Church of the Transfiguration at Sotera seems to 

have been built on the ruins of a 4th century Christian basilica whose monolithic stone 

columns and hexagonal mosaic tiles were accidently found in a graveyard excavation (A. 

20, A.29 Cyprus). Today, the church’s original thirteenth century structure is still seen 

with a low dome drum that required pilasters, or supporting columns, added in the 15th 

century (A.37 Cyprus). Removal of the pilasters revealed thirteenth century wall 

paintings of historical interest (A.89 Cyprus).   

 

There are at least three distinctive painting programs in the Church of the Transfiguration 

at Sotera: 1) the extensive thirteenth century program; 2) a contemporary or earlier 

painting program seen primarily in the sanctuary below the current floor level and 3) a 

later post-Byzantine program in the sanctuary. Visual observations based on iconographic 

and stylistic attributes suggests distinct painting phases, which require further analysis 

into the wall painting stratigraphy and other differing features that could identify different 

painters. 

 
A modern architectural rendering of the church and identification of the thirteenth 

century wall painting iconography has been developed for the research project “The 

church of the Transfiguration at Sotera (Famagusta District) in context: History – 

Architecture – Murals” (Appendix I). The iconography displays aspects of Post-

Comnenian Art, or Palaeologian Mannerism, which deviates from the stylistic imagery 

characteristic of Byzantine Art with a humanization of dimensions. Here, saints begin to 

mirror their earthly selves, with expressive poses and dramatic gestures, capturing the 
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impressions of life in their depictions (D-Vasilescu, 2010). Distinctive features include 

thin, long noses with circular eyebrows meeting at the top of the “V” shape created with 

this style. Distinguishing portrayals are found within the church, such as St. Gregory the 

Theologian, a Bishop of Constantinople (Figure 2), St. Epiphanios of Salamis, a Bishop 

and Patron Saint of Cyprus (Figure 5) and St. Mamas (Figure 3), whose local popularity 

is evident in this time period. Currently, the earliest depiction of St. Mamas in Cyprus 

dates from the late thirteenth century in a Monastery at Pano Amiantos, giving the 

depiction at Sotera significant historical value (Snelders, 2009). Saints Demetrios and 

Constantine, two of the Military Saints, are found at Sotera, with Constantine adorned in 

his panoply, traditional battle armor (Figure 3).  

 

 

Figure	 2:	 East-facing	 painting	 on	 the	 north	 wall	 thought	 to	 be	 of	 St.	 Gregory	 the	 Theologian,	 one	 of	 the	 three	
hierarchs.	
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Figure	3:	 (a)	Southeast	column	displays	two	paintings	of	 interest,	with	the	west-facing	depiction	of	St.	Mamas	 in	
green	and	red	garments.	(b)	North-facing	depiction	of	St.	Constantine	of	Ormideas	on	the	south	wall	in	his	panoply,	
traditional	battle	armor.	

 

The geographical location and history of the small village of Sotera is of interest to 

properly understand the church’s structure as well as the resulting deterioration 

mechanisms. As the town’s oldest monument, it is thought that the village takes its name 

from this historic building. Sotera is located in the Kokkinochoria, red soil villages, 

where the weathered limestone soil is ideal for potato growing, the area’s largest export. 

The high iron content found in the red earth is also a possible source of ochre (Davies, 

2007).  Kokkinochoria, as the second largest aquifer in Cyprus, demonstrates a significant 

amount of perforations in Sotera (Water Resources, 2015). As an aquifer, the ground rock 

is water permeable, allowing for groundwater extraction. Water reservoirs, whether 

active or abandoned, are located throughout the town. Additionally, as a coastal town, 

a. b. 
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humidity and presence of salt water are possible contributors to moisture related 

deterioration.   

 

1.2 Conservation	History	

Beginning in the late 1970’s, the Church of the Transfiguration at Sotera began to receive 

attention as an ancient monument (A.1 Cyprus). Repairs to the structure were followed 

with the replacement of the roof, floor, windows and doors. Cracks found in the South 

Wall were pointed with new plaster in 1988 (A.17 Cyprus). Water penetration was the 

apparent mechanism for the cracks and continued to be an issue. By 1991, the roof 

required insulation work to combat moisture problems but had already caused anti-

scaling in the south wall paintings (A.44, A.78-80 Cyprus). In 2000, an effort to conserve 

the wall paintings revealed salt efflorescence as well as increased anti-scaling and called 

for maintenance including desiccation, pigment and plaster stabilization and protective 

surface layers. By 2002, the roof’s insulating overcoat had fatigued and required a 

replacement (A.29* Cyprus). A 2004 inspection gave an in-depth look at the church’s 

state. Along with salts, cracks and flaking pigment layers, extrinsic factors were 

documented.  Organics such as soot, wax and paraffin, microorganisms and previous 

maintenance intervention materials were found to contribute to discoloration through 

mechanisms such as oxidation and photosensitivity.  

 

Rising damp, as a result of groundwater infiltration and water’s capillary action, is an 

obvious concern in the church structure. Rising damp was evident in the flaking and 

pulverization of the lower north wall  (A.45* Cyprus; B.9-B.11(Cyprus). As of 2013, an 
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effort addressing the height difference between the church floor and outside cemetery to 

remedy rising damp was underway (B.24-B.30 (Cyprus).   

 

Observations from the summer of 2014 support many of the previously stated processes 

(Ioanna Kakoulli, Zissimos, & Fischer, 2015). Pigment flaking, repainting and loss are 

evident throughout the church. Though the remainder of the scene of the Presentation of 

Christ in the Temple is missing (Figure 17), other seemingly arbitrary fragments from 

previous painting phases are evident (Figure 4). Rising damp was especially evident in 

the lower part of the northeast column (Figure 5), where deterioration, salt efflorescence 

and the resulting severe losses of paint and plaster were observed. This effect seems to be 

a direct result from the height difference between the interior and exterior of the church. 

Salt efflorescence is seen in various other locations within the church (Figure 19).  

Restorations and repainting as well as pigment alterations are observed in many of the 

depictions. Extensive deterioration also affects some of the paintings, obscuring a proper 

identification of the depictions (Figure 23, Figure 11).  

 

Figure	4:	Remnants	inside	the	south	wall	archway	behind	the	chairs	in	the	west	end	of	the	church	near	the	
southwest	column.	
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1.3 Cypriot	Natural	Mineral	Pigments	

Cyprus has a rich geological history and an abundance of mineral deposits, with the most 

abundant element, copper, lending its name to the island (Davies, 2007). In addition to 

copper, Cyprus was also known in antiquity and later periods for its excellent quality of 

iron-containing colored minerals such as green earth, umber and red and yellow ochre. At 

Sotera, red and yellow ochre as well as green earth were the predominant red, yellow and 

green pigments used.   

1.3.1 Ochres	

Natural earths have been used as pigments since prehistoric times. Iron, as the third most 

abundant element found in the earth’s crust, is a large contributor to natural earth 

pigments (Eastaugh, Walsh, Chaplin, & Siddall, 2007). However, mineral compositions 

of rocks and soil are dependent on both location and environmental conditions. Ores 

containing significant amounts of iron oxides and hydroxides are generally classified as 

ochres. However, minor and trace element concentrations are also important for 

identification purposes; though they can vary in ochre samples, similarities in the trace 

element concentrations allow for geological location confirmation. A lack of manganese 

oxide, however, is a necessary indicator to distinguish ochres from another class of 

pigments, umbers, which exhibit higher Mn/Fe ratios (Maynard, 2012). Umbers, or 

brown earths, will exhibit 40 to 70 percent iron oxide with 5 to 20 percent manganese 

oxide; a typical Cypriot umber will display around 16% manganese oxide.  

 

Cypriot ochres are characteristically rich in V, Cu and Zn and void of Pb (Maynard, 

2012). Ochre-bearing ores vary in shades of red, orange, yellow and even purple 
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(Eastaugh et al., 2007). Hematite, the mineral name for iron oxide, Fe2O3, typically 

contributes to the red tones of ochre while goethite, iron hydroxide FeO(OH), produces a 

yellow color. Goethite, as the hydrated form of iron oxide, is typically formed at the 

surface as a result of weathering effects to the naturally occurring iron sediments found 

throughout Cyprus.  

 

For this project, ochres have contributed to many of the red, brown and yellow pigments 

found in the wall painting samples.  

2 Materials	and	Methods	

Following an extensive non-invasive analysis using X-ray and electronic-based 

spectroscopies (Ioanna Kakoulli et al., 2015), seventeen microsamples were obtained 

from representative areas of the wall paintings for microanalytical study (Appendix I). 

Additionally, the Geological Survey Department of Cyprus has provided natural colored 

minerals collected from various mining areas on Cyprus. Various analytical techniques 

were applied in-situ and in the laboratory to obtain both physical and chemical 

information.   

2.1 Wall	Painting	Samples	Identification	

The Church of the Transfiguration contains wall paintings adorning columns that support 

its dome found in the center of the church. Depictions on multiple sides of the columns 

are described through both the direction in which the column itself sits and the direction 

in which the painting faces. Additionally, samples were taken from archways between 

these columns as well as those found in the outer walls.  These were also described 
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through their cardinal direction. Samples were chosen from representative areas of the 

paintings and were removed from the edges of cracks and losses to minimize the loss of 

integrity to the painting and to provide distinct information for plaster, paint and previous 

conservation treatments. Drs. Ioanna Kakoulli, Andreas Zissimos and Christian Fischer 

carefully removed stratigraphic samples, no larger than a few millimeters, from the wall 

paintings in Sotera, Cyprus with the use of a scalpel.  

2.2 Natural	Pigment	Samples	Identification	 	

Andreas Zissimos at the Geological Survey Department of Cyprus provided natural 

colored earths, mainly red and yellow ochre, umber and green earth.  

2.3 Sample	Preparation		 	

Multilayered (stratigraphic) samples were first examined under different magnifications 

and subsequently mounted in resin as polished cross-sections for analysis. Natural 

mineral samples were analyzed in their original powder forms. 

 

2.3.1 Polished	Cross-Sections	

To understand the layering structure and chemical composition of each layer, wall 

painting samples were prepared as polished cross-sections for stratigraphic analysis. A 

mixture of Buehler EpoxiCure® Epoxy Resin and EpoxiCure® Epoxy Hardener was 

prepared for the setting of samples into pre-cut rubber molds. The cubic molds, about 

1.5x1x1cm, were filled to half their volume with the resin mixture and left to harden in 

order to properly place the fragile wall painting samples. The samples were carefully 

placed face down on the hardened mixture and more resin was poured to fill the 

remaining mold. Samples were then placed in the Buehler Cast n’ Vac 1000 enabling the 
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hardening of the epoxy mixture under vacuum while eliminating air from the porous 

structure of the samples.  

 

Once the resin had hardened, samples were ground with Buehler silicon grinding papers 

ranging from 240 to 1200 grit to reveal the stratigraphy of the samples. The mounted 

samples were then polished with Metadi® Monocrystalline Diamond Suspension micron 

solutions of 6 micron (Part No. 40-6532) followed by 1 micron (Part No. 40-6530) 

suspension. Polishing was achieved through Buehler® MasterTex 8” polishing cloths 

(Part No. 40-7738) on a Leco® GP-25 polishing turntable. This sample preparation 

allowed for a great deal of information to be collected from very small samples (Plesters, 

1956).  

2.4 Characterization	Techniques	

Qualitative and quantitative data was obtained from the samples using combined optical, 

microscopic and analytical techniques. These included stereomicroscopy (SM), 3-D 

digital microscopy (DM), polarized light microscopy (PLM), field emission gun (FEG) 

variable pressure (VP) scanning electron microscopy (SEM) coupled with energy 

dispersive X-ray spectroscopy (EDS), Raman spectromicroscopy (µRS) and X-ray 

diffraction (XRD).  

2.4.1 Stereomicroscopy	(SM)	and	3-D	Digital	Microscopy	(DM)		

Initial observations of the unmounted wall painting samples were analyzed using an 

Omano stereomicroscope providing details necessary to accurately reveal the sample’s 

stratigraphy. Subsequently, the samples were examined using the KEYENCE VHX-1000 

digital microscope at various magnifications to identify distinguishing sample features. 
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Digital photomicrographs, as well as high quality depth composition maps were created 

through the microscope’s software.  

2.4.2 Polarized	Light	Microscopy	(PLM)	

Polished cross-sections were analyzed in reflected light using the Leica DMRM polarized 

light microscope. This provided a detailed color description of the layering of the samples 

and the homogeneity and/or heterogeneity of each layer. Photomicrographs were 

captured using a Nikon D70 SLR camera mounted on the microscope to be used for 

reference for later analysis. 

2.4.3 Scanning	Electron	Microscopy	(SEM)	and	Energy	Dispersive	X-ray	Spectroscopy	
(EDS)	

Both unmounted and polished cross-sections were further examined using SEM-EDS. 

Compositional contrast information was obtained using a Gaseous Analytical Detector 

(GAD) in the FEI Nova™ NanoSEM 230 scanning electron microscope (SEM). The 

backscatter electron (BSE) mode provides information on composition of the sample as a 

result of elements with a higher atomic number (Z) appearing brighter due to their 

increased electron scatter. Therefore, SEM BSE micrographs are indicative of 

composition through contrasted areas of bright and dark, providing details for 

heterogeneous multi-layered sample analysis. A Thermo Scientific NORAN™ System 7 

X-ray Energy Dispersive Spectrometer (EDS) performed elemental analyses (spot, area 

and elemental mapping) on regions of interest. Elemental maps and spectral data were 

collected from characteristic X-ray photon emissions using EDS.   
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Proper grinding and polishing plays an important role in the creation of flat surfaces for 

better observations in BSE mode of compositional contrast. In order to mitigate the issues 

faced from the broad electron scattering angles and the narrow capture of the GAD 

detector, a flat surface will overcome any topographic contrast interfering with 

compositional information and allow for more accurate EDS readings. Spot analysis 

acquired with EDS provided information pertaining to elemental peak intensities, 

allowing for comparisons to provide compositional compound details. Additionally, 

elemental mapping created a visual profile of elements of interest to further characterize 

stratigraphic layers and inclusions. Analysis was achieved at low pressure, negating the 

need for a conductive coating of the samples.  

2.4.4 Raman	Spectromicroscopy	(μRS)	

To further characterize the various components in the wall painting samples, µRS was 

used. This technique overcomes the low spatial resolution found in micro-FTIR 

spectroscopy while still providing advantages with respect to analysis time, sensitivity, 

spectral specificity and immunity to interference (Bikiaris et al., 2000). This method 

captures the scattered photons from the inelastic scattering of light due to the interaction 

with the vibrational modes of molecular bonds, usually those of functional groups 

(typically organic). Minerals, such as the natural pigments used at Sotera, also give 

characteristic peaks due to the covalent bonds found in their structures. A Renishaw 

inVia system with a 785nm incident excitation laser was employed through a 50x 

objective. To account for pigment sensitivity, parameters such as laser power, acquisition 

time and number of accumulations were adjusted to increase signal to noise ratio. A 

silicon wafer was used to calibrate the instrument before use. 
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2.4.5 Portable	X-ray	Fluorescence	Spectroscopy	(pXRF)	

To obtain prompt elemental information, a portable XRF machine was employed for in-

situ analysis of the wall paintings at Sotera. The Thermo Scientific Niton™ XL3t Series 

GOLDD+ XRF Analyzer equipped with a silver anode and silicon drift detector took 

readings in both Soil and Mining Mode (propriety calibration modes) with a 8mm spot 

size for 60 seconds per measurement. This technology is better able to detect heavier 

elements with higher precision at faster measurement times without the need of helium 

purge or vacuum. Mining mode was employed for measuring concentrations higher than 

5000 ppm, best for both elements of interest and trace quantities, while Soil mode could 

detect concentrations below 5000 ppm. Data was analyzed to find trends in the elemental 

information through the major, minor and trace element data provided by XRF. However, 

as wall paintings contain complex stratigraphy (ie. multiple overlaying and 

heterogeneous layers), XRF data for Sotera can only be considered qualitative.  

2.4.6 X-ray	Diffraction	(XRD)	

XRD was required for weathering products and selected pigments, as well as on natural 

pigment powder samples. A Rigaku R-Axis Spider X-ray diffractometer performed 

microanalysis on powder samples at 50 kV and 40 mA using a Cu Kα target for 900 

seconds. This method was used to confirm compounds, such as salts and mineral 

pigments, through crystal structure identification. 

2.4.7 Fiber	Optic	Reflectance	Spectroscopy	(FORS)	

A field deployable fiber optic reflectance spectrometer (FORS) captured readings in the 

ultraviolet, visible and infrared (UV-VNIR between 350 nm to 2.5µm). The FieldSpec®3 

by Analytical Spectral Devices Inc (ASD), with high spectral resolution (3 nm at 700 nm 
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and 10 nm at 1400/2100 nm), provided non-invasive fingerprint identification of the 

different mineral phases and organic compounds for both the paintings at Sotera and the 

natural mineral powder samples. The spectrometer’s high spectral and spatial resolution 

provided high sensitivity to both the electron transitions in the visible part of the 

spectrum and the overtones from the organic molecules in the near infrared. 

3 Results	and	Discussion	

Preliminary results indicated a multilayered technique and admixtures of pigments 

following Byzantine traditions in the rendering of the colors, consistent with other 

contemporary paintings, and the use of locally resourced minerals (Daniilia, Minopoulou, 

Demosthenous, & Karagiannis, 2008; I Kakoulli & C Fischer, 2009; Kitzinger, 1966; 

Snelders, 2009). These included red and yellow ochres, mainly hematite (an iron oxide, 

Fe2O3) and goethite (iron hydroxide, FeO(OH)), as well as green earth, specifically 

celadonite (a phyllosilicate of potassium, magnesium, iron and aluminum,  

K(Mg,Fe2+)(Fe3+,Al)Si4O10(OH)2). Another pigment extensively used for the decoration 

of the church, providing an intense red color, is cinnabar or vermillion (mercuric sulfide, 

HgS). This material was most likely imported to Cyprus in the thirteenth century as a 

pigment. By process of elimination, black lines and coloring are likely contributed to 

charcoal black as no manganese was found to support the use of pyrolusite, MnO2.  

 

Results of the analyses reveal the presence of weathering products, such as sodium 

chloride (NaCl) (Figure 19) identified in areas of severe degradation and gypsum 

(calcium sulfate dihydrate CaSO4�2H2O) (Figure 20), as well as various surface organic 
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residues corresponding to previous conservation treatments. While the use of gypsum as 

a constituent material of the wall paintings cannot be excluded, in this context, it seems to 

be a product of weathering as it is mainly associated with severely degraded areas. Traces 

of organic materials were also detected in areas that showed previous conservation 

treatments. 

3.1 Painting	Technique(s)	

The technique follows those of the Byzantine style, most likely a fresco application, 

involving the application of pigments on a lime (calcium hydroxide)-rich plaster layer 

while it is still moist followed by the ‘consolidation’ of the paint in the plaster through a 

chemical reaction based on the carbonation of the lime to form calcium carbonate 

(Reaction 1).      

Ca(OH)!  
!"!  CaCO! + H!O    (Reaction 1) 

 

The use of a limited palette of pigments compatible with the fresco technique further 

supports that a fresco technique was used at Sotera.   

3.2 Plaster(s)	

From both visual observations, where possible, and the analysis of the polished cross-

sections, it seems that the plaster of the thirteenth century program was applied as a 

single layer of approximately 1 cm thickness. It was made using calcium hydroxide as the 

main binder (carbonated to calcium carbonate) with small amounts of sand and clay, 

verified through SEM-EDS, as well as plant fibers to reduce shrinkage and improve its 

mechanical properties after hardening. The extent to which earlier painting programs 
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exist beneath the visible thirteenth century paintings is evident, especially in context to 

visible layers beneath the thirteenth century program with geometric decorations on the 

surface (Figure 5). The pre-restoration black and white photographs from the Department 

of Antiquities, alas, did not reveal any additional information.  

 

Through SEM-EDS, other materials seem to be included in the plaster of some samples, 

whether it be intentional or through weathering effects. Gypsum is seen in the plaster 

matrix concentrations. In some samples, staining of the plaster with iron 

oxides/hydroxide particles is observed.  

 
 
Figure	5:	Depiction	of	St.	Epifanios	on	the	northeast	column	(a).	Samples	are	taken	from	various	parts	of	the	dado	
(lower	~1	meter),	close	to	the	foundation,	which	presents	plaster	at	the	surface	with	various	pigment	designs.	Area	
of	 sample	 excision	 is	 shown	 in	 context	 to	 one	 another	 (b)	 and	 alone	 for	 Samples	 CY_S_01	 (c),	 CY_S_02	 (d)	 and	
CY_S_03	(e).		
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Thin-section samples (approximately 15 µm thickness) of the plasters at the base of St. 

Epiphanios (Figure 5) show imprints of possible fiber inclusions (Figure 6). Polarized 

light microscopy using plane and cross polarized light revealed a fine calcium carbonate 

matrix with varying quantities of aggregates. Inclusions include limestone fragments, 

quartz, iron oxide staining and possible crushed terra cotta aggregates along with bivalve 

shells that showed secondary recrystallization of calcite. Three separate plaster layers 

were sampled; however, evidence of fiber inclusions is only visible in the lower two 

layers. It seems that the middle layer with the geometric design on its surface is much 

richer in aggregates than the other two layers, indicating the use of an entirely different 

plaster type. This is the only layer that exhibits fragments of shells (Figure 6).  

 

 

 

 

 

 

 

 

 

 

Figure	6:	Cross-polarized	 light	photomicrographs	of	Sample	CY_S_02	 thin	section.	 (a)	The	vertical	 indent	 through	
the	middle	of	the	photomicrograph	indicates	the	former	presence	of	fibers,	typically	plant	based	such	as	straw,	for	
Byzantine	paintings.	 (b)	 Two	 shell	 outlines	 are	 found;	 the	 center	 rounded	 fossilized	 remnants	of	 a	 shell	 and	 the	
upper	left	crescent-shaped	bivalve	shell	that	shows	secondary	recrystallization	of	calcite.	

a. 

b. 



 21 

 

3.3 Drawing	and	Preparatory	Technique		

There is clear color outlines for many of the figures at Sotera. This corresponds to the 

Byzantine setting-out technique observed in other Byzantine Cypriot wall paintings ((I 

Kakoulli, M Schilling, & J Mazurek, 2013). Near infrared (NIR) reflectance imaging of 

the paintings help to reveal preparatory outlines.  

 

3.4 Pigments	and	Application	Method(s)	

Hand held XRF and UV-VNIR FORS analyses pointed to the use of mainly red, yellow 

and green iron containing pigments, a red mercury and sulfur containing pigment and a 

calcium-rich white pigment (Figure 7).  

	

Figure	7:	 	XRF	Soil	Mode	Spectrum	 in	ppm	of	 the	main	elements	associated	with	 the	paint	and	plaster	 layers	at	
Sotera.	 Iron	and	mercury	 (dotted	 lines)	 follow	 the	 right	axis.	As	 this	 corresponds	 to	 stratigraphic	 sampling,	data	
should	be	considered	only	qualitative.		
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Combined analyses using SEM-EDS, µRS and XRD of the stratigraphic paint 

microsamples (Appendix I) validated the results obtained from the non-invasive analyses 

confirming the presence of a limited color palette consisting of hematite (red, Fe2O3), 

goethite (yellow, FeO(OH)), celadonite (green, K(Mg,Fe2+)(Fe3+,Al)Si4O10(OH)2), 

cinnabar (red, HgS), calcium carbonate (white, CaCO3) and charcoal black (black, C). 

The analysis of the microsamples further provided crucial information, not achievable 

with non-invasive analyses alone such as the makeup of the paint layers (composition) 

and their build up into layered structures (application methodology) in order to achieve 

particular hues and tonalities. The results on the composition and application of the paints 

are summarized in Table 1 below. Binding media were impossible to detect (if at all 

present) as the paintings were repeatedly heavily restored with methods employing 

organic materials as surface coatings and injection grouts.  

Table	 1:	 Summary	 of	 results	 from	 the	 analysis	 of	 microsamples	 illustrating	 the	 composition	 and	 application	
methodology	of	the	paint	layers	

Sample # Subject Application 
(pure/combined 

with) 

Application method 
(over/under) 

Polished cross-section 

Yellow Ochre / Goethite 

CY-S-10 
Flesh tone 
 
 

Flesh of 
saint’s face 

Applied in a 
calcium carbonate 
matrix. Gypsum 
(most likely from 
weathering) was 
also present 

Mixed with hematite in a 
white calcium carbonate 
matrix (top layer) and also 
dispersed in a green earth 
matrix (proplasmos) base 
layer (bottom layer applied 
directly over the plaster)  

CY-S-12 
Mustard 
yellow 

Dado motif Dispersed in a 
green earth matrix 

Applied as a top layer 

 
CY-S-14 
Light 
orange 

Panoply 
(armor) 

Possibly mixed 
with hematite 

Applied as an intermediate 
paint layer under/mixed with 
hematite (red ochre) over a 
goethite rich layer  

CY-S-14 
Light 
yellow 

Panoply 
(armor) 

Mixed with a 
calcium carbonate 
matrix and gypsum 

Applied as a primary paint 
layer under another darker 
goethite rich layer and over a 
white plaster layer 

 



 23 

Cinnabar 

CY-S-05 
Bright red 

Red 
Garments  

Pure Applied over a layer rich in 
hematite (red ochre) 

 
CY-S-06 
Bright red 

Red 
Garments  

Pure Applied over a layer possibly 
rich in hematite (red ochre) 

 
CY-S-07 
Bright red 

Highlight 
of a wing  

Pure Applied over a carbon black 
layer 

 
CY-S-08 
Bright Red 

Olive 
Green 
Garment 

Dispersed 
throughout black 
chromium rich 
layer and celadonite 
under layer  

Applied throughout the paint 
layers 

 
CY-S-13 
Bright red 

Garments Mixed with small 
amounts of red 
ochre 

Applied over a layer rich in 
hematite (red ochre) 

 
Red ochre / hematite 

CY-S-05 
Red 

Red 
garment 

Applied in a 
calcium carbonate 
matrix and mixed 
with some charcoal 
black 

Applied as an intermediate 
layer under a layer of pure 
cinnabar and directly over a 
white plaster 

 
CY-S-06 
Bright red 

Brown 
garments  

Applied in a layer 
mixed with 
charcoal black and 
calcium carbonate 

Applied as the main brown 
color of the robe (under the 
bright red cinnabar layer) 

 
CY-S-11 
Red 

Cushion?  Applied in calcium 
carbonate and 
gypsum matrices 

Found inconsistently in a 
surface-type layer and within 
the plaster matrix  

CY-S-13 
Light red 

Red 
garments 

Applied in a layer 
mixed with calcium 
carbonate and 
quartz (silica) 

Applied as intermediate layer 
mixed with both the layer 
above (cinnabar) and below 
(calcium carbonate)   

CY-S-14 
Dark red 

Panoply 
(armor) 

Pure Applied in a thin layer over 
goethite (yellow ochre) 

 
CY-S-15 
Dark red 

Garments  Pure Applied as an intermediate 
layer under a thin layer of 
charcoal black that entered 
part of this layer directly over 
white plaster  
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CY-S-16 
Dark pink 

Pink 
garments  

Applied in a 
calcium carbon 
matrix 

Applied as a surface layer 
over a lighter pink layer of 
increased calcium carbon 
white 

 
Green earth / celadonite 

CY-S-08 
Dark olive 
green 

Olive green 
garments  

Seems that green 
particles are found 
within a yellow 
matrix 

Found directly above the 
plaster layer and below a 
seemingly black layer with 
mixed in red surface 

 
CY-S-09 
Black 

Foot of 
Saint  

Seemingly green 
and yellow layer 
with black and red 
particles dispersed 
above 

Applied as a surface layer 
above a white plaster with a 
black alteration on the surface 

 

CY-S-10 
Green 
(proplasmo
s) 

Flesh tone  Applied in a layer 
mixed with calcium 
carbonate and 
silica.  Gypsum 
(most likely from 
weathering) was 
also present 

Applied as an intermediate 
layer under a layer of goethite 
and calcite directly over white 
plaster 

 

CY-S-11 
Green 

Cushion? Very few dispersed 
green dots 

Seemingly applied as an 
intermediate interface layer 
between pigment and plaster  

 
CY-S-12 
Green 

Dado green 
background 

Applied as a 
mixture of carbon 
black and yellow 
ochre in a calcium 
carbonate matrix 

Applied as a surface pigment 
layer over white plaster  

 

Calcium carbonate white 

CY-S-04 
Grey/Blue 

Sea  Applied as a matrix 
with dispersed 
charcoal black 
particles 

Applied directly over the 
plaster 

 
CY-S-16 
Pink 

Pink 
garments  

Applied as a matrix 
with dispersed 
hematite (red 
ochre) particles 

Applied in a thick pigmented 
layer above white plaster and 
below a darker pink layer  

 
CY-S-17 
Grey 

Grey 
garments  

Applied as a matrix 
mixed with fine 
charcoal black 
particles 

Applied directly over a plaster 
layer rich with ochre and clay 
inclusions 

 
Charcoal black 

CY-S-04 
Grey/Blue 

Sea Dispersed particles 
in a calcium 
carbonate matrix  

Applied directly over the 
plaster 
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3.4.1 Red	Pigments	

 
Two main red pigments were used at Sotera. These include: hematite (red ochre) and 

cinnabar. Both were used extensively, either pure or in mixtures and interstratifications to 

achieve varying hues of red. Hematite was mainly used for dark reds/browns and 

cinnabar/vermilion for bright reds. Hematite was also used as the base color for a 

cinnabar/vermilion final coat.   

3.4.1.1 Hematite	(Fe2O3)	

As an economical, local resource, the extensive use of hematite seen at Sotera is 

expected. Its use as a bulk red coloring is found both on its own and mixed with other 

pigments, mainly white calcium carbonate to make pink and carbon black to make a 

CY-S-05 
Bright red 

Red 
garments 

Mixed with 
hematite (red 
ochre) in a calcium 
carbonate matrix 

Applied as an intermediate 
layer under a layer of pure 
cinnabar and directly over a 
white plaster 

 
CY-S-06 Brown 

Garments 
Pure Applied as a thin layer directly 

over white plaster 

 
CY-S-07 
Black 

Wing?  Applied in a 
gypsum matrix 

Applied as an intermediate 
layer under a layer of pure 
cinnabar and directly over a 
white plaster  

CY-S-12 
Green 

Dado green 
background 

Dispersed in a layer 
of celadonite in a 
calcium carbonate 
matrix 

Seemingly applied as 
intermediate between pigment 
and plaster layer  

 

CY-S-15 Black/brow
n garments 

Applied as a thin 
top layer and mixed 
within a hematite 
rich layer below 

Applied as a surface 
decoration layer over and 
mixed within an intermediate 
layer of hematite below 

 
CY-S-17 
Grey 

Grey 
garments 

Dispersed as fine 
particles in a 
calcium carbonate 
matrix 

Applied directly over a plaster 
layer rich with ochre and clay 
inclusions 
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darker red. Additionally, as a product of geological formations, iron-bearing ores 

typically contain clays. Elemental information provided by XRF and elemental maps by 

SEM-EDS have been helpful in the identification and distribution of this pigment in the 

samples. Spatial distributions show a clear representation of a bulk red paint layer where 

iron (Fe) dominates, indicating a Fe-rich paint layer (Figure 8). UV-VNIR and  µRS 

identified the Fe-bearing pigment as hematite (Figure 8, Figure 9). 

 

	

 
 
 
 
 
 
 
 
 
 
 
 
 
 

100	μm 

100	μm 

b. 

c. 

Fe 

a. 



 27 

 

 

	

Figure	8:	North-facing	depiction	on	the	south	wall	of	the	Personification	of	the	Sea	 in	the	southwest	archway	(a)	
with	 the	 PLM	 reflectance	 photomicrograph	 of	 Sample	 CY_S_05	 (b)	 showing	 the	 stratigraphy	 of	 the	 sample.	 BSE	
micrograph	of	boxed	area	in	(b)	with	the	iron	spatial	distribution	map	overlaid	to	show	correlation	of	bright	spots	
in	 the	 red	 bulk	 pigment	 layer	 to	 hematite	 (c).	 (d)	 EDS	 spatial	 maps	 for	 matrix	 and	 inclusion	 elements.	 The	
correlation	 seen	 between	 the	 bright	 areas	 of	 Si	 and	 Al	 are	 attributed	 to	 the	 presence	 of	 clays,	 which	 are	
predominately	 aluminosilicates.	 (e)	  µRS	 confirmed	 the	 use	 of	 hematite	 as	 the	 main	 bulk	 pigment	 with	
characteristic	Raman	scattering	at	294,	411	and	615	cm-1	and	the	characteristic	carbonate	Raman	scattering	at	1086	
cm-1,	indicating	the	presence	of	calcite,	which	is	expected	due	its	presence	in	the	plaster	layer	beneath.	

	

O
 

Si 

Ca 

Al 

e. 

d. 
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Figure	 9:	 FORS	 spectrum	 for	 dark	 red	 from	 the	 decoration	 around	 St.	Demetrios	 on	 the	 south	wall.	 Hematite	 is	
clearly	 identified	with	a	characteristic	 ‘S’	 shape	with	absorptions	at	660	and	930	nm	representing	Fe#+	electronic	
transitions	with	a	major	absorption	at	870	nm.	

 

3.4.1.2 Cinnabar	(HgS)	

Mercury sulfide, as a byproduct of mercury mining, was an expensive pigment. It was 

most likely imported into Cyprus, as little literature exists for the natural occurrence of 

cinnabar on the island (Aloupi, Karydas, & Paradellis, 2000). Mercuric sulfide can also 

be produced synthetically, called vermilion. However, European production techniques 

for vermilion remained rare until the 12th century and did not become common 

knowledge until around the 15th century (Thompson, 1956).  In order to definitively 

distinguish between a natural or synthetic source (if produced by the dry method), further 

Fe3+ electronic 
transition 
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analysis is required due to similarity in angularity of grains, hexagonal crystal structure 

and purity. 

 

Due to its high price, cinnabar or vermilion was used over hematite or to accentuate the 

red color with bright red highlights (Figure 10, Figure 11, Figure 12). Its presence is 

easily distinguishable in FORS spectrum (Figure 10). A steep transition around 610 nm 

corresponds to the band gap energy of sulfur in HgS, 2.6 eV, through a modified version 

of Planck’s equation below. 

𝐸 𝑘𝑒𝑉 = !".!
! [Å]

      (Equation 1) 

Non-destructive techniques, like SEM-EDS, confirmed the presence of sulfur and 

mercury in thin decorative layers in order to achieve a brighter red color and and µRS 

confirmed the presence of cinnabar/vermilion (Figure 12).  

 

 

 

 

 
 
 
Figure	10:	FORS	spectrum	identifies	cinnabar	and	gypsum	in	the	decoration	of	the	garments	of	St.	Epifanios	(Figure	
5).	Cinnabar	 is	attributed	 to	a	 sharp	 increase	at	610	nm,	 related	 to	 the	band	gap	energy	 for	 sulfur	 in	HgS,	while	
gypsum	absorptions	are	found	in	the	SWIR.	The	gypsum	in	this	context	is	a	weathering	product.		
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Figure	11:	(a)	North-facing	depiction,	possibly	of	an	archangel,	on	the	south	wall	adjacent	to	the	southeast	column.	
Detail	of	the	area	sampled	shows	bright	red	color	(b,c).	Sample	CY_S_07	is	from	the	bright	red-pigmented	area	(d)	
and	is	analyzed	in	Figure	12.	
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Figure	12:	Spectra	collected	for	the	red	pigment	 layer	 in	Sample	CY_S_07	(Figure	11),	shown	in	a	BSE	micrograph	
(a).	 The	 bright	 angular	 crystals	 at	 the	 surface	 are	 indicative	 of	 cinnabar.	 (b)	 The	 EDS	 spectrum	 clearly	 shows	
mercury	and	sulfur	peaks	with	9.987	eV	for	Hg	Lα1	and	2.195	eV	for	Hg	Mα1,	overlapping	with	the	S	Kα1	peak	at	2.307	
eV.	 The	 only	 other	 elements	 in	 the	 spectrum	 are	 attributed	 to	 the	 plaster	material,	 calcite	 (CaCO3).	 	 (c)	 Raman	
spectromicroscopy	further	confirmed	the	presence	of	cinnabar	through	vibrational	peaks	at	253	and	343	cm-1.	

a. 

b. 

c. 
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3.4.2 Green	Pigment	

3.4.2.1 Celadonite	(K(Mg,Fe2+)(Fe3+,Al)Si4O10(OH)2)	

Green earth is the sole green pigment seen in the thirteenth century program at Sotera. 

Specifically, celadonite, a phyllosilicate of potassium, magnesium, iron and aluminum, is 

found mainly in the backgrounds of scenes, garments and decorative geometric motifs as 

well as in the base layer forming the proplasmos, a green preparation for flesh tones 

(Figure 13). In-situ FORS analysis display characteristic electron transitions for 

celadonite with peaks at 560 and 850 nm, inflections accounting for the presence of Fe2+ 

crystal field bands and a triplet for hydroxyl-combination bands in the SWIR (shortwave 

infrared, beginning after 1400 nm) (Figure 13). Non-destructive in-situ XRF data also 

indicated the presence of celadonite and was confirmed with microanalytical techniques, 

such as EDS, for the samples from the Church of the Transfiguration.  
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Figure	 13:	 (a)	 St.	 Demetrios	 photograph	 for	 reference	 for	 Sample	 CY_S_10	 PLM	 reflectance	 photomicrograph	
revealing	the	proplasmos	stratigraphy	beneath	a	flesh	color	surface	(b).	 	(c)	FORS	spectrum	for	green	proplasmos	
with	celadonite	clearly	identified.	Absorption	peaks	include	the	Fe	charge	transfer	and	crystal	field	bands	(560,	870	
nm)	and	hydroxyl	first	overtone	around	1400	nm.	The	triplet	in	the	SWIR	accounts	for	OH-combination	bands	with	
AlFe3+	at	2252	nm,	Fe3+	at	2300	nm	and	Mg	at	2346	nm.	The	absolute	minimum	at	1920	nm	is	attributed	to	water.	

3.4.3 Yellow	Pigments	

3.4.3.1 Goethite	(FeO(OH))	

Goethite (yellow ochre) was used for the thirteenth century paintings, attributed to the 

yellow coloring of garments, halos and flesh tones of the saints. Goethite, as an iron 

OH- 1st overtone 

OH-combination 
bands 

Water 
combination band 

Charge transfer 
Fe3+ -Fe2+ 

b. 

a. 

c. 
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hydroxide, is a product of weathering of iron-bearing minerals and also contains 

aluminosilicate clays in its ore. Discrimination for goethite from other iron oxides and 

iron sulfates lies in the electronic transitions of the Fe ion. Therefore, FORS spectra 

provided the most distinct identification (Figure 14). The interpretation was supported by 

XRF and SEM-EDS analyses.  

 

 

 

 

 

 

 

 
	

Figure	 14:	 FORS	analysis	 area	 showing	 flesh	 tone	 color	 from	 the	 scene	of	 the	Personification	of	 the	 Sea.	 Yellow	
ochre	 is	 identified	through	a	shift	of	the	characteristic	ochre	‘S’	shape	to	 lower	wavelengths,	with	absorptions	at	
550	and	660	nm.	The	absorption	at	907	nm	is	attributed	to	the	Fe3+	ion	while	those	in	the	SWIR	are	attributed	to	
organic	residues	from	previous	conservation	treatments.	

 

Fe3+ electronic 
absorption  
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3.4.4 Black	Pigment	

3.4.4.1 Charcoal	Black	(C)	

Polarized light microscopy identified the black pigment as charcoal black; no traces from 

organic or mineral sources such as pyrolusite (MnO2) were detected. As charcoal black is 

produced by the partial burning of wood in kilns, the pigment is not purely carbon but 

contains impurities; it presents itself as a black lustrous color  (Figure 15). It is a very 

stable pigment, unaffected by deterioration mechanisms due to moisture or light (I 

Kakoulli et al., 2013).  

 

 
	

Figure	 15:	 (a)	 Sample	 CY_S_07	 is	 taken	 from	 the	 highlight	 of	 the	wing	 of	 an	 archangel	 (Figure	 11).	 (b)	 The	 PLM	
reflectance	photomicrograph	reveals	a	uniform	black	paint	layer	beneath	a	red	surface,	identified	as	charcoal	black.	

 

3.4.5 Blue	Pigment	

3.4.5.1 Optical	Blue	

None of the techniques have detected any blue pigments in the thirteenth century 

paintings at Sotera. The only blue identified was an “optical blue” color produced using 

a. 

b. 
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charcoal black particles dispersed in a white matrix (Figure 16). Blue coloring (Cu-

bearing) is seen in other parts of the church, mainly in the sanctuary; however, this 

belongs to a post-Byzantine program.  

 

 

 

 

Figure	16:	(a)	Imago	of	the	personification	of	the	Sea	shows	Sample	CY_S_04	is	taken	from	the	light	blue	highlights	
of	the	sea.	(b)	PLM	reflectance	micrograph	of	Sample	CY_S_04	shows	the	absence	of	a	blue	pigment	and	instead	
charcoal	black	particles	dispersed	in	a	white	calcium	carbonate	matrix.	

 

3.4.6 White	Pigment	

3.4.6.1 Calcium	Carbonate	White	(CaCO3)	

Lime white, in the form of calcium carbonate, was used in the thirteenth-century program 

at Sotera. As a pigment, calcium carbonate has limited hiding power and is stable under 

ordinary conditions. Its use was typical in a matrix, suggesting its practice as a binder as 

well as a pigment (Figure 17). This is confirmed through SEM-EDS and FORS spectra. 

a. 

b. 
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Figure	17:	 (a)	Sample	CY_S_17	comes	from	the	grey	garments	of	Saint	Joseph,	N(VIII)8.	 	 (b).	The	PLM	reflectance	
photomicrograph	displays	a	thick	white	pigment	layer	identified	as	calcium	carbonate	white.	

 
 

3.5 Physical	and	Conservation	History:	Weathering	and	Previous	Restorations	

Visual observations made in-situ in the summer of 2014 were confirmed with analyses 

provided by the complementary non-invasive and laboratory-based microanalytical 

techniques. FORS was most successful in identifying organics, such as waxes used for 

consolidation and restoration (Figure 18). Two different types of organic materials were 

identified that indicated the use of modern polymers for surface treatments.   

 

 

 

 

 

b. 

a. 
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Figure	 18:	 (a)	 FORS	 analysis	 of	 dark	 grey	 garment	 from	 St	 Demetrios,	 S(III)17.	 (b)	 This	 spectrum	 only	 reveals	
organics,	possibly	due	to	the	complete	absorption	of	dark	(black)	colors.	The	doublets	seen	at	1730	and	1762	nm	as	
well	as	at	2311	and	2350	nm	are	attributed	to	a	wax-based	material,	a	probable	surface	treatment.	

 

XRF and SEM-EDS found elements contributing to salts, such as Na, K, Cl and S. XRD 

was employed to verify salt presence and chemical structure when applicable (Figure 19). 

Identification of salts directly correlated with observations of surface efflorescence and 

sub-efflorescence for samples CY_S_05, CY_S_06, CY_S_13 and CY_S_14 identifying 

weathering products. Due to the poor state of preservation of the paintings where gypsum 

has been identified as weathering product (Figure 20), it is unclear if it also existed as an 

original material in the plaster or paint layer.  

  

a. 
b. 
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Figure	19:	East-facing	depiction	of	St.	Constantine	on	 the	northeast	 column	 (a)	 showing	salt	efflorescence	 in	 the	
lower	 dado	 level	 (b).	 A	 sample	was	 taken	 from	 the	 area	 of	 efflorescence	 (c)	 and	 underwent	 XRD	 to	 confirm	 its	
structure	as	NaCl	(d).	XRD	analysis	was	conducted	by	Dr.	Magdalena	Balonis-Sant,	UCLA.	

 

 

d. 
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Figure	 20:	 (a)	Depiction	of	 St.	Demetrios	where	 Sample	CY_S_10	 comes	 from.	 (b)	 SEM	BSE	 image	 shows	 a	 large	
angular	grain	below	the	paint	layer	within	the	matrix.	(c)	EDS	spectrum	with	characteristic	photon	energy	emission	
for	calcium,	sulfur	and	oxygen	present	at	Kα	=	3.690	eV,	Kα	=	2.307	eV	and	Kα	=	0.525	eV,	 respectively.	 (d)	EDS	
spatial	distribution	maps	further	confirming	the	large	grain	as	gypsum,	CaSO4�2H2O,	with	sulfur	(middle,	in	yellow)	
highly	concentrated	in	the	shape	of	the	grain	in	(d).	

 

a. 

b. 

c. 

d. 
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An interesting observation is made for the areas that exhibited repaintings with a 

mismatch in surface to subsurface coloring. Both XRF and SEM-EDS displayed 

uncharacteristically high potassium and chlorine concentrations for samples that were 

seemingly restored and repainted. Possible assumptions include the use of a chlorine 

based paint cleaner to strip the under paint and allow repainting or the excess use of water 

to clean the surface, causing the efflorescence of potassium chloride. Additionally, XRF 

data shows the largest trace titanium concentrations in the areas that were restored, 

including paintings S(III)17, S(I)5 and N(VII)20.  

 

3.6 Painting	programs	

 
Results from the analyses confirmed the presence of at least two distinctive painting 

phases; the extensive thirteenth century program and the post-Byzantine additions in the 

sanctuary postdating 1870s when lithopone was industrially manufactured (Franceschi, 

Nole, & Vassallo). The visible plaster layers beneath the thirteenth century program may 

suggest earlier painting phases whereas fragments of paint in a short wall at the north 

wall was attributed to the sixteenth century. Sample CY_S_12, taken from this painting, 

indicated only post 1870 materials (consistent with the program identified in the 

sanctuary) and therefore further investigation is required to clarify if this belongs to the 

same painting phase (Figure 21).   
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Figure	 21:	 Sample	 CY_S_12	 is	 taken	 from	 the	 lower	 remnants	 of	 a	wall	 found	 in	 front	 of	 Saint	 Peter	 (a)	 on	 the	
northwest	column.	The	wall	could	be	a	remainder	of	the	pilasters	installed	over	the	columns	to	support	the	dome	
in	the	15th	century	(b),	exhibiting	green	pigment	over	a	plaster	 layer	(c,d).	The	PLM	reflectance	photomicrograph	
confirms	a	green	pigment	layer	and	a	seemingly	bright	white	plaster,	especially	near	the	pigment	interface	(e).	

 
The post-Byzantine program in the sanctuary is painted using completely different 

technical and stylistic means and aesthetics compared to the thirteenth century scheme. 

These depictions utilize pigments like lithopone (a mixture of barium sulfate and zinc 

sulfide) and other synthetic lead, chromium and copper-based coloring compounds. Each 

of these elements is verified through XRF data (Figure 22). Lithopone is also found in 

sample CY_S_12, a painting thought to belong to the sixteenth century. Further 

investigations will be required to verify if this belongs to the same post-Byzantine 

program seen in the sanctuary or another painting phase, as the pilasters at least stood 

until the discovery of the thirteenth century paintings in 1989 (A.28 Cyprus).   

e. 

b. c. 

d. 

a. 
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Figure	22:	XRF	Mining	Mode	data	plot	 in	weight	percent	of	elemental	concentrations	 for	modern	materials	 from	
the	 sanctuary	 (a-d).	 Photograph	 of	 the	 sanctuary	 (a)	 shows	 brighter	 colors	 and	 a	 different	 style	 than	 the	 13th	
century	phase	identifying	the	scenes	as	(b)	the	depiction	of	Extreme	Humility,	(c)	the	depiction	of	St.	Stefanos	and	
(d)	the	depiction	of	the	Sacrifice	of	Abraam.	The	high	levels	of	barium,	zinc	and	lead	indicate	the	use	of	lithopone	
and	possibly	lead	white,	while	the	presence	of	copper	and	chromium	(corresponding	to	the	right	axis)	in	indicates	
the	presence	of	other	natural	or	synthetic	pigments.	

 

While chromium was identified in most XRF measurements from the paintings of the 

post-Byzantine program, especially those associated with the yellow colors, SEM-EDS 

analysis of sample CY_S_08 taken from the dark olive green garments of the thirteenth 

century scene depicting Saint Mardarios also showed photon emissions characteristic of 

Cr. The presence of Cr in the thirteenth century program is dubious and further 

investigations are required to identify if this element is the result of previous conservation 

treatments (Figure 23) or if it belongs to the use of the mineral chromite (FeCr2O4) in the 

thirteenth century program. As the Troodos mountains are well known for their chromite 

deposits, this may prove the use of local pigments (McElduff & Stumpfl, 1991). SEM-
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EDS also detected copper, which is the main metal found in the Troodos Massif, along 

with nickel (Foose, Economou, & Panayiotou, 1985). 

 
Figure	 23:	 West-facing	 depiction	 of	 a	 martyr,	 possibly	 Saint	 Mardarios,	 on	 the	 northeast	 archway	 (a).	 Though	
extensive	deterioration	 is	present,	 traces	of	 restoration	and	overpainting	are	apparent.	Sample	CY_S_08	 is	 taken	
from	the	dark	green	garments	(b,c),	shown	in	a	photomicrograph	(d).		

 

Recent art historical analysis through the project “The church of the Transfiguration at 

Sotera (Famagusta District) in context: History – Architecture – Murals” suggested that 

two painters may be at work at Sotera in the thirteenth (Parani, 2016). At present, there 

are no obvious technical attributes pointing towards artists with differing painting styles.  

 

3.7 Natural	Pigment	Samples	

Andreas Zissimos and colleagues at the Geological Survey Department of Cyprus 

provided 90 natural pigment samples. XRF data provided shows iron oxide, Fe2O3, as a 

compound with high concentration throughout all samples. Silica, SiO2, appears as the 

compound with the highest concentration for six samples, varying in color from green to 

orange to brown. Of these, 35 underwent FORS examination in the laboratory at UCLA. 
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FORS spectra of the pure powdered form of the natural pigments compared with in-situ 

wall painting readings further support the use of local Cypriot inorganic materials at 

Sotera.  

 

 
 
 

 
 

Figure	24:		(a)	FORS	spectra	of	dark	yellow/brown	garments	of	Apostle	Peter	(N(V))	which	looked	to	have	suffered	
from	loss	of	cohesion	(green	line)	plotted	against	a	dark	yellow	powder	sample	from	Cyprus	U53	(blue	line).		Some	
mismatch	can	be	attributed	to	the	presence	of	gypsum	in	the	wall	painting-	the	triplet	at	1446,	1490,	1552	nm	and	
the	doublet	at	2212,	2268	nm	–	as	well	as	organics,	1760	nm.	(b)	FORS	reading	from	a	brown	pigment	below	the	
red	garments	of	St.	Mamas,	S(II)11	(green	line)	plotted	against	a	brown	powder	sample	U19	(blue	line).	

 
 
 
 
 

a. 

b. 

U53 - dark yellow powder  
N(V) - dark yellow/brown 
garments 
 

U19 - brown powder  
S(II)11 - brown garments 
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Figure	 25:	 FORS	 spectra	 from	 the	 northeast	 column.	 (a)	 Reading	 from	 the	 lower	 green	 background	 area	 in	 the	
depiction	 of	 St.	Madarios,	 N(VII)20	 (green	 line)	 against	 a	 natural	 green	 sample	 from	 Cyprus	U21	 (blue	 line).	 (b)	
Spectrum	of	the	white	garments	from	St.	Epifanios,	N(VIII)10	(green	line)	plotted	against	the	white	natural	powder	
sample	U87	(blue	line).	Some	mismatch	is	attributed	to	the	presence	of	gypsum	and	organics	in	the	wall	sample.		

4 Conclusion	

The scientific analysis of Byzantine wall paintings undertaken at Sotera supports the 

necessity of the application of a multi-scale and multi-analytical approach to characterize 

pigment and plaster materials of complex stratigraphies. Through the combination of 

non-invasive portable techniques and non-destructive laboratory-based techniques, 

b. 

U21 - green powder 
N(VII)20 - green background 
 

U87 - white powder 
N(VIII)10- white garments 
 

a. 
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preliminary results for the Church of the Transfiguration can be concluded. Elemental 

and molecular signatures of minerals are most effectively characterized through XRF, 

SEM-EDS, FORS and Raman spectromicroscopy whereas XRD provided complimentary 

analysis on crystal structure characterization. 

 

Though mostly on a qualitative base, a simple Byzantine-inspired palette containing red 

ochre/hematite, cinnabar, yellow ochre/goethite, green earth/celadonite, calcium 

carbonate white, and charcoal black is seen at Sotera. Lithopone, as a modern painting 

material, is also found but is attributed only to locations in the church thought to be of a 

more recent painting phase. The main program of the thirteenth century wall paintings 

seems to have undergone extensive weathering and conservation treatments that are seen 

in the data. 

 

Further analyses both at the macro and microscopic level can help answer questions that 

remain. To shed more light on the speculation of two painters in the thirteenth century 

program, further investigations focusing on the relationship between the artistic and 

stylistic technique, mainly the method and manner of painting and the technical aspect of 

style including the raw materials used and their application, need to be further explored. 
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5 Appendix	I	
	

	

	

	

	

	

	

	

	

	

	

	

	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Above, an architectural projection schematic of the Church of the Transfiguration at Sotera looking up at 
the dome from inside the church. Areas sampled are highlighted in different colors. The northeast column 
is highlighted in red: Samples CY_S_01, CY_S_02, CY_S_03 are taken from N(VIII)10, CY_S_08 is 
taken from N(VII)20 and CY_S_16, CY_S_17 are taken from N(VIII)8. The southeast samples are 
highlighted in orange: Sample CY_S_06 is taken from S(II)11, Sample CY_S_07 is taken from S(I)? and 
Samples CY_S_13, CY_S_14 are taken from S(I)5. The southwest column is highlighted in yellow: 
Samples CY_S_04, CY_S_05 are taken from S(IV)29 and Sample CY_S_10 is taken from S(III)17. The 
northwest column is highlighted in green: Sample CY_S_15 is taken from (IV)25 while Sample CY_S_12 
is taken from a lower dado level of the remains of the 15th century pilasters in front of N(V). Lastly, 
CY_S_11 is taken from the archway on the Southwest wall highlighted in blue above. Plan by Maria Kosti 
and David Castrillo (architects). Courtesy of Dr. Maria Parani, University of Cyprus. 
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Sotera Sampling 

Information
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Sample 1 North East 
Wall.  
St. Epifanios. 
N(VIII)10. 
Lower part 
close to the 
foundations 

White plaster layer (of the same phase as St. Epifanios) 
with some yellowish traces (oxalates or organic 
consolidant). Very smooth surface. Unsure if there is 
white wash or just the plaster layer smoothed. At the 
bottom of the sample there is a layer of red paint that 
decorates the remnants of the grey plaster layer beneath.  

Sample 2 Second grey thin plaster layer just beneath the phase 
with St. Epifanios. This grey plaster seems to have red 
paint on top. 

Sample 3 First plaster layer over the stone masonry at the 
foundations of the scene of St. Epifanios. The plaster has 
red and black/grey decoration.  

  

 

Sample	01 

 

Sample	02 

 

Sample	03 
 

Sample	01 

Sample	02 

Sample	03 
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Sample 4 South West 

Wall. 
S(IV)29 

Light blue grey of the sea. Directly painted over the plaster 
layer. 

Sample 5 Red from the garments of the figure personifying the Sea. 
Possible gypsum encrustation on the surface. To be verified 
during analysis. 

 
  

Sample	04 

Sample	05 

1mm

1mm
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Sample 6 North 

East 
Wall. 
S(II)11 

Bright red. Garment of the saint. Painted over a brown compact 
layer with black decorative lines. Uncertain if the bright red 
belongs to a repainting phase. The bright red seems to be similar to 
the adjacent painting (NE36) that shows remnants of the wings of a 
large figure. This might be a later phase over another one. 

 
 
  

 

1mm
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Sample 7 South East 

Wall. S(I)? 
Archangel? 

Bright red. Applied over grey? Unknown if this is a 
repainting over a previous phase. The area was taken from a 
highlight of the wings of a large figure. 

  

 

1mm
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Sample 8 North East 

Wall. 
N(VII)20 

Dark olive green. Garments (right side). The area is badly 
deteriorated and there are traces of restoration and 
overpainting. Uncertain if this color is part of the original or 
not.  

 
  

 

1mm
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Sample 9 North East 

Wall. N(VII)20 
Black. From the right foot/shoe. The left one is white and 
the right one is black. Would this be an alteration? 

 
  

 

1mm
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Sample 10 South West 

Wall. 
S(III)17.  
St. Demetrios 

Flesh. Taken from the face. Flesh tone over a green 
(proplasmos). Area conserved. Evidence of consolidant 
but no evidence of repainting.  
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Sample 11 South Wall. West-end. 

Paint fragment 
(cushion)? 

Green over red. Painting of a cushion (?) 
painted in red with green and white dotted 
decoration. Some upper plaster. 
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Sample 12 North Wall (N(V) .  

16
th

 century short wall? 
 Added wall in front of St. Peter. 

Green over plaster layer. Dado level. 
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Sample 
13 

South East 
Wall. S(I)5 

Dark red over bright red and some white encrustation on surface. 
Figure of St. Constantine. Red cape. From bottom: plaster, bright 
red, dark red, white encrustation. 

 
  

1mm
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Sample 
14 

South East 
Wall. S(I)5. 

Dark red over yellow over plaster layer. Panoply of St. 
Constantine. Area restored and affected by salts. 
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Sample 
15 

North West Wall. 
(IV)25 

Black/brown robe applied over dark red over 
plaster.  
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Sample 
16 

North East. 
N(VIII)8. 

Dark pink over light pink. Garments. 
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Sample 
17 

North East. 
N(VIII)8 

Grey garments (paint directly over the plaster layer).  
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Wall Paintings, their location in the church and identification of scenes 
Prepared for the project ©“The church of the Transfiguration at Sotera (Famagusta 
District) in context: History – Architecture – Murals” by Maria Kosti and David Castrillo, 
Architects. 
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