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ABSTRACT OF THE DISSERTATION

Advanced Imaging Spectroscopy and Chemical Sensing in Archaeometry and

Archaeological Forensics

by
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Doctor of Philosophy in Materials Science and Engineering

University of California, Los Angeles, 2019

Professor Ioanna Kakoulli, Chair

Archaeological materials science or archaeometry is the scientific study of material culture,

which plays an important role in the development and interpretation of archaeological theory

by establishing links between an object’s materiality and its societal context. Driven by the

complex nature of archaeological materials and the necessity to improve analysis, interpre-

tation, and access of material culture and scientific research in the field, in the last decade

there has been a significant advancement in instrumentation development for rapid, non-

invasive and high-specificity materials characterization. To this end, imaging spectroscopy

and portable chemical sensing modalities have played a revolutionary role in the identifica-

tion and chemical mapping of constituent materials in ancient and historical wall paintings

and other immovable artifacts.

In this research, different imaging and spectroscopic modalities are explored: direct-

detection terahertz (THz) imaging, hyperspectral imaging spectroscopy (HSI), and high-

resolution scanning reflectance spectroscopy. First, a novel direct-detection THz imaging

system, adopted from biomedical imaging applications, was used to probe hierarchically-

complex painting targets for sub-surface imaging of hidden decorative features and struc-

tural defects that are difficult to discern by X-ray and infrared imaging techniques. The
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imaging system’s deep signal penetration depth and high contrast sensitivity can success-

fully penetrate overlaying layers of strong signal scatterers such as lead white and chalk and

to identify internal voids, hidden text, and topographic details of concealed iconography,

which has important implications for future applications of this system on the study of wall

paintings covered by whitewash or plaster layer(s).

Investigations of two different collections of painted artifacts were performed using novel

imaging spectroscopy applications, supplemented by forensic photography and portable

chemical sensing modalities, fiber-optic reflectance spectroscopy (FORS) and X-ray fluo-

rescence (XRF) spectroscopy: (1) Cypriot wall paintings, and (2) Greco-Roman funerary

portraits from Egypt. A comprehensive in situ characterization of Hellenistic, Roman and

Byzantine Cypriot wall paintings in the region of Paphos, Cyprus was achieved for the first

time, applying a non-invasive multi-scale approach, employing a commercial hyperspectral

imaging (HSI) camera operated in reflectance and luminescence modes and a custom-made

high-resolution scanning reflectance spectroscopy system developed and adapted for field

research. The HSI and the scanning reflectance spectroscopy system offered complementary,

powerful high-spectral and spatial resolution 3D data cubes to reconstruct the palette of

Cypriot painters. From an archaeological materials science perspective, the characterization

and mapping of pigments through derivative spectral analysis provided important informa-

tion on pigment layering and mixtures used to produce complex hues and special optical

effects, such as shading and translucency. Combined with FORS and XRF, these techniques

offered fast, in-depth studies of large painted surfaces, inferring material and artistic choices

and the châıne opératoire of production technology. Similarly, the analysis of funerary por-

traits of ancient Egypt (first to fourth century AD) identified technological choices, materials

selection and application methodology, revealing the vogue of Greco-Roman society.

From a materials engineering perspective, the study of these paintings lead to adaptations

and development of novel methods of analysis: luminescence imaging spectroscopy was for

the first time employed to collect and map luminescence signatures of Egyptian blue and

madder lake, two of the most important synthetic pigments of antiquity, over painting sur-
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faces; and the success of forensic and spectral imaging in producing luminescence/chemical

maps across 2D surfaces led to the development of a streamlined, accessible methodology

to construct luminescence-textured 3D models for new visualizations and analyses of high-

relief/3D polychrome artifacts that feature photoluminescent pigments and conservation

materials.
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CHAPTER 1

Introduction

This research explores the materiality of ancient polychrome artifacts using materials sci-

ence principles and methods combined with social and humanistic methodologies and has

a two-fold goal: 1) the scientific analysis of materials and operational sequences of produc-

tion technologies of Hellenistic, Roman and Byzantine paintings within their art historical

and archaeological context, and 2) the application, adaptation and development of novel

approaches and field-deployable analytical instruments to address the complex nature of

archaeological materials. This research, both inspired by and directed towards driving ad-

vanced technologies in cultural heritage and archaeological sciences, specifically addresses

the challenge of performing scientific analyses in the field, where wall paintings from the

ancient world remain on site, as part of the original architectural. It further demonstrates,

evaluates, and establishes imaging spectroscopy and novel material visualization techniques

as fundamental applications to methodologies for scientific fieldwork to perform reliable ma-

terials characterization and interpretations of archaeological paintings. Imaging spectroscopy

(IS), in reflectance and luminescence modes, and terahertz (THz) imaging were applied for

the study of ancient and historical paintings and laboratory test targets imitating archae-

ologically and historically-significant paintings, both in terms of materials and application

methodology, performing materials characterization, visualization of obscured features, and

2D chemical mappings. These techniques were able to reveal ancient imagery that has been

concealed or deteriorated over time, filling in prevailing technological and knowledge gaps in

the analysis of ancient painting in order to answer major archaeological questions.
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1.1 The intention and motivation behind the scientific study of

archaeological paintings

The study of ancient artifacts provides a glance into the past. The materials choices, pro-

duction technology and imagery offer a reflection of ancient practices, human agency and the

society. The use of madder lake (a red organic/inorganic hybrid pigment containing alizarin

and purpurin dye compounds) as a pigment of choice to paint the reddish/purple garments

of figures in ancient paintings [57] represents an excellent example of real life practices de-

scribed by ancient writers [158] and alchemists [35] to produce red colorants for the dyeing

of yarns and textiles. The decorative arts of antiquity are therefore important and provide

crucial archaeological records complementing ancient treatises and alchemical manuscripts

that describe ‘recipes’ for the production of materials; they praise artists who pioneered and

mastered materials and their application to provide innovations in the art of painting such

as three-dimensionality and shading and, offered art historical commentary on monumen-

tal works. Such texts included Vitruvius’ De Architectura [142], Pliny the Elder’s Natural

History [158], Theophrastus’ On Stones [194], and the Leyden and Stockholm Papyri (the

latter also known as the Papyrus Graecus Holmiensis) [34][35].

Though written text provides invaluable information on ancient materials and artistic

processes, they remain secondary sources of information. As such, they have not always been

correct or thorough in documenting the technologies used. The archaeological record provides

a direct source to understand ancient practices, the artists themselves and the society at large.

The scientific study of material culture is therefore essential to answer questions about the

ancient world including knowledge and technology transfer; the migration and development

of decorative styles that demonstrate cultural exchange; and changes occurred owing to

socio-political and religious systems.

In some cases, unsubstantiated identifications of material use in a painting, such as

the types of pigments used, based on archaeological or historical context, limited technical

archaeological studies, and previous literature studies perpetuate incorrect classification of
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materials. This may be due to a lack of accessible analytical technologies or realization

of the complexity with which archaeological materials may represent in their production.

However, it devalues the true significance of the painting and prevents a proper understanding

of their technologies, as well as the ancient craftsmen/artists who produced them. This

is another important motivation for establishing scientific materials characterization as a

routine component in the analyses of archaeological objects.

Scientific analyses of archaeological paintings are also of great significance to their conser-

vation. Their long lifetime has left them exposed to detrimental influences such as weather,

natural disasters and physical devastation by anthropogenic effects, causing discoloration or

concealment of decoration, chemical and physical alterations of their constituent materials,

and fragmentation. Condition assessments, including identification of degradation processes,

evaluation of present damage and stability, and proposed interventions for protection of the

painting can only be properly informed by scientific investigations. The development of ef-

fective, reversible consolidation materials requires a robust understanding of the chemical

nature of the intended target. Furthermore, consistent, rapid and reliable analytical moni-

toring of the treatment to assess the chemical and structural integrity of the painting over

time must be performed to evaluate the effectiveness of the applied conservation material.

Forensic investigations for archaeological objects benefit greatly from the application

of scientific technologies. Undocumented objects under investigation can be analyzed to

reveal important fingerprint markers diagnostic of their cultural and chronological context,

establishing strong evidence for authentication and classification.

Furthermore, archaeological wall paintings are amongst the most complex of works of

art to analyze, the challenges of which will be detailed in the following section. Scientific

characterization and documentation of large-scale, decorated and hierarchically-complex wall

paintings that remain on its architectural foundation drives the development of robust high-

chemical specificity instrumentation that can then be translated to address the analysis of

other cultural heritage and archaeological targets of significance.
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1.2 Challenges in archaeological sciences for field studies and the

need for portable, high specificity instrumentation

The significance of archaeometry for the recovery of insightful data from archaeological paint-

ings and sites cannot be overstated; however, such studies are faced with several challenges,

especially for materials that remain in situ or are not in a stable laboratory environment.

Archaeological paintings that have been excavated and stabilized in laboratories or museums

are able to undergo longer and more extensive analytical investigations. However, those re-

maining on site stay at risk of further harmful environmental and anthropogenic effects, and

analytical access to them are complicated by time-sensitive restrictions as well as challenges

of the natural environment, such as humidity conditions, uneven terrain, dust and dirt, poor

lighting, small enclosures, out-of-reach decoration, and lack of power. Examples of on-site

locations featuring these experimental conditions are presented in Figure 1.1.

The stability of the paintings, i.e. the fragility and friability of the surface (including

the pigmented decoration), the amount of weathering and discoloration suffered, and the

overall remaining amount of material also pose challenges for archaeometric analyses (Figure

1.2). Additionally, because archaeological objects are unique and irrepleaceable, sampling is

often limited or altogether prohibited. This prevents invasive and destructive analyses from

being repeatable and exhaustive, preventing a holistic understanding of its production and

condition. Furthermore, sites have been re-purposed and therefore those which feature wall

paintings may have multiple layers of re-plastering and re-painting, concealing the earlier

decoration and creating complex hierarchical painting systems. Figure 1.3 is a schematic of

the type of stratigraphy present in a wall painting, especially if re-plastering has occurred.
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Figure 1.1: (a) Tomb 3882, located near the city center of Paphos, Cyprus, and (b) Tomb
Silver House 1, excavated from the western necropolis of Nea Paphos. (c-d) The painted
Cell and Bema from within the Enkleistra of St. Neophytos, near Tala, Cyprus.
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Figure 1.2: (a) A degraded imitation marble pattern on the dado level of a room in the Villa
of Theseus (Paphos Archaeological Park). (b) Imitation architectural blocks and a degraded
egg and dart pattern on the arch of an arcosolium in Tomb Roma 1 (Kato Paphos).
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Figure 1.3: In this schematic of a wall painting stratigraphy, two layers of intonaco are
shown as preparatory layers. However, as many as five have been found in real ancient wall
paintings (i.e. in homes or villas) to prepare the wall surface for decoration.

Ultraviolet-induced fluorescence (UVF) photography, infrared reflectography (IRR), and

X-ray radiography (XRR) have a long history in painting diagnostics [3, 55]. UVF is applied

to reveal past conservation interventions or the presence of organic painting materials, while

IRR can detect pentimenti (previous depictions or changes to the present composition), un-

derdrawings, and preparation lines in the near-surface layers of works of art (Figure 1.4).

X-ray radiography provides structural information as well as visualization of high atomic

number pigments (i.e. lead-based pigments or mercury sulfide (HgS, cinnabar)). The con-

trast produced by images from X-ray radiography are dependent on the initial photon energy.

However, these applications have several limitations. IRR as a near-surface technique can

penetrate top paint layers but features limited-to-no signal capture from the ground layer

or beyond. X-ray radiography requires a high level of precaution for both the user and the

artifact, and the penetration depth is difficult to control, leading to uncertainty where fea-
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tures lay within the structure of the painting. Furthermore, as it is a transmission imaging

technique, this is not applicable for in situ analysis of wall paintings. UVF photography pro-

vides limited information to separate the multitude of potential fluorescent signatures caused

by UV-induced excitation (i.e. dye-based pigments, binding media, glues and adhesives, or

other conservation treatment materials). Additionally, the broad emission of binding media

and white pigments into the visible, once excited, induces excitation of other pigments in

the paint layers, causing false UVF signals. At best, it is only a very preliminary mode of

imaging diagnostics for the presence of organic materials.

Figure 1.4: The penetration depths at different wavelengths of electromagnetic radiation
incident on a canvas painting.

These analytical challenges can be mitigated by scientific instrumentation that are field-

deployable, non-invasive, and feature high chemical specificity analyses with fast acquisi-

tion and feedback, meanwhile increasing the number of data points collected compared to

minimally-invasive sampling. The diversity and complexity of ancient paintings necessitate

this in order to develop a macroscale picture of material use, value, and function. Thus,

advanced imaging spectroscopy (IS) and direct-detection terahertz (THz) imaging were pro-

posed for field investigations. Hyperspectral imaging (HSI) is an image collection technique
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where hundreds of images are collected in narrow spectral bands, producing contiguous

spectral profiles in each spatial pixel of the image scene. Different materials’ excitation and

responses can be explored in HSI through diffuse reflectance imaging spectroscopy (RIS) and

luminescence imaging spectroscopy (LIS) to perform chemical materials characterization, i.e.

the identification of pigments and binding media, and these different material responses can

be mapped across the image scene using multivariate statistical analysis [50, 129]. THz

imaging is an imaging modality that can visualize features in stratified media due to the

long penetration wavelength of the THz pulse (∼ 450–750 µm). Each material it interacts

with gives a characteristic response based on the material’s THz refractive index. Thus,

different materials will reflect the THz pulse uniquely, and this recorded signal allows hidden

features such as concealed painting and structural defects to be identified [69, 52].

While IS and THz imaging applications for works of art in museums and research

laboratories have been successfully demonstrated, field applications for wall paintings are

highly underrepresented, indicated by the low number of reported scientific field campaigns

[11, 36, 185, 130]. Of these applications, reflectance imaging spectroscopy was the only mode

of materials analyses performed by commercial or custom-built IS systems. Meanwhile, re-

search and application of THz imaging applications for scientific fieldwork appear to have

stalled, due to the high cost and user expertise needed to implement the instrumentation and

data analysis, as well as the limited information thus far recovered from the highly scattering

media that comprise wall paintings, especially those which have concealed decoration.

Furthermore, the inherent layering and heterogeneous nature of paintings produce chal-

lenges for interpretation of the data in IS applications. Ancient artists painted with pure or

mixtures of natural or synthetic colorants, in both single and multi-layered applications to

produce distinct visual aesthetics, as demonstrated by the range of hues produced in a rare

example of funerary figurative painting excavated from a tomb in Paphos, Cyprus (Figure

1.5). The identification and materials characterization of these colorants using RIS are the

subjects of extensive research in cultural heritage. RIS datasets contain thousands of spectra

that require data mining to establish the pigment diversity in the painting; novel extraction
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Figure 1.5: (a) Figurative painting from Tomb 3510, excavated near Tomb of the Kings in
Paphos, Cyprus. (b-d) are close-up details of the figure’s hair, eye, and diadem showing the
fine details executed in a variety of hues.

methods are being explored to achieve this effectively. Upon producing a list of unique ma-

terials that constitute the chemical make-up of the painting, they must be interpreted. This

is a significant challenge for pigment mixtures, otherwise known as intimate mixtures, and

layered paint applications. For example, if a pixel records two pigments painted side by side

(i.e. the figure’s pink himation and blue chiton, Figure 1.6), their signals are mixed as a

linear sum of the normalized areas for each pigment in the pixel, and straightforward linear

un-mixing can be applied to identify each pigment. Intimate mixtures, however, due to scat-

tering, produce spectral signatures with non-linear dependence on pigment concentration in

the HSI datasets, as do mixed signals recorded from multiple layers. Advanced computa-

tional tools such as neural networks use adapted Kubelka-Munk radiation transfer models

to estimate reflectance spectra from pigment mixtures. However, paint layers with glazes or

those semi-transparent to the ground layer feature additional contributions to the recorded

signal that complicate the deconvolution. Therefore, additional a priori information about

the paint layers’ composition is required to perform the un-mixing [187, 168]. The diversity
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Figure 1.6: Linear mixtures produced in a signal, i.e. by the blue and pink pigments captured
side by side, versus intimate mixtures, i.e. the flesh tone made of yellow, white, and red
pigment particles.

of pigments across ancient and historical paintings makes this extremely difficult to accom-

plish. Without effective extraction and material assignment of the painting materials used

by the ancient artists, archaeological interpretation of the paintings and their manufacturing

are extremely limited.

1.3 Outline of this research

Noting the challenges encountered in the analyses of archaeological and historic wall paint-

ings, this research utilized advanced imaging spectroscopy techniques and chemical sensing

tools for non-invasive, in situ materials characterization. The analytical studies presented

here demonstrate field applications of complementary and novel characterization techniques,

and explorations of data analysis processing, revealing new insight in ancient paintings ma-

terials and techniques.

In Chapter 2, an integrated analytical methodology using forensic and RGB photography,
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X-ray fluorescence spectroscopy, fiber-optic reflectance spectroscopy, and photomicrography

were applied on site to an extensive collection of ancient Cypriot wall paintings to explore

their raw materials selection and production sequence, reveal technological choices by the

ancient artists, and use this information to provide a context for these paintings within

the ancient Mediterranean world. The portable spectroscopic techniques facilitated multiple

spot collections with complementary electronic, molecular and elemental data and supple-

mented forensic imagery that provided preliminary chemical mapping on the wall paintings

of fingerprint markers of an ancient pigment.

Wall paintings, as demonstrated by the schematic in Figure 1.3, are hierarchically-

complex multi-layered systems. Over the course of their extended lifetimes, wall paintings

such as those found in both ancient archaeological sites and historical Byzantine churches

have featured multiple painting phases due to re-use of the sites, whether motivated by

political, religious, or aesthetic motivations, or destruction by natural disasters or human

influence. Accessing hidden paintings and internal structure through strongly scattering lay-

ers such as chalk or lead white has been highly evasive for non-invasive imaging modalities.

Chapter 3 presents preliminary studies of a direct detection THz imaging system, adopted

from biomedical imaging research, for probing stratified painting media of cultural heritage

targets and to assess the system’s capability for field applications to reveal concealed imagery

and hidden structural defects in multi-layered paintings.

Chapters 4 and 5 present novel applications of imaging spectroscopy. In Chapter 4, labo-

ratory and field applications of reflectance and luminescence imaging spectroscopy were con-

ducted on archaeological paintings using commercial hyperspectral imaging systems to reveal

material use and technological applications by artists throughout the ancient world through

materials characterization and chemical mapping. In Chapter 5, adapting the application

of a portable spectroradiometer to a scanning system using a ‘robotic’ arm yielded a novel

high spectral resolution scanning reflectance spectroscopy system for in situ studies capable

of producing high chemical specificity datasets with an extended analytical range compared

to conventional hyperspectral imaging systems. Furthermore, the datasets acquired from
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both imaging spectroscopy systems employed derivative analyses for the identification, ex-

traction, and mapping of the unique pigments employed. The use of the derivative spectrum

is effective in enhancing small fluctuations in the reflectance profile, reducing the continuum

background signal, and providing separation of closely spaced absorption signatures, and

therefore was used to target the analysis of reflectance spectra of intimate pigment mixtures

found on the paintings.

In Chapter 6, the analytical methodologies and instrumentation demonstrated in Chap-

ters 2, 4, and 5 are discussed through the presentation of case studies exploring ancient

Cypriot paintings, Byzantine Cypriot paintings, and Greco-Roman funerary portraits from

Egypt. The adoption, adaptation, and implementation of advanced techniques to obtain

chemical data of the paintings was a primary objective, which facilitated the secondary

objective to improve interpretation and visualization of this data. This research explored

progressive analytical and visualization approaches to produce insightful 2D chemical maps

of painting materials, conservation materials, and degradation through derivative analyses,

diagnostic material luminescence mapping, and 3D modeling.

Finally, Chapter 7 presents a technologically accessible and streamlined methodology to

produce 3D models of objects featuring photoluminescence texture of ancient pigments and

conservation materials.

1.4 Objects, materials, and locations of study

The first set of target materials analyzed in this research were wall paintings from Cyprus,

an island with a rich history and archaeology, located in the easternmost part of the Mediter-

ranean Sea. Ancient wall paintings from the Hellenistic and Roman periods were excavated

from various funerary (tombs) and domestic (houses, villas) sites in the district of Paphos

in the southwest region of the island (Figure 1.7).
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Figure 1.7: (a) The Paphos Archaeological Park, containing the excavated ancient houses
and villas from Nea Paphos. (b) Tomb Roma 1 and (c) Tomb 3882 (Paphos, Cyprus).

14



This region was known in the ancient world as Nea Paphos (“New” Paphos) and served

as the economic and administrative capital during these time periods [106], making the dec-

orative arts recovered a valuable source of information for artistic practices and cultural

exchange. Unfortunately, this region was also damaged several times by earthquakes, thus

diminishing potential remains. Some paintings have been recovered in fragmented form and

are held in storage or are on display at the Cyprus Museum and Paphos Archaeological

museum. The remaining paintings are left on site. This collection of paintings was analyzed

throughout a multi-year campaign using the non-invasive, field-deployable instruments dis-

cussed in the previous section. Cypriot Byzantine wall paintings were also analyzed from

the Paphos district from two historically-significant religious sites: the Enkleistra (“place of

reclusion”) of St. Neophytos, originally built in the late twelfth century and located in the

hills above the village of Tala, and the Church of St. Paraskevi in the village of Yeroskipou,

one of the earliest churches built in Cyprus, dating to the eighth century (Figure 1.8). Both

sites contain multiple phases of re-painting with intermediate plastering, making them valu-

able cases to explore material use at different time periods, as well as motivate imaging

studies for features’ recovery from depth.

This rich collection of Cypriot wall paintings, ranging in pigment diversity, location,

stability, and decorative schemes, presented compelling case studies to build, demonstrate,

and evaluate the in situ scientific methodology produced by this research.
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Figure 1.8: (a) The church of St. Paraskevi in Yeroskipou, Cyprus. (b) The Enkleistra of
St. Neophytos, near Tala, Cyprus.

The second set of paintings analyzed was comprised of a collection of Greco-Roman fu-

nerary portraits excavated from burial sites in ancient Roman Egypt (first – fourth century

AD) (Figure 1.9). These portraits ‘merged’ Hellenistic painting traditions with Egyptian fu-
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Figure 1.9: Funerary portraits from the J. Paul Getty Museum collection, painted on linen
((a) accession number 75.AP.87) and wood ((b) – accession number 73.AP.94).

nerary beliefs by depicting naturalistic representations of ancient Egyptians on thin wooden

panels or linen shrouds, using wax, tempera, or oil-based binding media, and set over the

faces of the deceased using linen wrappings [26]. As these portraits represented real mem-

bers of society, they provide ethnographic records of social class and culture of Egypt in

the Roman period. Chemical analysis of the paintings revealed important information on

artist applications, technological choices, and potential markers of artisan workshops. The

portraits analyzed in this research come from the collections of the J. Paul Getty Museum

(Malibu, Ca, USA) and the Walters Art Museum (Baltimore, MD, USA).

Additionally, a decorated Hellenistic terracotta funerary head vase (Figure 1.10) pro-

duced from the Canosa workshops in Apulia, Italy, an object also from the J. Paul Getty

Museum collection, was the target of the 3D modeling study in this research to demon-

strate a new methodology for the integration of luminescence data as chemical texture in 3D

visualizations.
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Figure 1.10: Funerary Canosa terracotta vase from the J. Paul Getty Museum collection
(accession number 81.AE.157).

In the ancient world, artists used a variety of natural (Figure 1.11a-c) and synthetic

pigments (Figure 1.11d,e) to decorate wall paintings and statuary. These materials were

applied relatively purely, in mixtures, and/or layered for various intentional visual aesthetics.
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Figure 1.11: Natural and synthetic colorants found in the excavated materials from the House
of Orpheus in the Paphos Archaeological Park: (a) jarosite; (b) red ochre; (c) realgar; (d)
madder lake; (e) Egyptian blue.

Depending on the pigment used, the application technique (secco, painting onto dry

surfaces, or fresco, painting into wet plaster), and the desired visual effect, the pigments

were applied to the painting substrates using binding media such as water, oil, wax, or egg

tempera. However, due to passage of time and weathering, binding media on wall paintings

are extremely difficult to identify.

The identification of painting materials, the application methodology, and the decora-

tive scheme on the paintings, within their respective contexts, were characterized using

novel imaging spectroscopy techniques, forensic photography, and portable chemical sensing

tools. The following chapters will present the investigations that demonstrate how these in-

struments produced new chemical and pictorial visualizations that revealed artistic choices,

identified technical practices and unique painting markers, and revived imagery that will aid

in conservation interventions and archaeological interpretation.
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CHAPTER 2

Field applications of X-ray fluorescence, reflectance

spectroscopy, and forensic photography for the

investigation of ancient Cypriot wall paintings

Chemical analyses of archaeological wall paintings that remain in situ (i.e. still intact in the

excavated site) face significant limitations. As the paintings are immobile, they cannot be

brought to a laboratory to be placed in a stable, observational environment, nor can they

be used with bench-top, laboratory, or museum-based instruments. Because the paintings

are rare and non-renewable, minimally-invasive sampling is destructive and as only limited

sampling from damaged areas are often allowed, it does not give an appropriate representa-

tion of their condition and material use. The appropriate solution is to bring instruments

on site that are highly portable and robust to field conditions which can facilitate extensive

data points collection with rapid and reliable feedback in real time.

These analytical requirements have spurred the application and development of various

portable spectroscopic and imaging protocols for in situ analyses of wall paintings. Imaging

is the first step in wall painting diagnostics to evaluate the condition of the painting, get

preliminary information on constituent materials, and guide subsequent spectroscopic spot

analyses. RGB photography (visible photography performed between 400-700 nm) with

proper color correction and white balancing of the images provides fundamental documenta-

tion of the paintings. Ultraviolet (UV) reflectography (photography that captures reflected

UV light off of the art work, ∼ 300–400 nm) (UVR), UV-induced visible luminescence,

visible-induced infrared (IR) luminescence, and infrared reflectography (IRR) contribute to

the identification of some organic materials, synthetic inorganic and inorganic-organic hy-
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brid pigments, underdrawings, and changes to or differences within a painting’s composition

due to the different materials’ absorption and emission properties [48]. These applications

of ‘forensic’ photography normally employ a digital single-lens reflex (DSLR) camera modi-

fied to have sensitivity to UV and near IR wavelength ranges, and therefore do not provide

spectroscopic data to confidently identify materials captured in the image data.

Portable chemical sensing tools such as X-ray fluorescence spectroscopy (XRF) and X-

ray diffraction (XRD) [172, 199], fiber-optic reflectance spectroscopy (FORS) [39, 155], Ra-

man spectroscopy [152, 132], Fourier-transform infrared spectroscopy (FTIR) [181, 82], and

nuclear magnetic resonance (NMR) [94, 23] are materials characterization techniques that

have been applied for non-invasive in situ analyses of wall paintings. Each of these meth-

ods probe a material’s chemistry for different diagnostic signatures (i.e. elemental, crystal

structure, molecular vibrations, band gap transitions, nuclear responses to magnetic field

perturbations). A robust characterization of pigments, used purely, in mixtures or layered

applications, degradation products, or conservation materials from past interventions neces-

sitates the identification of more than one diagnostic signature, thus a thorough investigation

requires complementary analysis by different spectroscopic tools [110, 111, 13, 125, 79, 148],

integrated with the results from forensic imaging. The value of portable spectroscopic instru-

mentation for field studies is acknowledged by the creation of formalized mobile laboratories

such as MOLAB (Mobile LABoratory) [32], a European multi-national network of laborato-

ries developed under the Integrated Platform for the European Research Infrastructure ON

Cultural Heritage (IPERION CH), with field and laboratory instrumentation dedicated to

aid art and archaeological scientific investigations internationally.
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Figure 2.1: Canosa terracotta vases (a) 81.AE.156 and (b) 81.AE.157 from the J. Paul
Getty Museum collection.

2.1 Case study: scientific investigation of polychrome decoration

using forensic photography and portable spectroscopy tech-

niques

The UCLA Molecular and Nano Archaeology Laboratory employs an integrated analyti-

cal methodology utilizing portable, hand-held spectroscopic and forensic imaging tools to

characterize archaeological objects, within the laboratory and in the field. This was demon-

strated in the analytical case study of a pair of Hellenistic Canosa funerary terracotta vases

from the J. Paul Getty museum collection (accession numbers 81.AE.156 and 81.AE.157)

(Figure 2.1) [113]. The polychrome vases were decorated with blue, pink, red, and black

pigments, and featured clay slips. Based on the time period these objects were attributed

to, and previous literature on Canosa terracotta vases analyses, it was believed that the blue

and pink pigments most likely were comprised of the ancient pigments Egyptian blue and

madder lake, respectively.
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Forensic photography was first performed to identify the luminescent fingerprint mark-

ers of Egyptian blue and madder lake on the Canosa vases, as each pigment has distinct

photophysical properties that produce diagnostic photoluminescence (light emission from

excitation). Egyptian blue (cuprorivaite, CaCuSi4O10) is the earliest engineered pigment in

history (∼ 2500 BC) and most prolific of blue pigments used in antiquity [20, 108]. Egyp-

tian blue is a high-fired semi-vitreous pigment derived from a mixture of quartz (i.e. sand,

SiO2), calcium (i.e. chalk, CaCO3), and copper (i.e. mined metallic copper, or Cu-containing

pigments such as malachite, Cu2(CO3)(OH)2). Though the production of Egyptian blue ap-

peared to cease in the first few centuries AD (knowledge of its manufacturing lost over time

[140]), the longevity of the pigment, due to its stable silicate matrix composed of layered

structures of SiO4 rings, allowed for its identification and renewed interest in modern times.

The characteristic photoluminescence of Egyptian blue is caused by three d→ d electronic

transitions of the Cu2+ ions situated in square planar CuO 6–
4 complexes, also responsible for

the blue color of the pigment. The reflectance spectrum of Egyptian blue (Figure 2.2a) shows

the three diagnostic absorptions in the visible wavelength range at 560 nm (2A1g→ 2B1g),

630 nm (2Eg→ 2B1g), and 790 nm (2B2g→ 2B1g) [78]. Optical excitation in this region

induces the d → d electronic transitions, causing a near-infrared (NIR) luminescence at ∼

910-950 nm (Figure 2.2b) [6, 159].

Madder lake is a synthetic organic-inorganic hybrid pigment used extensively in antiquity

(dating back to ∼ 2000 BC [127]). Madder is a natural dyestuff from the Rubiaceae family.

To produce the red lake pigment, dye molecules were extracted directly from the madder

root or from dyed textiles, using hot water or alkaline solutions, precipitated with a metal

cation, typically Al(III) (usually sourced from potash alum, Al2(SO4)K2(SO4)3·12H2O) and

mixed with alkaline salts to facilitate chelation to the potash alum, producing a hydrated

alumina. Madder consists of two hydroxyl anthraquinone (HAQ) dye compounds, alizarin

(dihydroxy-9,10 AQ; 1,2 HAQ) and purpurin (trihydroxy - 9,10 AQ; 1,2,4 HAQ) [42]. Studies

have shown that madder lake formulations with higher concentrations of purpurin-Al(III)

compounds feature a structured double absorption in the reflectance spectrum at ∼ 515 and
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Figure 2.2: (a) The characteristic reflectance spectrum of Egyptian blue, painted on a mock-
target with an acrylic binder, featuring absorptions at 560, 630, and 790 nm. (b) Optical
excitation at the absorption bands produces a luminescence emission peak of Egyptian blue
in the NIR. The peak maximum here is ∼ 900 nm.

545 nm (Figure 2.3a) and a higher quantum efficiency [90] for its characteristic photolumi-

nescence (Figure 2.3b). Excitation of madder lake in the visible range at the structured

double absorption induces the π-π* excited singlet state and subsequent luminescence with

maximum peak emission values reported at 596 - 625 nm [42, 90].

To induce the photoluminescence of Egyptian blue and madder lake on the Canosa

vases, an alternate light source (ALS) utilized in forensic crime scene investigations, a Mini-

Crimescope® MCS-400, was applied. It features a UV-visible metal halide lamp and two

detachable tunable filter wheels with various bandpass ranges, which allowed excitation of

Egyptian blue at 600 nm (red light) and madder lake at 535 nm (green light). A DSLR

camera with the internal hot mirror removed, giving the camera sensor access to the UV

and NIR wavelength ranges (∼ 350–1000 nm), was filtered with a PECA 908 filter for NIR

capture (∼ 900–1000 nm) of Egyptian blue’s photoluminescence, and with a Red 25 Tiffen

filter (∼ 580–700 nm) for the capture of the photoluminescence of madder lake. The imaging

results successfully produced 2D chemical maps of Egyptian blue (Figure 2.4a) and mad-

der lake (Figure 2.4b), showing the use and distribution of the two pigments in the Canosa
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Figure 2.3: (a) The characteristic reflectance spectrum acquired from a powder sample of
madder lake (Kremer pigments) with the diagnostic structured double absorptions at 515
and 545 nm. (b) The emission of purpurpin (1,2,4-HAQ) in a dimethyl sulfoxide (DMSO)-
water solution, with and without Al(III), which is a main constituent of the madder lake
pigment and responsible for the double absorption feature in (a) [(b) adapted from [90]].
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Figure 2.4: Forensic photography of Canosa 81.AE.156 produced a visible-induced NIR
luminescence map of Egyptian blue (with an Egyptian blue standard in the lower right
corner) (a) and a visible-induced visible luminescence map of madder lake (b).

vases. This was also the first demonstration of isolating madder lake’s photoluminescence in

polychrome decoration through macroscale imaging. While the photophysical properties of

Egyptian blue are well known and utilized by researchers through NIR luminescence imag-

ing to identify the pigment in polychrome objects and wall paintings [200, 145], madder lake

had not yet been targeted through forensic imaging as exclusively. Previously, UV-induced

visible photography was used as a way to hint to the presence of madder lake in ancient

polychrome objects and wall paintings. However, the UV-induced visible luminescence of

other common materials present in these objects, such as glues, binders, and restoration

materials, prevent any robust identification of madder lake. This study [113] established

one of the first imaging protocols to isolate and capture madder lake pigment luminescence

through visible-induced excitation.

False color analysis was applied to visualize the distribution of the two pigments over
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Figure 2.5: Single-channel luminescence maps of Egyptian blue and madder lake lumines-
cence ((a) and (b), respectively), are integrated into a false-color composite image (c) and
overlaid onto a gray-scaled image of Canosa vase 81.AE.156 (d).

the figurines. The digital luminescence images were separated into their single R, G, and

B channels in Adobe Photoshop. Figure 2.5a and Figure 2.5b are the R channels of the

Egyptian blue and madder lake images, respectively. A false color image was produced with

the madder lake image inserted into the R channel, assigning an artificial red color to the

luminescence, and Egyptian blue into the B channel, assigning an artificial blue color (Figure

2.5c). The false color image was overlaid onto a gray-scaled image of the Canosa vase (A.N.

81.AE.156) to visualize the application of the two pigments, simultaneously (Figure 2.5d).

Portable fiber-optic reflectance spectroscopy (FORS), operating in the wavelength range

350 – 2500 nm, and X-ray fluorescence (XRF) spectroscopy were also applied to characterize

the pigments of the Canosa vases. FORS, also referred to as UV-Visible-NIR (UV-VIS-NIR)

spectroscopy or diffuse reflectance spectroscopy, excites the sample with a UV-VIS-NIR light

source and measures a material’s reflectance, i.e. the material’s interaction with the inci-

dent light. The recorded reflectance spectrum, such as those seen in Figure 2.2 and 2.3,

presents diagnostic absorptions caused by electronic transitions, charge transfer, conduction
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processes, and/or vibrational overtones of fundamental modes of molecular vibrations from

the light illumination [41, 22, 196, 43], which is powerful for the identification of various

painting materials such as natural pigments, synthetic inorganic and inorganic-organic hy-

brid pigments, as well as binders, restoration, and painting preparatory materials [7]. XRF

provides complementary elemental information by measuring the energies of characteristic

X-rays emitted from inner electron orbitals after the painting materials are excited by high

energy X-rays. Together, FORS and XRF confirmed the presence of Egyptian blue through

the collection of a reflectance spectrum similar to that in Figure 2.2a and significant ele-

mental abundances of Cu, identified by its characteristic Kα energy emission at 8.05 keV,

respectively. The luminescence of madder lake in the forensic images was further validated

in the FORS spectra, attributable to the presence of the structured double absorption at 515

and 545 nm. Additional materials on the vase were identified such as an Fe-based pigment,

most likely a hematite (Fe2O3)-rich pigment, used for the regions of bright red decoration,

and kaolinite, a white clay mineral, for the clay slip of the vases.

This integrated methodology was applied in a year-long analytical campaign (2016-2017)

to analyze ancient Cypriot wall paintings in Paphos, Cyprus, the first extensive non-invasive,

scientific investigation of ancient Cypriot wall paintings [161]. Those results are presented

in this chapter. Data collection using FORS, XRF and imaging techniques(RGB and foren-

sic photography, photomicrography) gave access to the wall painting materials’ chemistry,

providing insight into the production technology and practices of ancient artists.

2.2 History of ancient Cypriot wall paintings

Hellenistic and Roman Cypriot wall paintings, which decorate residences, public spaces and

tombs in the areas of ancient Nea Paphos (“New” Paphos), the eastern and western necrop-

oleis, the Tomb of the Kings funerary complex and tombs in modern day Paphos city center

(Figure 2.6), have been systematically analyzed using a protocol of combined field-deployable

imaging and spectroscopic techniques. In 320 BC, the last king of Palaepaphos (“Old” Pa-

phos) Nicocles founded the city of Nea Paphos to serve as the administrative and economic
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center for the island during the Hellenistic and Roman periods [106]. Following the death

of Alexander the Great, the Ptolemies, who ruled ancient Egypt at the time, took control

over Cyprus [93] and established Paphos as the new capital of the island. Nea Paphos con-

tinued to be a strong economic center when the Ptolemies lost control in 58 BC and Cyprus

was annexed to the Roman empire, under which it remained until the fourth century AD.

The thriving signature of the ancient city can be seen in the remains of the domestic spaces,

where beautiful mosaics adorned the floors of wealthy residences such as the Villa of Theseus,

residence of the Roman governor of Cyprus.

As Cyprus underwent transitions of power, infusions of Hellenistic and Roman polit-

ical, philosophical and artistic traditions became integral to the culture of Cyprus [149].

The expansion of Alexander the Great’s kingdom produced a Macedonian empire of mul-

ticulturalism; his death, marking the start of the Hellenistic period, saw the split of his

kingdom and the subsequent extensive exchange of wealth, people and materials across the

old empire [139].

Hellenistic painting tradition can be characterized by three major categories: the Ma-

sonry Style, the Relief Architectural Style, and the Painted Architectural Style. Evidence

of Hellenistic paintings in domestic, civic and funerary monuments varied regionally. The

best surviving domestic paintings are those of the Stuccoed House of Pella, though presently

there is a lack of evidence for figurative paintings in Macedonian domestic spaces. Further-

more, there is little remaining evidence of palatial wall decoration in the Hellenistic period

[139]. Funerary monuments, on the other hand, being mostly subterranean, are well pre-

served. Tomb architecture and surviving wall painting decoration provide excellent examples

to establish connections between Cyprus, Macedonia, and Alexandria. Alexandrian tombs

characteristically featured open-air peristyle courts, while Macedonian tombs were sealed

formed chambers; the latter feature also appeared in Alexandrian monuments, and both

types of structures can be found in the necropoleis of Nea Paphos. Common decorative

motifs from Alexandrian tombs such as fictive architectural elements, that is, false doors

and isodomic masonry blocks, as well as floral garlands with ribbons appeared throughout
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Figure 2.6: Contextual photographs of archaeological sites analyzed from ancient Nea Pa-
phos: (a) The Paphos Archaeological Park; (b) The location of Tomb Roma 1, under the
present-day Roman Boutique Hotel; (c) The Tomb of the Kings.
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the Hellenistic and Roman Cypriot tombs in this region [93].

The death of Cleopatra in 30 BC marked the end of the Hellenistic period and the start

of the Roman empire. At this time, the Roman influence over Greek territories was already

evident, with elements of both Greek and Roman culture, seen in key locations in Greece (i.e.,

Delos) and Italy [139]. There was a significant effort by the new Roman leaders and citizens

to lay claim to Hellenistic lineage by incorporating elements of the Hellenistic culture and art

into their homes through the inclusion of ideas and imagery by importation, smuggling and

reproduction of artworks [149]. More importantly, they understood the artistic techniques

from which the paintings and objects were derived, thus cementing Hellenistic influences

into Roman decorative arts. Roman wall paintings are today characterized according to

the four Pompeian styles, successive in time ranging from the 4th century BC to 79 AD.

The First Style is the most closely linked temporally and stylistically to Hellenistic art and

seems to show similar themes to those found in ancient Cypriot paintings in their depictions

of imitation marble, architectural elements and geometric shapes. There is not enough

remaining decoration intact to comment on potential representations of the Second, Third

and Fourth Style.

Hellenistic and Roman paintings in Cyprus also reflect access to, and use of, economic

minerals such as ochres, umbers and green earth, knowledge of production methods and the

trade from and to Cyprus of natural and synthetic pigments. The geology of Cyprus (Figure

2.7) and its richness in copper, umbers, ochres and green earth [166] have not only influenced

the economic status of Nea Paphos but also its artistic culture. These resources were readily

available, easy to extract and process, and provided the raw materials in paintings and

an invaluable economic resource through trade [109, 12]. The gossans of the sulfide ores

of the Troodos mountains and its ophiolitic rocks are particularly rich in colored rocks

and minerals, such as hematite, goethite, and umber (iron oxide and manganese oxide)

and celadonite [100, 114, 106, 44]. In the Mesaoria basin, the weathering of umbers from

the sedimentary rock produced pyrolusite (MnO2), which served as a black pigment in the

paintings [106, 67]. The Lefkara formation in the southwest region of the island was the major
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Figure 2.7: A map showing the geological formations of Cyprus. The Troodos Massif, the
Mesaoria basin, and the Lefkara formation provided the natural resources that ancient artists
used to prepare their pigments and plasters layers for wall paintings (image adapted from
[166]).

source of chalk used as aggregate in the preparatory plaster layers of the paintings [107, 109].

Ancient artists in Paphos used the natural and synthetic pigments, pure or in mixtures, to

achieve particular hues and aesthetic effects such as translucency, transparency and three-

dimensionality achieved by chiaroscuro (skiagraphia), innovations that characterized the

painting of these periods.

Attribution and absolute dating of the Hellenistic and Roman Cypriot paintings face

several challenges. Cypriot funerary and domestic built heritage shows evidence of multiple

construction phases (most likely linked to severe damages by earthquakes and other events),

re-use and re-painting of the walls. The physical and ‘restoration’ history of these monuments

make the dating and attribution of the wall painting fragments to specific time periods

unreliable. Reconstructions of fragmented paintings from the Roman villas in Nea Paphos

have provided a glimpse into the stylistic and technical approach towards decorative and
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figurative representations in Roman Cyprus. Figurative paintings in particular, from both

domestic and funerary contexts, provided valuable findings elucidating our understanding

on local technical trends in the treatment of painting (artistic techniques) and/or artists/or

workshops’ organization.

This research aimed to address the challenge of attributing contextual information and

providing a global understanding to the paintings by looking deeper into their chemistry

and production technology. This study presents the first systematic non-invasive scientific

survey on the polychromy of Hellenistic and Roman Cypriot monumental wall paintings,

with the objective of: (1) identifying, mapping and interpreting the extent of polychromy

and imagery through the characterization and imaging of the spatial distribution of pigments;

and (2) exploring the function and use of pigments in the making of the wall paintings, thus

obtaining new insight into the artistic expression and technical skills of the artists from the

fourth century BC to the fourth century AD.

Our knowledge of the materials used in Cypriot funerary and domestic wall paintings

thus far is only based on a few previous micro-analytical investigations, employing selective

sampling to provide the first characterization of wall painting materials (pigments and plas-

ters) and technology [16, 206, 107, 106]. Building on these previous researches, this study

aimed to mitigate this knowledge gap on ancient Cypriot wall paintings by applying a new

methodology, harnessing the capabilities of field deployable and high specificity imaging

and spectroscopic technologies, enabling a detailed analysis of monumental painted surfaces

without the need for taking samples. This investigation was important in expanding our

understanding of the artists’ palette, function of pigments and extent of painting decoration.

2.3 The Hellenistic and Roman Cypriot Wall Paintings and Their

Contexts

The study of Cypriot wall paintings included the analysis of fragments from funerary and

domestic contexts, either still surviving in situ or stored in museum collections. The sites
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Figure 2.8: Satellite images: (a) satellite map of the southern half of the island of Cyprus,
with the region of Nea Paphos highlighted in the red box; (b) map of present day Paphos
showing the locations of the sites analyzed.

under study and their locations are listed in Table 2.1 and the spatial mapping of the sites is

found in Figure 2.8. Paintings analyzed included fragments from five villas in Nea Paphos,

located within the Paphos Archaeological Park (Figures 2.9 and 2.10); six tombs excavated

within the western and eastern necropoleis; two tombs located in the modern day of Paphos;

and two tombs located within and near the Tomb of the Kings funerary complex (Figures

2.11 and 2.12).

2.3.1 Paphos Archaeological Park: Hellenistic and Roman Residences

From the center of Nea Paphos, several villas of ancient wealthy citizens were excavated

dating back to the Hellenistic (Hellenistic House) and Roman periods (Houses of Orpheus,

Aion, and the Four Seasons). One of the more impressive residences is the Villa of Theseus,

a palatial-style residence of the Roman governor of Nea Paphos, built over the foundations

of earlier Hellenistic structures.

Nea Paphos suffered from the devastation of several earthquakes from the late 1st cen-

tury BC to the 4th century AD [146, 106], leaving little of the walls and their polychrome

decoration intact, resulting in thousands of fragments such as those seen in Figure 2.9f. The
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Table 2.1: A list of the sites with wall paintings analyzed and their location. A painting ID
(letter) is assigned for reference in the Results and Discussion section where the pigments are
discussed. Numbers following the ID letter refer to a specific location, painting or collection
of fragments from the site.

Site Period Location Paintings ID

House of Four Seasons Roman Nea Paphos A
House of Orpheus Roman Nea Paphos B
Hellenistic House Hellenistic Nea Paphos C
Villa of Theseus Roman Nea Paphos D
House of Aion Roman Nea Paphos E
Tomb at Glyky Nero (P.M. 2518) Roman Western Necropolis F
Tomb Annabelle 47 (P.M. 3005) Roman Eastern Necropolis G
Tomb at Costis Palamas Sq. Roman Pano (upper) Paphos H
Tomb 3510 Roman Tomb of the Kings avenue I
Tomb Roma 1 Roman Western Necropolis J
Tomb Roma 2 Roman Western Necropolis K
Tomb Silver House 1 (P.M. 2902) Roman Eastern Necropolis L
Tomb Silver House 2 (P.M. 2892) Roman Eastern Necropolis M
Tomb 3882 Roman Pano (upper) Paphos N
Tomb 6 (P.M. 1983) Hellenistic Tomb of the Kings O
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best surviving paintings from the domestic sites, each named after the mosaics found within

their respective contexts, were discovered in the Villa of Theseus and the House of Aion, the

latter being the only residence where figurative paintings were found [105]. Ten figurative

paintings were recovered in fragments from the same room in the House of Aion—one exam-

ple can be seen in Figure 2.9c. Due to fragmentary nature of the domestic wall paintings, it

is difficult to reconstruct the entire image scence, though from in situ surviving fragments,

in addition to figurative paintings, the decoration consists mostly of geometric patterns and

bands, imitation marble revetment, and monochrome paneling (Figure 2.10).

Evidence of re-use and re-plastering for new decorative scenes were evident from remain-

ing walls on site as well as recovered fragments (Figure 2.10d); due to the multiple layers of

wall paintings and the successive earthquakes that have destroyed the residences, attribution

of the fragments’ time period is extremely difficult.
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Figure 2.9: Examples of figurative paintings, colored fragments, and pigment pellets ex-
cavated from the residences of Nea Paphos, designated now as the Paphos Archaeological
Park: (a) madder lake pellets; (b) Egyptian blue pellets; (c) figurative painting E9, from
the House of Aion; (d) fragments from House of the Four Seasons; (e,f) colored fragments
from the House of Orpheus.
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Figure 2.10: Examples of domestic in situ wall paintings in the Paphos Archaeological Park:
(a,b) Imitation marble revetment and geometric designs in the Villa of Theseus; (c,d) the
Hellenistic House.
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2.3.2 Tomb of the Kings, the Western and Eastern Necropoleis, and Tombs in

Modern-Day Paphos

Owing to the subterranean construction of tombs, Hellenistic and Roman funerary complexes

survived the major earthquakes, and they preserve today much of the original wall painting

imagery featuring floral decoration, isodomic bands, garlands, household utensils, animals

and birds, and figurative paintings. The wall paintings decorating these tombs (Figures 2.11

and 2.12) follow conventions of contemporary paintings in northern Greece (Vergina, Pella,

Demetrias), Alexandria and other parts of the empire [139, 149, 109, 203]. A notable Cypriot

example of funerary wall painting decoration is found in Tomb Ammoi A with imitation of

masonry, garlands and a unique ceiling carpet similar to that of the tomb of Lyson and

Kallikes at Lefkadia and the Anfushi II Tomb (within loculus 5 of Hypogeum 5) in Mustafa

Kamel necropolis in Alexandria [93, 112, 171, 138].

Most characteristic imagery in the tombs features geometric patterns (diamonds, tri-

angles, bands); trompe l’oeil architectural elements, such as marble revetment, doors, and

masonry blocks outlined with painted incised lines. Similar features are seen in Tomb Roma

1 and 2 (Figure 2.12e,f), as well as the tomb at Glyky Nero. The Hellenistic Tomb 6 from

the Tomb of the Kings funerary complex (Figure 2.11e) shows a painted door above the locu-

lus. These monumental tombs compare to the Macedonian tombs and Alexandrian Hypogea

[138]. All tombs except for Tomb 6 display examples of vegetal and floral decoration. Tomb

Roma 1 also shows depictions of animals and birds, as well as furniture (chest, chair), at the

dado level of the central arcosolium. Other consistent motifs include egg and dart patterns,

as noted in Tomb Roma 1 and fragments recovered from Tomb 3882 (Figure 2.11c).

Human figures are also found in funerary contexts, though less frequently in Cypriot

tomb pictorial programs; one full figure was found on a large limestone slab in the Tomb

3510 (Figure 2.11a), the centerpiece of a triptych of limestone slabs that was used to seal

an ossuary [163]. Two other paintings with surviving faces with floral decoration in the

background were also reconstructed from fragments in the tomb discovered in the Costis

Palamas square (Figure 2.11b) [164]. The personification of one of the four seasons (Summer)
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Figure 2.11: Examples of funerary decoration featuring figurative paintings, fragments and
in situ paintings featuring common decorative motifs: (a) a figure painted on a limestone
slab from Tomb 3510; (b) two faces reconstructed from fragments from the tomb in Costis
Palamas square; (c) a fragment displaying an egg and dart pattern, recovered from Tomb
3882; (d) a fragment with garlands recovered from Tomb Annabelle 47; (e) painting of a
door in Tomb 6; (f) floral decoration in the tomb at Glyky Nero.
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Figure 2.12: Examples of tombs and their funerary paintings, found in the western and
eastern necropoleis, as well as modern-day upper Paphos: (a) Tomb Silver House 1; (b–d)
Tomb 3882; (e) Tomb Roma 1; (f) Tomb Roma 2.
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also survives in one of the pendentives in fragmentary condition in Tomb Annabelle 48.

Similar to the domestic sites, the tombs were re-used. The structure and material finds

of numerous tombs indicate Hellenistic origin, but continuous construction and modification

to the tombs’ architecture as well as decorative schemes point to use well into the Roman

periods [164, 138]. Notable examples showing evidence of multiple painting phases are found

in Tombs Roma 1 and 2, Tomb 3882, and Tomb Ammoi B. Compared to the domestic wall

paintings, the tombs show a greater extent of intact decoration remaining in situ. However,

tombs throughout the city such as 3882 have suffered from environmental and anthropogenic

effects. The most disastrous from the latter group are due to modern-day construction

projects, making recovered fragments difficult to date to specific painting phases.

2.4 Instrumentation and data collection

An integrated approach using non-invasive, non-destructive scientific portable technologies

was applied in this investigation. The ease of field-deployment and point collection with

real-time feedback on the data with these instruments facilitated extensive data collection

spanning across the surface of the paintings, as well as amongst the sites, not only providing

materials characterization but also insight into the spatial distribution of the materials used.

The high sensitivity of the chemical sensing instruments and photomicrography also revealed

materials that were not easily detected by the naked eye. Forensic imaging also facilitated

visualization and spatial mapping of Egyptian blue through the capture of its diagnostic

luminescence.

2.4.1 Fiber-optic reflectance spectroscopy (FORS)

Two instruments were employed for analysis of Cypriot paintings and natural minerals using

principles of reflectance spectroscopy.

1. A field-deployable spectroradiometer, the ASD Inc. Fieldspec 3 from Malvern Panalayt-

ical, operating between 350–2500 nm, was used to collect reflectance spectra of Cypriot
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paintings, pigment pellets, and natural minerals. The spectroradiomter has three in-

ternal diffraction gratings and three detectors, all of which operate during a single

measurement. For data collection in the visible-to-NIR (VNIR) range, the instrument

operates a silicon photo-diode array. The short-wave infrared (SWIR) analytical range

utilizes two InGaAs photo-diode detectors to collect from 1000 – 1830 nm and 1830 –

2500 nm. The Fieldspec 3 has a hand-held contact probe with a flexible optical cable

that provided spot size collection of 10 mm diameter. The high spectral resolution (3

nm at 700 nm, 10 nm at 1400/2100 nm) allowed material identification of minerals in

relatively pure applications as well as separation of constituents in pigment mixtures

in the surface decoration of the wall paintings by analysis of diagnostic absorptions in

the reflectance spectra.

2. A hand-held Miniscan EZ Colorimeter from Hunterlab, operating from 400–700 nm,

was used for the characterization of standard red and yellow earth minerals from Cyprus

used as pigments.

Analysis of the Fieldspec 3 data was performed in Viewspec Pro, the accessory software

to the Fieldspec 3, as well as ENVI (‘Environment for Visualizing Images’, L3Harris Geospa-

tial), and the data from the Miniscan EZ colorimeter was analyzed in Matlab (Mathworks).

The 1st and 2nd derivatives of the reflectance spectra were also calculated to precisely iden-

tify inflection points, absorption minima and reflectance maxima in the spectral profiles for

material identification. While the original reflectance spectra provided straightforward char-

acterization of materials present in relatively pure applications (for materials with diagnostic

UV-VIS-NIR signatures), analysis of the differential changes of the reflectance profile with

respect to wavelength provided reliable absorption, peak maxima, and inflection values that

indicated the presence of multiple materials by the quantitative deviation from expected

spectral signatures. This allowed for the identification of individual constituent materials in

multiple pigment layers and mixtures by comparing the values to reference spectra of natural

minerals and synthetic pigments. A list of reference spectra with their VNIR reflectance pro-

files and respective 1st derivative calculations, as well as their spectral feature assignments,
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can be found in Appendix A.

2.4.2 X-Ray Fluorescence Spectroscopy (XRF)

Elemental analysis was performed by a hand-held Thermo Scientific Niton® XL3t GOLDD+

X-ray fluorescence (XRF) spectrometer with a silver anode (50 kV, 200 µA). Data was col-

lected using the soil and mining modes at 90 s and 120 s, respectively, with a spot size of

8 mm diameter. Analysis utilized internal pre-set Fundamental Parameter and Compton

Normalization calibrations. While quantitative measurements were not achievable with the

portable XRF instrument, elemental identification from the characteristic X-ray peaks in

the emission spectra, visualized in the Niton XRF NDT software, provided important, com-

plementary information for the characterization of painting materials, especially for sample

locations where the FORS spectra could not provide a diagnostic reflectance signature.

2.4.3 Optical Microscopy (OM)

Optical microscopy was performed with a Plugable USB2 Digital Microscope. This portable,

lightweight, hand-held microscope was attached to a laptop and provided imaging at max-

imum magnification of 250x, allowing visualization of large mineral grains and preliminary

assessment of pigment mixtures.

2.4.4 Forensic Photography (FP)

The identification and mapping of Egyptian blue on the paintings was conducted using the

same imaging protocol used for the Canosa funerary terracotta vases [113]. Optical excitation

was performed by a narrow-band red light illumination using an Optimax TM Multi-LiteTM

forensic LED flashlight (λex,max = 600 nm) and capture in the NIR (between λ ∼900 and

1000 nm) was achieved with a modified Fujifilm DSLR camera filtered by a PECA 910 filter.
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2.4.5 Color (RGB) Photography

RGB photography was performed using a Canon T3 Rebel DSLR camera. QP color cards

and an X-Rite Color Checker Passport were placed within the image scene to white balance

and color correct the images for proper documentation and subsequent image processing.

2.5 Results

The composition and application of the painting materials through pigment mixtures and

layering was significant in providing specific aesthetic qualities, tonal variations and three-

dimensionality to the paintings. Unique shades of green were attained by combining green

and blue pigments, applied directly over white plaster or layered over a uniform application

of yellow, as well as by mixtures of green and yellow and black pigments. Purple hues were

created through mixing and layering of blue and red pigments. Various tones of red and

orange were also featured through the application of different red pigments and mixtures of

reds and yellows.

Paintings of this period used a variety of natural inorganic mineral pigments such as

green earth (celadonite, (K(Mg,Fe2+)(Fe3+,Al)[Si4O10](OH)2)), goethite (FeO(OH))-rich yel-

low ochre (ochre refers to a natural earth pigment containing ferric oxide minerals, clay,

and sand), hematite (Fe2O3)-rich red ochre, cinnabar (HgS), umbers (iron oxide with man-

ganese oxide), pyrolusite (MnO2) and synthetic inorganic pigments such as Egyptian blue

CaCuSi4O10 and red lead (Pb3O4), applied over a single or multiple plaster layers [16, 106].

The arsenical compound realgar (A4S4), the hybrid organic-inorganic pigment madder lake,

and jarosite ((K,Na)Fe 3+
3 (OH)6(SO4)2) were identified as ‘raw’ materials (prepared as pow-

ders and pigment pellets) in museum storage containers containing excavation materials from

the House of Orpheus. It is unknown if these were intended for painting or if they fulfilled

other functions, such as medicines and/or cosmetics [109, 173, 167].
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2.5.1 Preparatory drawing and setting out techniques

Previous studies on ancient Cypriot paintings revealed that plaster preparation in the do-

mestic spaces was more complicated than those found in funerary settings. Plaster layers in

wall paintings feature two types: the arriccio and the intonaco. The arriccio layer is the first

preparatory layer, the coarsest and thickest of a wall painting’s stratigraphy. The subsequent

layers are the intonaco layers, which are thinner and built up layer by layer to prepare for a

smooth painting surface. The Cypriot paintings in the domestic spaces featured up to four

intonaco layers applied over the arriccio layer [106]. The tomb paintings seemed to have only

one or two plaster layers, which included the arriccio layer. Plaster layers closer to the wall

are hydraulic (set by hydration) with hydrophobic properties, providing more strength and

insulating the walls from moisture. The successive superimposed plaster layers are aerial (set

by the carbonation of the calcium hydroxide–lime) and were used to provide optimal support

for fresco painting. At the macroscale, several of the plasters layers in Cypriot paintings still

preserved evidence of the original application technique, as can be seen in other parts of the

Hellenistic and the Roman world. One such example are the herringbone incisions as seen on

the arriccio in the remaining structure of the House of Orpheus (Figure 2.13), a technique

known to roughen the arriccio layer to receive the successive intonaco layer. Similar features

can also be seen in the Hellenistic Houses of the island of Delos and elsewhere in the empire

[109, 16].
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Figure 2.13: Herringbone incisions in the arriccio layer (base plaster layer) as preparation
for subsequent plaster layers, from the House of Orpheus.

Preparatory techniques for painting include incised lines to guide geometric decoration as

seen in Tomb 3882 (Figure 2.14), isodomic bands as seen in Ammoi A and figural outlines,

unique to the figurative painting from Tomb 3510 (Figure 2.14d–f). Incised inscriptions have

also been found in Tomb Silver House 2 and below the figurative painting from Tomb 3510

(Figure 2.14b,c).
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Figure 2.14: (a) Geometric and line incisions in Tomb 3882; (b) Tomb Silver House 2
funerary inscription; (c–f) Figurative painting from Tomb 3510. A partially legible funerary
inscription is found below the feet of the figure (c) and incision lines in the wet plaster
created outlines of the face, arms, and garments (d–f).
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Finally, amongst the fragmentary paintings analyzed, several from the House of Orpheus

feature a pink wash in the plaster, most likely due to red ochre, as the basis for the top red

paint layer (Figure 2.15).

Figure 2.15: Wall painting fragment from the House of Orpheus. From top: dark red paint
layer over a pink plaster layer, possibly a red ochre wash to increase the brilliance of the top
red paint layer through light scattering, over a white plaster layer.

2.5.2 Pigments and Methods of Application

Pigments included a variety of natural minerals that can be found abundant in Cyprus,

as well as a few synthetic pigments. These were used pure or mixed in single paint or

multiple paint layers fulfilling different functions, for example, for shading creating the effect

of chiaroscuro, or to create different hues and tonal variations. A list of pigments identified

at the various sites showing the extent or limited use of a pigment is provided in Table 2.2;

each pigment’s application (in pure form or mixtures), the hues they produced, and their

context is summarized in Table 2.3. In Appendix B, a detailed list of hues found throughout

the sites is provided; for each hue, the main colorants and minor phases were identified, as

well as the application, location, and function of the pigment in each painting’s context. See

Table 2.1 for site identification.
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Table 2.2: Pigments identified on the paintings at each site.

Egyptian blue Green earth Red ochre Yellow ochre Red lead Cinnabar Umber

House of the Four Seasons x x x x
House of Orpheus x x x x
Hellenistic House x x x
Villa of Theseus x x x
House of Aion x x x x x
Tomb Glyky Nero x
Tomb Annabelle 47 x x x x
Tomb Costis Palamas x x x x
Tomb 3510 x x x
Tomb Roma 1 x x x x
Tomb Roma 2 x x x x
Tomb Silver House 1 x x x x
Tomb 6 x x
Tomb 3882 x x x x

Table 2.3: The hues, application methodology, and function of pigments identified in the
ancient Cypriot wall paintings. The main hues listed here were found in shades of light to
dark applications.

Main Pigment Other Phases Hues Location/Function

Egyptian blue
Green earth; red ochre;
CaCO3

Blue; bluish-purple; gray-blue;
bright (’cold’) white

Background shading; tunic shading; animals;
geometric patterns; floral decoration

Green earth
Egyptian blue; yellow ochre; Mn-compounds;
CaCO3

Green; green-blue; olive green
Wreaths; tunic shading; geometric patterns;
floral/ vegetal decoration; architectural elements
; imitation marble revetment

Red ochre
Yellow ochre; Egyptian blue;
CaCO3

Red, purple; red-purple;
pink; pink-red; orange-red;
dark brown

Hair; geometric patterns; clothing; background; flesh tones;
animals; architectural elements; imitation marble revetment

Red lead CaCO3 Orange N/A

Cinnabar Red ochre; Pb-based compounds Bright pink-red Uniform (monochromata)

Yellow ochre
Red ochre,
CaCO3

Yellow; red-yellow; orange-yellow;
cream; white-yellow

Hair; geometric patterns; clothing; background; flesh tones;
architectural elements; floral/vegetal decoration;
imitation marble revetment; preparation layer
for blue/green paint

Umber Egyptian blue Brown-black Wreaths

2.5.2.1 Blue

Egyptian blue was the sole blue pigment identified in Cypriot paintings. It was identified

either pure or in combination with other pigments (Table 2.3, Table B.1).

Egyptian blue is the oldest known synthetic pigment [20, 96, 104, 91, 108] and the most

common blue coloring compound among the ancient Mediterranean world during the Hel-

lenistic and Roman period. Indigo was another synthetic pigment used during this period,

though its use was mainly on panel paintings as indicated by its frequent occurrence in
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Greco-Roman funerary portraiture [162, 169]. While Cyprus was known for its rich copper

resources with copper named as ‘Aes Cyprium’ by the Romans [114], to date, there is no

archaeological evidence of Egyptian blue production on the island. However, pellets of the

‘raw’ pigment (ingots) have been found in different archaeological sites on the island.

The identification of Egyptian blue was established by FORS, XRF and forensic pho-

tography [113]. Using FORS, the pigment was identified by its diagnostic absorptions at

560, 630, and 790 nm (Figure 2.16a) (Appendix A.2.1). XRF also indicated characteristic

energy emissions of copper (Cu Kα and Kβ peaks at ∼8.05 keV and ∼8.90 keV, respectively),

providing additional evidence of the pigment.

Figure 2.16: (a) Reflectance spectrum of Egyptian blue, featuring characteristic absorptions
at 560, 630, and 790 nm. Photomicrographs (250x) of different wall painting fragments
containing Egyptian blue: (b) Egyptian blue in a white paint (E5); (c) Egyptian blue in a
purple paint mixed with hematite (E5); (d) Egyptian blue and green earth mixture applied
over yellow ochre (N2); (e) Egyptian blue in a black paint (E5).

In painting, Egyptian blue was used undiluted and in mixtures (at different ratios) with

other pigments, producing different hues and tonalities (Table 2.3 and Table B.1). When

mixed in small concentrations with white pigments scattered in a white paint matrix it pro-
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duces ‘colder’ white tones creating specific optical and aesthetic qualities to the paint. This

‘colder’ white tone was encountered in the coloration of the white of the eyes in sculptures

and figurative paintings, as well as in decorative elements (Figure 2.16b) [201, 28]. This mix-

ture was also applied as the backdrop for the figurative paintings in the House of Aion and

in accessory items of the figures such as headpieces. Egyptian blue was further mixed with

green earth and hematite to create light to dark blue-green and purple hues, respectively

(Figure 2.16c,d), as well as with goethite, green earth, and pyrolusite (manganese dioxide)

to produce olive green and gray-blue tones and for tunic shading. Black wreath leaves in

a House of Aion figurative painting (E5) were found to be a mixture of black, green and

Egyptian blue particles.

Forensic photography confirmed the presence of Egyptian blue in mixtures and unique

shading applications based on its characteristic visible-induced NIR luminescence, and also

aided in the mapping of this pigment providing important information not previously known

on the function of this pigment in skiagraphia. This constitutes a new discovery on this

unique application and function of Egyptian blue, appearing as wash on a muse’s face from

the House of Aion.

2.5.2.2 Green

Green earth, consisting of the mineral celadonite (K(Mg,Fe2+)(Fe3+,Al)[Si4O10](OH)2), was

the only green pigment identified in Cypriot wall paintings. It was discovered in different

paintings either pure or in combination with other pigments (Table 2.3, Table B.2).

The presence of celadonite in Cypriot paintings is not surprising, as Cyprus is one of

the major Mediterranean sources of this mineral [100, 75, 12, 106]. In this research, the

identification of green earth was based on its characteristic reflectance spectrum, featuring

asymmetrical reflectance peaks ranging from 544 – 564 nm and two absorptions at 750 nm

and a broader one further into the near-infrared (∼ 1000 nm) due to electronic transitions

from crystal field effects (Appendix A.3.4), resulting in a diagnostic reflectance peak at 830

nm. Absorptions in the SWIR specific to celadonite (∼ 2257, 2302, and 2346 nm) due to
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hydroxyl (OH)-combination bands arising from the effects of the metal cations Al, Fe, and

Mg helped to distinguish it from the mineral glauconite (Figure 2.17b).

Figure 2.17: (a,b) Reflectance spectra featuring diagnostic absorption features of green
earth (celadonite) in the visible range (400–1200 nm) and the short-wave infrared (2000–
2500 nm) of a green painting fragment from the House of Orpheus. The following are
photomicrographs (250x) of different wall painting fragments containing green earth: (c)
light green hue consisting of green earth and Egyptian blue (E5); (d) dark olive green tone
consisting of green earth, Egyptian blue, goethite, and a manganese-containing compound
(E5); (e) example applications of various shades of green applied in Tomb 3882 (N1).

Its application was versatile, as a wide range of hues was noted containing green earth

(Table 2.3 and Table B.2), including light and dark blue-greens (mixed with Egyptian blue),

light and dark olive greens (mixed with goethite and sometimes pyrolusite), and other tones

of green in mixtures with white or carbon black (Figure 2.17). Mixtures of green and blue

were also applied over yellow ochre to create a bright blue-green tone.

In Cypriot paintings, green earth was used in imitations of marble revetment, geometric

bands, floral motifs, and in the wreaths of figures. Additionally, the dark olive green tones

were used in the shading of the tunic of figures.
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2.5.2.3 Red

Three distinct red pigments were identified within the paintings: a hematite-rich red ochre,

red lead and cinnabar (Table 2.3, Table B.3).

Hematite

Hematite (Fe2O3) is a mineral found abundantly in the gossans (iron cap) of the sulfide

deposits of the Troodos mountains (e.g., Skouriotissa mine) in Cyprus [114]. The dominant

red colorant in the paintings was a hematite-rich red ochre pigment, applied pure or in mix-

tures to produce tones of red, reddish orange, pinks, purples, and flesh coloration (Table 2.3

and Table B.3). It was used as the main pigment in geometric patterns, animals, furniture,

floral decoration, marble imitation, and in figurative paintings (flesh and garments) (Fig-

ure 2.18a,b). It also most likely served as the colorant in the pink wash of the plasters of

decorated fragments from the House of Orpheus.
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Figure 2.18: (a) Depiction of an arm chair featuring light and dark purple hues painted
on the northern end of the dado of the central arcosolium in Tomb Roma 1 (J); (b) A red
painted dog on the southern end of the dado of the arcosolium (J); (c) reflectance spectrum
of hematite.

Red ochre was confidently identified by FORS, as XRF alone could not distinguish be-

tween different Fe compounds, namely goethite and other iron oxyhydroxides. Its reflectance

spectrum features a UV charge transfer absorption band, responsible for the red hue of the

mineral, and the characteristic inflection point in the visible region at 575 nm, arising from

crystal field transitions of the Fe3+ (6A1g(
6S)→ 4T 2g(

4G)), as well as the local maxima

at 749 nm and a broad absorption at 885 nm due to the Laporte-forbidden transitions

(6A1g(
6S)→ 4T 1g(

4G)) (Figure 2.18c). While the mineral hematite is reported to have an
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inflection point of 585 nm (Appendix A.1.1), the red ochre sites sampled with FORS consis-

tently showed an inflection at 575 nm. A measurement collected from a powdered red ochre

rock sample in Cyprus (Appendix A.3.1) also features an inflection at 577 nm; a small shoul-

der at ∼ 450 nm and the slightly shifted inflection indicates that the sample was abundant

in hematite, but most likely contained other minerals.

Cinnabar

Cinnabar (HgS) was identified in painting fragments from the House of Orpheus. It was

mixed with red ochre and produced a bright pink-red hue (Table 2.3) (Figure 2.19a), applied

over a pink plaster most likely colored with red ochre. XRF data showed photon emissions

of characteristic X-rays of Hg and S, at 9.89 and 11.82 keV (Lα and Lβ of Hg) and at 2.31

keV (Kα of S) respectively. Emissions of characteristic X-ray of Fe (with K-lines at 6.40 keV

and 7.06 keV) (Figure 2.19b) may derive from the pink plaster layer and/or from the top

red paint.

The presence of cinnabar in Cypriot paintings constitutes an interesting finding, as

cinnabar is not native to Cyprus. The procurement and processing of natural resources

of cinnabar was described by Greek philosopher, Theophrastus (4th–3rd century BC), in his

treatise On Stones [De lapidibus: 58–59][194]). Whether the cinnabar detected here is nat-

ural or synthetic cannot be determined non-invasively. The lack of geological resources and

evidence of production in Cyprus suggest that cinnabar was imported and used in specific

commissions.
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Figure 2.19: (a) A wall painting fragment decorated with cinnabar and red ochre from the
House of Orpheus (B2); (b) an X-ray fluorescence (XRF) spectrum of the cinnabar-rich
paint layer with elemental abundances from the preparation layers. The presence of Cr in
the spectrum may be indicative of provenance.

Red lead

Red lead (Pb3O4), also known as minium, is an artificially-produced semiconductor pigment

with an orange-red color. In a mostly pure application, it has a bright orange hue and is

quite distinguishable from other orange hues produced from mixing red and yellow earth

pigments (Figure 2.20a,b). This unique color was noted in several painting fragments ex-

cavated from the House of the Four Seasons and the Hellenistic House, which prompted

spectroscopic analyses to confirm its chemical structure. Red lead was identified by XRF

from its characteristic Pb photon emissions at 10.55 and 12.61 keV (Lα and Lβ, respectively)

(Figure 2.20d), complemented by FORS which showed a sharp reflectance transition, due

to electron excitation across the conduction band, with a band gap at ∼ 2.1 eV. The band

gap (and therefore color) of red lead is influenced by the presence of impurities such as PbO

(lead oxide) (Figure 2.20c)(Appendix A.2.3).
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Figure 2.20: (a) Fragments featuring red lead from the House of the Four Seasons (A1); (b)
Micrograph (250x) of a fragment from the Hellenistic House (C5); (c) reflectance spectrum
and (d) XRF spectrum of a fragment from the House of the Four Seasons (A1).

While the production of this synthetic pigment in Cyprus cannot be excluded, the lack of

Pb ores available on the island and the absence of any archaeological evidence points to an

imported pigment, most likely as red lead powder. From the surviving painted fragments, it

seems that its application in the paintings was limited to geometric designs and monochrome

decorations.

2.5.2.4 Yellow

In the set of paintings analyzed in this study, only a goethite-rich yellow ochre was detected,

used either pure or in mixtures with other colors (Table 2.3, Table B.4). As with hematite,

goethite (FeO(OH)), a hydrated ferric oxide, is another abundant mineral in the gossans
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of sulfide ores in Cyprus. Mixtures of yellow ochre with red ochre produced reddish and

orange-yellow hues, as well as flesh tones. It was also mixed with green earth and umber or

pyrolusite to produce shades of olive green. Like red ochre, the application of this yellow

earth pigment was found in both funerary and domestic contexts and employed in both

decorative motifs, as well as figurative paintings.

The reflectance spectrum of yellow ochre identified in the paintings is characteristic of

goethite (Figure 2.21c). Its yellow hue is attributed to the UV charge transfer absorption

band, crystal field transitions cause the absorptions giving rise to the shoulder at ∼ 450 nm

(6A1g(
6S)→ 4A1g,

4Eg(
4G)), the inflection point at 550 nm (6A1g(

6S)→ 4T 2g(
4G)), and the

broad absorption at ∼ 900 nm due to the Laporte-forbidden transitions 6A1g(
6S)→ 4T 1g(

4G).

59



Figure 2.21: (a) A yellow band in the thalamos chamber of Tomb 3882 (N3); (b) A false
door in Tomb 6, painted with yellow ochre (O); (c) The reflectance spectrum of goethite.

60



2.5.2.5 White and Black Pigments

White pigments were mixed with colored minerals and compounds in various concentrations

to adjust the intensity of the hues and provide lighter tonal variations. This can be seen in

the figurative paintings of the House of Aion where white was mixed with other pigments to

produce facial highlights and more naturalistic flesh tones, as well as in the pink tones within

the imitation marble revetment patterns in tombs such as Tomb 3882. Calcium carbonate

(CaCO3) was identified by its absorption feature at 2340 nm, as well as by Ca characteristic

Kα lines at 3.69 keV. Previous micro-analytical studies also identified the presence of CaCO3

in the paintings [106, 16].

White pigments mixed with Egyptian blue served as the backdrop for the figurative

paintings in the House of Aion. Several examples of intentional bright white hues in geometric

and pattern decorations also appear in the thalamos chamber and the northwest arcosolium

of Tomb 3882, as well as in the accessory items in the figurative paintings of the House of

Aion (Figure 2.22).
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Figure 2.22: Details of paintings from Tomb 3882: (a) white geometric patterns alternating
with blue geometric patterns (N1); (b) A brushstroke of white pigment is applied over a
pink triangle (N3). From a figurative painting recovered from the House of Aion, (c,d) ear-
rings and a central decorative headpiece are produced with white pigments on the figurative
painting (E5).

Black pigments were also found in mixtures to create unique tones and dark shades in the

paintings. XRF analysis of the black hues such as the wreath leaf of figurative painting E5
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showed X-ray emissions of Mn and Fe, suggesting the use of umber (iron oxide and manganese

oxide) (Figure 2.23). Carbon black may also have been used based on observations from in

situ photomicrography.

Figure 2.23: From a figurative painting from the House of Aion (E5), (a) an XRF spectrum
taken of a black wreath leaf shows characteristic X-ray emission of Mn; (b) detail and (c)
photomicrograph (250×) of the wreath leaf shows blue particles within the black matrix,
most likely Egyptian blue, the source of the Cu peaks in the XRF spectrum.

Black paint was used to mark incised architectural lines, as well as in tunic shading

(Figure 2.24a), and in the wreaths of the figurative paintings. It was also applied as outlines

for different colorful geometric patterns in Tomb 3882 (Figure 2.24b).

63



Figure 2.24: (a) Details of a figurative painting from the House of Aion: tunic shading is
achieved using layers of purple and black to produce optical effects of light and dark purple
hues (E5); (b) From Tomb 3882, a black pigment was used for outlining geometric bands
(N2).

2.6 Discussion

2.6.1 Significance of Technical Applications to Painting Aesthetics

The analysis of ancient wall paintings indicated that a variety of pigments, either natural

minerals or synthesized compounds, comprised the palette of the Cypriot painter during the

Hellenistic and Roman periods. Most common natural minerals included celadonite, yellow

and red ochres (goethite and hematite, respectively), umber (iron oxide and manganese

oxide) and calcium carbonate. Cinnabar and realgar (the latter identified in the XRF data

by S Kα and As Kα and Kβ lines, only found in a preparatory state) were also present.

Synthetic inorganic and inorganic-organic hybrid pigments include Egyptian blue, red lead

and madder lake (the latter identified by FORS, only found in a preparatory state). While

analyses conducted non-invasively were limited in providing data necessary to geosource the

natural minerals, it is most probable that green earth, yellow and red ochres and umber

are of local origin, owing to their abundance on the island and their known use in antiquity

as pigments. As with copper, timber and asbestos, these natural resources were part of an

extensive trade and communication network that provided great wealth to Cyprus during

the Roman period. Cypriot green earth (celadonite mineral) provided one of the most
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important economic minerals during antiquity. Evidence of its trade is indicated by the

identification of this pigment on Mediterranean wall paintings outside Cyprus [12]. Cinnabar,

one of the most celebrated pigments in ancient times, was most likely brought from Spain

and/or Ephesos (modern-day Turkey) as these were well-known sources of cinnabar in the

ancient Mediterranean world [Pliny (Naturalis historia XXXIII: 37 )[158]][Theophrastus (De

lapidibus: 58–59) [194]] [83]. The use of cinnabar seems to be in line with practices described

in ancient texts, as it was applied in a mixture of red ochre, most likely to balance the ‘harsh’

tone of a pure application [Pliny (Naturalis historia XXXIII: 39 ) [158]]. Only found in the

House of Orpheus, its limited application implies that it was valued and employed for specific

applications such as ‘monochromata’ (single-color painting) of important commissions.

Red lead was most likely imported to Cyprus as a prepared pigment. Its use in Cypriot

paintings is rare; it was only found in two sites (the House of the Four Seasons and the

Hellenistic House). However, as red lead is known to blacken to form other lead compounds

when used in wall paintings [14], its rare use in this form of painting may not be surprising.

Realgar (arsenic sulfide) has not yet been identified in Cypriot wall paintings; as it is not a

local resource, it was most likely imported. Madder lake (an inorganic-organic hybrid pig-

ment) could have been produced locally as the plant from the Rubiacae family was cultivated

on the island since ancient times.

Egyptian blue is not known to have been produced in Cyprus, but the copper mines of

Skouriotissa served as an important resource for the production of Egyptian blue in Egypt

[Theophrastus (De lapidibus: 55) [194]]. Its use in Cypriot wall paintings presents an original

application in delineating facial outlines an in chiaroscuro. The ancient artists used this core

palette of locally-inspired resources, mixed with black and white pigments, to produce an

impressive range of hues in the wall paintings.

The most diverse range of hues present in the ancient Cypriot paintings were found in

shades of green, purple and flesh tones. Changing the relative concentrations of the con-

stituent pigments in mixtures, or by layering relatively pure pigments or pigment mixtures

over other paint layers, as well as grinding and using pigments of variable grain sizes, influ-
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enced the optical properties of the paint layer through light scattering and produced different

perceived colors. Light and dark olive green hues whose tones shifted between a deeper green

and yellow-green, were produced by various combinations of green earth, yellow ochre, Egyp-

tian blue and a Mn-based black pigment (most likely umber or pyrolusite). For example, an

olive-green color representing a plant stem (N2) was produced by mixing a relatively small

amount of Egyptian blue into a green earth matrix, and then applied over a base layer of

yellow ochre. Nearby, a strong yellow-toned olive green was present in the plant decora-

tion, which was produced by a mixture of green earth and yellow ochre (N3). In regions of

paintings where the application of multiple pigment layers is not obvious, the presence of

yellow ochre may be due to an intentional mixture of yellow and green, or due to a partial

alteration of green earth in its natural environment [109]. In other wall painting fragments,

a larger relative concentration of Egyptian blue mixed with green earth and applied over

yellow ochre produced a bright blue-green hue (B, Figure 2.25a).

Figure 2.25: (a,b) Fragments recovered from the House of Orpheus (B); (c) photomicrograph
(250×) from Tomb 3882 (N2).

Mixtures of green earth and Egyptian blue have been reported in ancient Roman paintings

[175, 131, 153, 106, 109], as well as ancient Cypriot polychrome sculptures [80]. Theophrastus

discussed how different hues were produced by Egyptian blue based on the state of its

preparation, with larger grains producing darker blue hues, and finer grains producing light

or pale blue hues [Theophrastus (De lapidibus: 55) [194]]. Figure 2.25b shows an example

of significant density of large-grained Egyptian blue crystals applied over a matrix of green
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earth containing a low concentration of finer-grained Egyptian blue particles, applied over

an undercoat of yellow ochre. This seems to be the first documentation of this extensive

mixture/application process with these three core pigments by artists in antiquity.

One of the most valuable materials for producing the color purple was the organic dye

known as Tyrian purple, derived from mollusk shells. Pliny described the process of using

this dye and how to produce the intended optical effects by applying different undercoats

such as sandyx (a lead white and red ochre mixture heat-treated to produce a red-orange hue)

to produce a cinnabar-type hue, or Egyptian blue as a base coat to produce a deep purple

hue [Pliny (Naturalis historia XXXIII: 26 )[158]] [57]. The high cost and demand of natural

resources to produce Tyrian purple meant that other means were used to achieve purple

hues in ancient painting. This included mixtures and layering of Egyptian blue or indigo

with madder lake, a red lake dye pigment and one of the most prolific synthetic pigments

in the ancient world [107, 27]. In ancient Cypriot wall paintings, however, no evidence for

the presence of red or purple dye pigments has been found. Though madder root is easily

accessible in Cyprus and found in the decoration of pottery and votive shards [40], pellets

of prepared madder lake pigment have been found in archaeological excavations, and it is

one of the most ubiquitous red dye pigments in antiquity, its use did not seem to extend to

Cypriot wall painting applications.

Ancient Cypriot painters predominantly used mixtures and layering of red ochre and

Egyptian blue to produce purple tones, most of which were found in the figurative paintings

from the House of Aion. Two exceptions were the faint purple lines used in the shading of

the blue tunic of the figurative painting from Tomb 3510, and the outline of the chair found

at the dado level of the central arcosolium in Tomb Roma 1 (Figure 2.18a). Purple tones

were also mixed and layered with black pigments to give the effect of shading in the tunic

of figure E5 (Figure 2.17c). Finally, similar to the light blue background washes produced

by mixtures of white pigments with Egyptian blue, mixtures of low concentrations of red

ochre with Egyptian blue and white pigments produced faint purple background washes and

architectural features.
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Mixtures and layering of pigments also helped to develop the flesh tones of the figurative

paintings in the funerary and domestic spaces. The artistic skill and technological creativity

of ancient Cypriot painters are showcased in the figurative paintings recovered from the

House of Aion [105], Tomb 3510 [163], and the tomb from Costis Palamas square [164]. The

garments, accessories, flesh tone and facial shading applications, as well as surrounding floral

decorations highlighted the application of complex pigment mixtures and layering to produce

a wide variety of hues, as well as the artful rendering of the figures’ facial features, jewelry,

and clothing (Figure 2.26).

Figure 2.26: (a) From Tomb 3510, a funerary figurative painting exhibits fine brush strokes
with juxtaposition of different colors in small details such as the eyebrows and hair and the
blending of ochres to produce naturalistic shading in the face are a testament to the skill
of the artist (I); (b) From the House of Aion, a figurative painting features extensive color
mixing and shading to produce multiple tones in the skin and a heavy skiagraphia effect
(E9); (c) A funerary figurative painting from the tomb in the Costis Palamas square shows a
simpler depiction of facial features; there is less skin tone variation than the other two figures,
and shading mostly appears with the application of a red wash around the face (H1).

To produce the flesh tones of the figurative paintings and give a naturalistic effect to

these faces, red and yellow ochres were mixed together with white pigments. The relative

concentrations of each pigment produced tones that ranged from dark pink to a soft cream-

colored tone; additionally, the artists used these pigments to create highlights in the face

along the bridges of the nose and the forehead, complemented by shading around the eyes,
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chin and neck, to give the effect of skiagraphia (Figure 2.26a,b). This technique was de-

veloped by Apollodorus, a 5th century BC painter from Athens, who Pliny referred to as

“lumen artis” and lauded him as the first to achieve realistic figurative painting through his

skiagraphia [115]; [Pliny (Naturalis historia XXXIII: 36 )[158]]. Theophrastus also discussed

in his treatise how red ochre was used to create flesh tones, a practice clearly seen in the

Cypriot paintings [Theophrastus (De lapidibus: 51) [194]]. However, with the aid of forensic

photography, an important discovery was made in the technological approaches to figurative

paintings that are not noted in ancient records. Egyptian blue was found to be mixed with

the flesh tones to create regions of brighter hue. Thus, the well-known practice of mixing

Egyptian blue with white pigments to create a ‘cold’ white tone, an effect previously noted

in background washes of the figures and a practice applied throughout the ancient world,

was applied in facial shading to enhance naturalistic features.

In one of the two faces recovered from the tomb in the Costis Palamas square, forensic

imaging revealed Egyptian blue in the outline of the cheeks (Figure 2.27b). This provided a

brighter foundation to lighten the hue of subsequent layering of a red ochre wash, creating

a shading effect around the face. This practice of using Egyptian blue with white pigments

to build up the flesh tones in ancient figurative painting for naturalistic appearances was

also discovered in the Greco-Roman Egyptian funerary mummy portraits from the 1st–4th

century AD [162, 77]. From the House of Aion, figurative paintings E3, E5, and E7 all

showed the use of Egyptian blue to enhance facial tones as well as ‘cold’ white accents to the

eyes, while paintings E1, E3, and E9 had Egyptian blue appear in white jewelry and head

accessories (Appendix C.1).
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Figure 2.27: (a) A color (RGB) image of a reconstructed face from the painting fragments
recovered in the tomb in the Costis Palamas square (H2); (b) Forensic imaging shows near-
infrared (NIR) luminescence of Egyptian blue in the cheeks, indicating a mixture of Egyptian
blue with white pigments to facilitate brighter tones in the shading of the cheeks.

In figurative painting E9 from the House of Aion, a unique approach to facial shading

with Egyptian blue was discovered. Near-infrared luminescence imaging and microscopic

observations revealed a dense wash of Egyptian blue over the eyebrows and around the

cheeks of the face (Figure 2.28). Egyptian blue was further detected within the flesh tones,

a practice similar to the paintings previously discussed and the funerary mummy portraits.

However, the blatant outline of the face using a wash of Egyptian blue, a truly unique

technique in the art of shading, is the first example noted amongst figurative paintings,

and the only one found amongst the Cypriot collection. The application of Egyptian blue

in this manner provides new insight into artistic practices and a characteristic marker for

attribution to a specific artist, or group of artists.
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Figure 2.28: The NIR luminescence image of figurative painting E9 from the House of Aion,
overlaid onto the color (RGB) image of painting E9, reveals different uses of Egyptian blue
to enhance facial features. In the flesh tones, it was mixed with white pigments to promote
brighter tones to contrast the shading of the skin, while along the eyebrows, cheeks, and
neck, a dense wash of Egyptian blue was applied for outlining, as noted in the micrographs.

Due to the limited availability of figurative paintings in funerary spaces and the discovery

of figurative paintings in domestic spaces only coming from the House of Aion, it is difficult to

identify specific technological patterns and isolate trends between the two settings to classify

approaches in ancient figurative painting on Cyprus. However, even amongst this set, a wide

variety of technological approaches and artistic skill is observed amongst the paintings. This

suggests that the artists were developing and testing new methodologies in their paintings.

This raises the question whether external influences and/or adaptations contributed to this

creative use of color.
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2.6.2 Contributions of Non-Invasive Technology to Art Historical Interpreta-

tions and Preservation of Ancient Paintings

Analytical forensic photography aided to identification and mapping of Egyptian blue, based

on its luminescence. When excited by red light, Egyptian blue ’glows’ owing to its high

near-infrared luminescence quantum yield, even when it only survives as ghost paint, or is

concealed by salt encrustations and is rendered invisible to the naked eye. Harnessing this

property of Egyptian blue, it was possible to recover partially lost and hidden decoration.

In Tomb Roma 1 (Figure 2.12e), visible-induced NIR luminescence imaging recovered the

partridge’s head painted on the dado of the central arcosolium, which in its present state

is almost completely indiscernible. Egyptian blue’s quantum yield of 10.5% and lifetime

luminescence of ∼138 µs allows forensic imaging to reconstruct these images [6, 45] (Figure

2.29. The tail and legs, both heavily weathered, were also decorated with Egyptian blue.

Micrographs show a base layer of red and yellow pigment, and it appears that Egyptian blue

particles were mixed into this base layer. A top layer of black pigment defines the legs.

Figure 2.29: (a) A color (RGB) image of a partridge painted on the dado of the central
arcosolium (J); (b) The NIR luminescence image identifying the blue dots on the tail as
Egyptian blue and providing recovery of the leg, tail, and head details that have disappeared
due to deterioration.

At the north end of the dado, a smaller bird in gray-blue hue was only partially visible.

The center part of the bird’s body seems to be completely weathered away. Using visible-
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induced NIR luminescence imaging, it was possible to recover much of the bird’s figure

(Figure 2.30).

Figure 2.30: (a) A color (RGB) image of a small, faded gray-blue bird on the dado of the
central arcosolium (J); (b) The near-infrared luminescence image identifies Egyptian blue as
one of the major pigment constituents for the hue and recovers the figure of the damaged
depiction.

In Tomb Roma 2 (Figure 2.12f), analytical imaging was able to revive decorative patterns

under the heavy salt encrustation on the stone slab concealing a loculus (Figure 2.31). Visual

observation gave no indication of the outlines and dot patterns revealed by the luminescence

of Egyptian blue. This is an extremely important finding as it will provide vital information

for wall painting conservators in developing their approach to treating the slab. These results

confirm the efficacy of this non-invasive and field-deployable technique to reveal unknown,

degraded and/or concealed imagery painted with Egyptian blue.
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Figure 2.31: (a) A color (RGB) image of the painted slab sealing the loculus in Tomb Roma 2
(K). The heavy gypsum salt encrustation covers much of the surface and leaves only incision
lines noticeable. (b) The NIR luminescence of Egyptian blue capture reveals patterns of
dots and lines under the crust.

These investigations, representing the first comprehensive non-invasive scientific field

study of ancient Cypriot wall paintings, provided new insight into the material use and

technical practices by ancient artists. The integrated analytical methodology established

a new list of pigments used for wall painting decoration, and the forensic images helped to

identify the presence of Egyptian blue in challenging analytical conditions where the pigment

was concealed or in trace amounts (a comprehensive list of paintings identified with Egyptian

blue using forensic photography can be found in Appendix C). Furthermore, it established

the diverse uses of this pigment in figurative wall paintings and provided the discovery of

a new technical marker to potentially identify ancient artists and workshops in Cyprus and

the ancient Mediterranean world.
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CHAPTER 3

Terahertz imaging studies for cultural heritage

3.1 Motivation

One of the most significant challenges of studying a painting is looking “within”. Paintings,

whether built up on panels or over walls, can feature a complex stratigraphy comprising of

multiple ground/preparatory layers, preparatory drawings, and subsequently the pigments

and binding media that produce the decoration. These paintings can be further complicated

by being over-painted, usually driven by the need for re-purposing of the canvas or wall, or

possibly fueled by religious or political reasons. In this case, a complete pictorial program

may be completely concealed by a newer one. For panel paintings, this may be accomplished

by a thin layer of whitewash. Wall paintings are more complex, however. Evidence in

archaeological investigations of ancient Cypriot wall paintings show thick re-plastering of

the walls for new decorative schemes (Figure 3.1a,b).
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Figure 3.1: Examples of multilayer paintings from Paphos, Cyprus: (a) House of Aion, room
7; (b) fragments from the House of Aion; (c) depiction of Christ on the cross in the cell at
the Enkleistra of St. Neophytos, with the older painting noticeable by the exposed foot just
below the cross. A sample taken from Christ’s proper right foot (d), viewed in an embedded
cross-section (e) reveals multiple layers in the painting’s build-up.
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For the historically-significant wall paintings of the Enkleistra (“place of reclusion”) of St.

Neophytos, both heavy re-plastering and thin whitewash layers were used to conceal earlier

iterations of painting (Figure 3.1c-e). The Enkleistra was the motivation in this research

to explore a new type of imaging to access the multiple layers found on the walls. The

Enkleistra is a treasure for those seeking knowledge on the cultural history of Cyprus in

the Middle Ages. Initially hewn out of rock by a single monk seeking a place of solitude

[133], the Enkleistra has developed into an extensive place of worship reflecting the island’s

complex history marked by its devastation by Raynald of Châtillon in 1155/6 and the cruel

and scandalous administration of Isaac Comnenous just before the Latinization of Cyprus.

The wall paintings in the Enkleistra reflect individuality, unique for Byzantine art, as well

as stylistic influences expressing local and Constantinopolitan traditions. The technology,

materials, and provenance of the pigments are of particular interest and motivated this

research. The walls of the Enkleistra feature several painting phases spanning from the

twelfth to the sixteenth centuries [133, 110]. The various painting phases are separated from

each other by a thin plaster layer or a lead white (2PbCO3·Pb(OH)2) concealant, and, due to

degradation of the later phases, earlier paintings have become partially visible (an example

can be seen by the two pairs of feet in Figure 3.1c. In order to thoroughly visualize what

underlies the foremost layers on the Enkleistra’s walls, a non-invasive and non-destructive

technology is required to image through the later painting phases. Recalling the schematic

from Chapter 1 (Figure 1.4), X-ray radiography penetrates deeply into the painting with no

depth resolution, and is not a viable option in the case of wall paintings. IRR is most effective

for near sub-surface imaging to identify features such as pentimenti, underdrawings, and

preparatory lines, but cannot penetrate deeper or thicker layers. To approach this challenge,

the use of terahertz (THz) imaging as a new alternative for controlled, penetrative imaging

of multi-layered structures was explored.

THz imaging is an investigative technique that has gradually captured the interest of the

cultural heritage research community. The THz frequency band appears between the mi-

crowave and infrared region of the electromagnetic spectrum; its borderline behavior provides
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several unique characteristics: a) similar to microwaves, it can penetrate non-conducting and

opaque materials such as ceramics and plastics and b) the approach in which THz imaging can

be conducted is a blend of technology and concepts from quantum and classical treatments

of wave behavior [38]. THz imaging has found application in areas such as security intelli-

gence, materials quality inspection, astronomy, and biomedical studies [38, 103, 141, 189].

The low frequency, non-ionizing characteristics of THz radiation and its ability to penetrate

opaque materials make THz imaging an extremely appealing tool to conservators and cul-

tural heritage scientists to probe hierarchically-complex structures with hidden features [5].

This includes, but is not limited to, objects with multiple painting layers applied over time,

structural defects such as cracks, de-lamination of layers, and air gaps, preparatory drawings,

and masked artist signatures.

The interaction between THz radiation and a material is dependent on the material’s

refractive index, n, a measure of a material’s optical density and a function of its dielectric

constant, κ, or relative permittivity:

n =
√
κ =

√
ε

ε0
(3.1)

A THz image of an object that is made of different materials with n1, n2, n3, etc.

will present a contrast-based image that shows the variation of THz interaction with those

materials. The first THz image, presented by B.B. Hu and M.C. Nuss in 1995 [101], was

acquired by a THz time-domain spectroscopy (THz-TDS) system (Figure 3.2). Due to the

sensitivity of water’s dielectric constant to THz frequencies, Hu and Nuss were able to show

the changing water content in a leaf over time.
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Figure 3.2: First THz image produced by THz-TDS. The water content was effectively
mapped over the course of two days because of its high sensitivity to THz radiation [101]

THz systems utilize a photoconductive switch or non-linear crystal, which is pumped

by an ultrafast laser to produce the THz signal. A polyethylene lens is used to focus the

beam and mirrors propagate the signals through an optical train of mirrors to the target.

The reflected signal is subsequently detected by a photoconductive antenna or electro-optic

crystal. For the relatively few cultural heritage applications reported of panel and wall

paintings imaging, only THz-TDS systems, also known as THz time-domain imaging (TDI),

were used. These systems were mostly commercial and rather expensive, as THz device

research is still considered in early development and production is costly, making these

systems elusive for cultural heritage use. In THz-TDI applications, a portable scanning

system is applied; the THz emitter and receiver uses a pitch-scanning configuration to send

and receive the signal as it raster-scan over the surface of the painting. The reflected signal is

a convolution of the incident signal’s interaction with the multi-layered target (Figure 3.3).
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Figure 3.3: (a) The measured THz signal reflected from the multilayered target (b). The
distance between peaks in the convolved pulse from the successive reflections gives an indi-
cation of layer thicknesses in the sample. [Image adapted from [52]]

In-depth post-processing of the resultant data cube of THz signals can provide visualiza-

tions of a painting’s stratigraphy in the form of a virtual cross-section (B-scans). Extracting

specific layers from the virtual cross section can provide 2D images (C-scans) at different

depths of the painting. This requires extensive noise filtering and signal deconvolution to

effectively separate and extract the different interactions from a single pulse, which has also
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Figure 3.4: (a), (b), and (c) are the visible, IRR, and X-ray images of Jesús se encuentra
con su madré. (d) shows the full denoised and filtered B-scan (virtual cross-section) along
the red dotted line in (a). (e-f) are the extracted top layer from the B-scan and its respective
C-scan (THz image). The next pairs (g-h), (i-j), and (k-l) represent the deeper layers of
the painting. [Image adapted from [87].]

made the use and effectiveness of THz-TDI limited in cultural heritage.

An example of THz-TDI applications can be seen in Figure 3.4, which was performed

on an altarpiece painting, Jesús se encuentra con su madré from a parrish in the town

of Puŕısima del Rincón, Mexico (a select region of interest is shown in Figure 3.4a) [87].

Figure 3.4d shows a virtual cross-section (B-scan) extracted along the red dotted line in

the painting. The separation of the B-scan’s layers produces THz images (C-scans) of the

painting at various penetration depths (Figures 3.4e-l), which reveals the hidden face and the
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subsequent build-up of the face down to the canvas preparation layer. Figures 3.4b-c provide

comparisons of the THz images to conventional IRR and X-ray applications, respectively,

which show residual features from different depths of the painting.

It was suggested in 1999 that THz imaging could be used to look for hidden layers

in paintings [141]. Only in 2008 did THz begin to be actively explored for this purpose

[73, 76, 103]. Most applications have been used for panel or canvas paintings [156, 117, 87].

Few applications have been focused on sub-surface imaging of wall paintings to search for

hidden imagery [202] and to assess internal structure [52, 71], though no decorative imagery

has been confidently recovered from sub-surface. These applications strictly used THz-

TDI in their investigations. Such investigations have been challenged by standard wall

painting configurations: re-plastering with thick layers using highly scattering materials

such as chalk and sand; uneven painting layer applications on the walls; and porosity of the

layers due to long term environmental weathering. These inherent characteristics affect the

signal penetration, producing significant scattering and additional non-relevant peaks in the

reflected THz pulses, which interferes with deconvolution and interpretation of the spectral

data.

This research approached sub-surface imaging for in situ wall painting applications using

a novel THz medical imaging system based on direct detection of signal power reflected from

a target. The system was originally developed by the UCLA Biophotonics Laboratory. The

main objective of this system’s design was to take advantage of water’s strong dielectric

response to THz radiation by mapping hydration sensing to perform biomedical diagnostics,

such as cornea imaging, burn wound patterns, identification of cancerous cells, etc [190, 31,

19]. Instead of working in the time domain and recording high spectral resolution signal

pulses, the power of the THz signal reflected back from the target is directly measured by

a Schottkey diode, which ideally maximizes the contrast resolution within the reconstructed

image. Figure 3.5 demonstrates the hydration maps of partial and full thickness skin burns

over a three-day period [193]. The high contrast sensitivity shows the flow of hydration in

the cross-shaped burns, marked by the brighter regions due to higher THz reflectivity. At

82



the end of 8 hours and over the course of the next two days, a distinct difference in hydration

behavior of the skin occurs in the partial versus full thickness burns occurs as the skin aims

to heal itself. This rapid feedback of burn wounds provides doctors with a monitoring tool

to assess the severity of the damage and potential treatment for patients.

Figure 3.5: THz images from partial (PB) and full (FB) thickness burns, collected from the
UCLA Biophotonics Laboratory’s THz medical imaging system. Hydration monitoring and
mapping over the course of three days showed the skin’s response to the burn wounds. The
white regions (high THz reflectivity) show that in the partial burns, the water rushed to
the immediate region of the burn wound (in the shape of a cross), while the water mostly
surrounded the wound in the case of the full burn [Image adapted from [193].]

This research used the same THz imaging system to acquire high contrast imagery of

cultural heritage-inspired experimental models (mock-ups). Imaging challenges that multi-

layer painted architectural structures present motivated these mock-ups. The aim was to

demonstrate the capability of this imaging system’s novel optical design to probe beyond

the visible surface to identify hidden painting and structural defects such as voids, cracks,

and delamination within hierarchically-complex paintings and polychrome objects.
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3.2 Instrumentation

The setup of the UCLA THz imaging system and its block diagram can be seen in Figure 3.6.

The THz source is a photoconductive switch [184, 188] pumped by a 780 nm femtosecond

(fs) laser with a 230 fs pulse width, 20 MHz repetition rate, and ∼ 8 mW of average power.

At high DC-bias fields (200 V/9 µm gap = 222 kV/cm) the source produces average powers

of up to 46 µW across 1 THz of bandwidth [188]. The THz beam is directed to the target

through a series of off-axis parabolic mirrors (OAP) and the reflected illumination is focused

into the feed horn of a 0-bias Schottky diode detector mounted in a WR1.5 waveguide. Pixels

are generated by raster scanning the target in the x and y directions, using stepper motors.

Additional technical details are available in references [190, 178, 191, 192, 31, 19, 18, 179].

The effective center frequency and bandwidth of the system are defined by the switch

power spectral density (PSD) and the detector spectral responsivity. These curves are dis-

played in Figure 3.7 [189]. Convolving these traces yields a center frequency of ∼ 525 GHz

with ∼ 125 GHz 3 dB bandwidth. The direct detection methodology implemented in this

architecture provides a DC voltage proportional to the total area under this convolved curve

without the need to coherently sample the THz beam.
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Figure 3.6: (a) The THz imaging system developed by the UCLA Biophotonics laboratory.
‘A’ indicates the THz source. ‘B’ represents detector, amplifier, ad optical path for the THz
signal, with close-up images in (b) and (c). A panel target (‘C’) is positioned in place for
imaging, which is raster scanned within the optical path between off-axis parabolic (OAP)
mirrors 2 and 3 by the motarized stages marked by ‘D’. (d) Block diagram of the THz
system [186].
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Figure 3.7: The normalized power spectral density curve (dotted black line) for the pho-
toconductive switch and the normalized spectral response for the Schottkey diode (solid
red line). The total area under the convolution of these spectral curves parameterizes the
system’s sampling capability under direct detection of the reflected THz signal [189].

The train of off-axis parabolic (OAP) mirrors is designed to maximize spatial resolution

and minimize depth of focus (Figure 3.6d). The beam is collimated by OAP 1 and focused

onto the target by OAP 2. The reflected beam is re-collimated by OAP 3 and focused

down to the detector by OAP 4. This arrangement of parabolic mirrors offers a number of

advantages over existing designs. First, OAPs 2 and 3 form a matched pair that accept and

transmit collimated beams. Therefore, the focal length of these mirror pairs can be changed

with minimum optical realignment enabling straightforward comparison of varying optical

parameters. Second, the oblique angle of incidence reduces the overlap of the focused beam’s

Rayleigh length leading to a significant reduction in the depth of focus. This, coupled with

the wavelength-order dimensions of the source antenna and detector waveguide, result in

confocal-like optical performance in terms of spatial and depth resolution. Measurements of

the THz system’s optical performance yield a spot size of ∼ 700 µm and depth of focus of

∼ 800 µm; both only fractions larger than the freespace wavelength at 525 GHz.

86



3.3 Test targets

3.3.1 Panel No.1 - hidden writing

A mock-up target inspired by medieval panel painting, made by the Getty Center Institute

(GCI), was provided for THz imaging tests. The target was a painted wooden panel with a

multi-layered structure, measuring 10 x 2 x 0.75 in. The panel (Figure 3.8), initially sanded

and covered in gesso, was separated into five parts that was further sectioned for different

configurations of covering paper, parchment, gesso, lead-white pigment with a binder, ink,

and charcoal. One section of the panel, marked out in the red box, was of particular interest:

over the initial layer of gesso, the words “Getty” and “GCI” were written in charcoal and

iron-gall ink (iron-based salts and tannic acids), respectively. These words were written in

a 3 x 3 matrix with each column covered by parchment, covering paper, or canvas and then

subsequently covered uniformly with gesso and lead-white paint with different binding media

(egg tempera, linseed oil).

The various types of pigment mixtures, concealant materials, and layering applications

provided a succinct set of signal penetration challenges to recover hidden features often found

in panel and canvas paintings.

3.3.2 Plaster samples

Experimental wall painting targets inspired by archaeological and historical wall paintings,

such as those found in the Enkleistra, and imitating the chemistry and surface roughness

of the substrates and surface paint layers were reproduced the UCLA/Getty Conservation

Program. The targets were prepared in both fresco (pigments applied with water as the

binding medium while the calcium hydroxide rich binder of the plaster was still moist) and

secco (pigments applied with an organic binding medium on a dry plaster layer) applications.

Figure 3.9 displays cross-sectional and schematic diagrams of the test targets, which mea-

sured 50 x 50 x 25 mm. Inorganic and organic pigments including titanium white (titanium

dioxide (TiO2) - white), natural umber (iron oxide with manganese oxide (Fe2O3/MnO2) -
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Figure 3.8: Mock-up provided by the GCI for THz imaging analysis. The wooden panel
was sectioned and prepared with various configurations of words, writing materials, and
concealants. The subsequent build-up of the target is viewed from the right to left.

brown), cinnabar (mercury(II) sulfide (HgS) - red), minium (lead (II,IV) oxide (Pb3O4) -

orange), and graphite were applied directly over the plaster layer. Lead-white and chalk

(calcium carbonate-rich) layers up to 4 mm of thickness were used as concealing coatings

to cover the painted features. Results of plaster samples will specifically focus on samples

painted with minium obscured by chalk and cinnabar obscured by lead-white, with linseed

oil as the binding medium. The concealants selected are notoriously difficult to penetrate

both with IR and visible light and have until now demonstrated extremely limited penetra-

tion with THz illumination [8, 72, 70, 102]. The hidden decoration depicted a simple cross

in order to be distinguishable by THz imaging.
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Figure 3.9: Schematic for mock-ups of calcium carbonate substrate with painted crosses and
concealant layers (chalk or lead-white).

3.3.3 Panel No.2 - hidden defects

To test the detection capability of the THz system of underdrawings, voids and delamination

of a painting’s layers, a wooden panel was prepared with a variety of defect/underdrawing

configurations. The panel was prepared in a similar style as late medieval and early Re-

naissance paintings to mimic their materials, features, and defects. Underdrawings and air

gaps were created under and between layers of gesso (Figure 3.10). The underdrawings were

produced using a charcoal pencil. Due to the grain orientation of the wood, certain parts of

letters required repeated application (to be discussed further in the imaging results). A thin

layer of mylar plastic film, transparent to THz radiation, was used to cover the hand-made

defects to prevent the gesso layer from filling the gaps (∼ 5 mm in depth). Textile was

also applied in certain parts of the panel, as this was part of the preparation technique of

medieval paintings. Small strips of aluminum tape were used in the hidden words to produce

a bright reflection in the THz image as a location guide and indication of the signal intensity

(Figure 3.10b). The panel imaging results will focus on the region with the hidden writing

“UCLA” and “THz!”. As seen in Figures 3.10d-e, part of the concealing gesso layer broke
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over one of the air gaps, which provided an interesting comparison to the fully covered air

gap in the imaging test.

Figure 3.10: (a) Gessoed wood panel with two gaps (∼ 5 mm in depth) to serve as defects.
(b) “UCLA” and “THz!” written with charcoal pencil in the gaps, directly onto the wooden
panel. The right side of the “A” and the “!” are lined in aluminum tape for increased
reflectivity. (c) Side view of the wooden panel. (d) Top view of the wooden panel after
a concealing layer of gesso is placed over the top. The two air gaps were sealed by mylar.
There was a small break in the top layer of one of the defects. (e) Side view of the broken
defect, where the warping of the mylar film is also visible.

3.4 Data collection

The samples were imaged in reflection as this method would be applied in a real case scenario.

However, the configuration of the THz system keeps the THz emitter and detector stationary,
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while the target is raster scanned. The scan time for each target took approximately 10–12

minutes.

To observe features below the surface of the targets, the focal points of the OAP mirrors

must be focused at the obscured layers, though the precise depth of the decoration is generally

unknown. The system was initially focused at the top of the target by placing on the surface

a thin, flat aluminum plate in the optical path and adjusting the height of the target until

the maximum reflected THz signal was recorded. Then, taking advantage of the confocal-like

behavior of the system, the height (z ) of the sample mount was adjusted for different imaging

tests. At incremental sub-millimeter z changes for each acquisition, a THz image (C-scan)

is obtained by rastering the target in the x and y directions at 0.5 mm steps under the THz

signal. Thus, rather than acquiring a single image at a particular depth, a set of images were

collected within the focal range of the mirrors to visualize the sub-surface structure of the

samples at different depths.

To conduct a comparison of THz and X-ray imaging on the visualization of hidden de-

fects, X-ray radiography on panel No.2 was kindly performed by Jane Bassett at the Getty

Conservation Institute.

3.5 Data Analysis

Data collection, file structuring, image processing and visualization was performed in Mat-

lab. Select subsequent image processing was also performed in ENVI (“Environment for

Visualizing Images”, L3Harris Geospatial).

As multiple images at different depths (z values) were acquired, various image processing

methods were explored to identify or enhance hidden features, include interactive histogram

stretching and addition and subtraction of images. In the gray-scale THz images, brighter

areas indicate higher reflectivity.
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3.6 Results and discussion

3.6.1 Panel No.1 - hidden writing

The THz imaging results of panel No.1 are in Figure 3.11. In Figures 3.11a-b (the latter

using red circles to highlight the hard-to-discern features), the “Getty” words written in the

first two rows of the left column, obscured by covering paper, are most distinguishable. It

appears that the penetration of lead white and recovery of the THz signal was not a chal-

lenge in this layered configuration. The middle column with the parchment paper featured

partial recovery of the “Getty” words. In the second column, the “Getty” letters are less

distinguishable due to the presence of the parchment layer. In the final column, none of

the letters are particularly distinguishable and only vague outlines suggest the presence of

the charcoal letters. Covered with canvas, this column is the least favorable with the THz

signal. None of the “GCI” letters throughout the 3 x 3 matrix written in iron-gall ink were

seen. This writing medium appears to be elusive to the THz signal.

Figure 3.11: (a) THz image produced from imaging of the concealed 3 x 3 matrix. (b) The
THz image with red outlines for the more difficult-to-discern features. (c-d) are close-up
images of the 3 x 3 matrix, after and before concealment by covering paper, parchment
paper, and textile. (e) Layout and layering schematic of panel No. 1. [160]
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3.6.2 Plaster samples

Two imaging results of plaster samples are presented here: (1) a chalk-obscured minium-

decorated target, and (2) a lead white-obscured cinnabar-decorated target.

3.6.2.1 Chalk-obscuring sample

Chalk is a significant scatterer of THz signals and poses a challenge for non-invasive imaging

in a cultural heritage environment. A secco plaster sample with a cross painted in orange

minium (Pb3O4, also known as red lead) (Figure 3.12a), was uniformly coated with a layer

of chalk (Figure 3.12b). The THz images in Figure 3.12c-d were taken at different z heights.

The image in Figure 3.12c showed the horizontal band of the cross and its texture more

clearly, as well as some definition to the upper part of the vertical band. While the horizontal

band in 3.12d was less defined, the upper part of the vertical band showed more reflectivity.

As for the the downward component of the cross, there is a lack of definition in this region.

Instead, the appearance of an indentation suggested the location of the bottom part of the

cross. The lack of contrast could be due to an uneven application of the paint or uneven

plaster surface, which is often a problem with real wall paintings.

Figure 3.12: (a) The uncovered orange minium cross. (b) The plaster sample covered in
chalk. (c) The THz image of the sample at z1. Note the clear definition of the horizontal
bar of the cross, as well as the upward component. The downward portion of the cross was
not defined. (d) The THz image at z2. There was less definition but more reflectivity of the
horizontal and upward components of the cross and a dark indentation where the downward
component of the cross was expected to be [160].
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3.6.2.2 Lead white-obscuring sample

A plaster sample developed as a secco mock-up with cinnabar, painted in a cross figure using

linseed oil as the binding medium (Figure 3.13a), was imaged with the THz system. The red

cross was covered with a layer of lead-white (Figure 3.13b), in imitation of the situation at

the Enkleistra, which also feature obscuring lead-white layers over earlier painting phases.

Unlike painting a wooden panel, plastered-over and natural rock surfaces present greater

difficulty to paint uniform pigmented layers, and therefore are much more difficult to image.

A series of C-scans were collected of the plaster sample (Figures 3.13c-e); progressing through

the sequence corresponds to images acquired at higher z values (i.e. closer to OAPs 2 and 3

(Figure 3.13g)). At each incremental z height, only partial images of the cross were visible.

This is most likely due to the uneven surface and/or application of the paint layers. The

multiple z scans were combined in post-processing to produce Figure 3.13f, where a more

complete THz image of the cinnabar cross was visible. This was feasible as in each of

the THz scans, portions of the cross visible had clearly distinguishable edges. Using the

confocal-like nature of the imaging system to collect at various depths proved extremely

useful in situations of uneven texture or orientation with respect to the optical path.

3.6.3 Panel No.2 - hidden defects

The results of the THz imaging tests on panel No.2 to assess detection of voids and hidden

underdrawings are in Figure 3.14. The thin gesso layer over “UCLA” broke, leaving part of

the letters and the mylar exposed (Figure 3.14b). This created an interesting comparison

between the two voids, as their preparation was the same except for the hidden words. In

Figure 3.14c, the unprocessed THz image clearly identified the voids. Additional structural

details visible were the orientation of the wood grains and a distinction between the original

gesso layer and the concealing layer (marked in the dotted blue lines in Figures 3.14b-c). In

the area of the broken gesso cover, the right arm of “A” shows a bright reflection due to the

aluminum tape. The left arm, on the other hand, is much darker than the wooden panel.

During the preparation of the panel, when the word “UCLA” was written, applying charcoal
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Figure 3.13: (a) The visible cinnabar cross. (b) The plaster sample covered with lead white
paint. (c)-(e) are THz images acquired at different z values (with the signal focused at the
sample as demonstrated in (g)). Due to the tilted surface of the sample, only part of the
cross was visible at the different stage heights. Adding the images together produced a more
complete reflectivity of the cross in (f) [160].

in the orientation of the wood grains was difficult. Significant pressing into the panel caused

indentation in the wooden surface. The sensitivity of the THz system to the z height of

the target showed the depression in the wood. Once this was understood, the left side of

the “U” and the vertical part of the “L” was more obvious in the THz image. The brighter

parts of these letters correspond to the orientation perpendicular to the wood grain, such as

the bottom of the “U” and the bottom of the “L”. For the completely covered “THz!”, the

letters “T” and “z” show some reflection. The “H”, on the other hand, suffered the same

issues as “U” and “A” as indentations were pressed into the wood to form the letter, thus

appearing darker. Slight deformations into the wood, marked by the yellow lines in Figure

3.14a, were also visible in the THz image (Figure 3.14c), similarly outlined.
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Figure 3.14: (a) Visible image of the voids before concealment. (b) The concealed defects,
with the partial break over “UCLA”. (c) Original THz image produced. The orange lines
show the outline of the faint letters in the image. The yellow lines indicate the wood impres-
sions, also noted in (a). The blue line corresponds to the edge of the top concealing layer
of gesso, also noted in (b). (d) The filtered THz image for clarification of hidden features.
(e) X-ray radiograph of the panel.

In comparing the filtered THz image (using a median filter in ENVI) to the X-ray ra-

diograph, the difference in sensing capabilities is quite stark. The radiograph showed no

indication of the letters or the wood grain, nor a distinction between the lower and top

layers of gesso. On the other hand, the X-ray showed a clean outline of the air voids.

Further processing of the THz image in ENVI through interactive histogram stretching

showed that different parts of the image’s histogram (Figure 3.15d), representing the intensity

distribution of the reflected THz signals, corresponds to different depths from which the

signals were reflected. Figure 3.15a was produced from the rising edge of the left part of the

histogram, corresponding mainly to the entire defect regions (the 5 mm air gaps) and some

of the concealing gesso layer. The small Gaussian shape in the histogram strictly visualized

the defects (Figure 3.15b), specifically the hidden surface and decoration of the air gaps.

The higher intensity in the image represented the broken gesso cover. The remaining leg of

the histogram corresponded to this exposed region as well as a small spot of the concealed

“T” in THz, indicating the high reflectivity of this letter (Figure 3.15c).
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Figure 3.15: (a)-(c) corresponds to new visualizations of the original THz image (Figure
3.14c) over different regions of its histogram (d)

These results confirm the advantage of acquiring THz images using the UCLA THz

biomedical imaging system. By utilizing the system’s confocal-like features to acquire im-

ages at different depths below the surface, it was possible to visualize hidden decoration and

defects in the samples, especially for uneven, non-uniform applications. The contrast sensi-

tivity allowed robust detection of textured surfaces and differences in materials with similar

refractive index. Furthermore, the system’s ability to image through lead-white paint in both

panel No. 1 and the plaster sample was a significant step in addressing the research question

of whether the obscured paintings in the Enkleistra can be revealed using THz [160].
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CHAPTER 4

Reflectance and Luminescence Hyperspectral Imaging

(HSI) for the Analysis of Archaeological Paintings

“The current level of problems involving the loss of archaeological information, particularly within

historic buildings, and the lack of financial aid to undertake recording work, present severe

difficulties. Ground-based remote sensing allows relatively low cost, rapid survey and permits the

recovery of information which might otherwise be lost”

— C.J. Brooke (1987)

4.1 Motivation

Research presented in Chapter 2 demonstrated the significance of portable hand-held spot

collection analytical techniques for in situ non-invasive scientific field investigations of ar-

chaeological paintings. Combined field-deployable X-ray fluorescence (XRF) spectroscopy

for elemental characterization and fiber optic reflectance spectroscopy (FORS) for molecular

analysis, together with analytical (forensic) photography, provide versatility in the analysis

and essential, complementary data that aid in the identification of materials. However, a

holistic understanding of a painting – a binary system consisting of the colorants (pigments)

and the binding medium or media – is limited through this approach, as photography alone

cannot provide unbiased characterization of materials and qualitative/quantitative measure-

ments using spot analysis is restricted only to the points analyzed.

Hyperspectral imaging spectroscopy (HSI), using remote sensing and materials charac-

terization principles and methods, takes the in situ analysis of paintings and painted surfaces
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Figure 4.1: The ROI scanned by the aerial HSI imager constitutes the x − y axis, or the
spatial plane of the dataset (b). At every spatial pixel there is a reflectance spectrum (a).
The spectral data provides the third dimension in the 3D cube. To visualize how materials
in the ROI absorb or reflect at a different wavelengths, images can be extracted at specified
spectral bands (c) [134].

further and provides robust identification of materials, both constituent and foreign surface

materials and alteration products, on the macroscale. The application of ground remote

sensing methods in the analysis of the paintings facilitates rapid and reliable chemical map-

ping of the paintings’ materials at the surface and subsurface. These chemical data provide

not only reliable identification, but also spatial information on the distribution of materi-

als across the surface analyzed. These are essential elements for the attribution and even

authentication of works of art as well for an assessment of their state of preservation.

HSI is a powerful remote sensing imaging modality that collects spectral data over a

spatial plane. The spatial plane constitutes the scanned region of interest (ROI) by the IS

system in pixels. Each spatial pixel contains a reflectance spectrum (Figure 4.1a); the re-

sulting set of reflectance spectra collected within the detector’s field-of-view (FOV) produces

a three-dimensional (3D) data cube (Figure 4.1b) by which the spatial data forms the x− y

plane and the spectral data constitutes the z axis [134].

Analysis of the spectral cube provides feedback on the types and distribution of mate-

rials detected within a scene of interest, typically by using classification techniques from

multivariate statistics, to extract a set of unique spectral profiles or “endmembers” for char-
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acterization and mapping. Furthermore, 2D images can be extracted from the 3D cube

to visualize absorption and reflectance characteristics of materials at specific wavelengths

(Figure 4.1c). The capability to identify individual materials and obtain detailed imagery

along with high specificity classification maps is a function of the radiometric resolution (the

bit depth of a pixel), spectral sampling (number of spectral bands accessible) and spatial

resolution (spatial sampling) of the IS system [174].

Since their development and deployment in the 1960s, multispectral (MSI) and hyper-

spectral imaging spectrometers have been predominantly employed for space and airborne

land surveys of the Earth, notable examples including JPL’s Airborne Imaging Spectrometer

(AIS) [121] and NASA’s MODIS (Moderate-resolution Imaging Spectrometer) [144]. How-

ever, it was AVIRIS (Airborne Visible Infrared Imaging Spectrometer), developed in 1984

at JPL, that revolutionized the application and became the pioneer of advanced reflectance

imaging spectroscopy for remote sensing [123, 86].

The late 1980s and early 1990s marked the beginning of applications of remote sensing

principles to paintings in the search for faded and hidden imagery and for identification

of differences in material absorption at different wavelength bands to distinguish between

painting materials [2, 9]. Two main research trends motivated the growth of multiband

imaging techniques in cultural heritage science: 1) the objective to acquire color accurate

images of paintings with high resolution details [170] and 2) exploration of image processing

methods to extract new painting details through false color analysis with images acquired

from conventional imaging techniques such as RGB photography, infrared reflectography,

and X-ray radiography [9, 98]. In the latter case, with the acquisition of different types of

imagery, statistical approaches began to play an important role in data reduction and feature

extractions from stacks of images [17].

In the past ten years, the application of MSI and HSI in cultural heritage has taken on

new dimensions due to the wealth of information available through large datasets produced

by advanced and improved field-deployable, non-destructive analytical techniques that have

been integrated into the field of archaeological materials science. By using different types
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of excitation sources and having access to hundreds of spectral bands in a wide spectral

range (from the UV to the short-wave infrared (SWIR)) numerous painting materials could

be identified and mapped by probing electronic properties and molecular-level interactions.

Thus, imaging spectroscopy (IS) allows chemical characterization of pigments, binding media,

restoration treatments, and degradation products [60, 63, 62, 50, 53]. High resolution spectra

facilitate accurate identification of materials with similar spectral profiles or closely-spaced

absorptions. High spatial sampling over the image plane means smaller spot size, translat-

ing to more data points, thus effectively providing materials’ distribution after performing

multivariate statistical analyses. Applications of IS in a luminescence mode (luminescence

imaging spectroscopy, LIS) have also been used to map and study the behavior of the emis-

sion of semiconductor and fluorescent organic pigments found in paintings [195, 46]. LIS

is becoming a powerful alternative to forensic photography for diagnostic studies on lumi-

nescence behavior. Using the recorded emission profile can (a) more confidently attribute

or differentiate between the source of a luminescence instead of solely relying on excitation

and capture settings or the color of the recorded luminescence, and (b) help to map multi-

ple emission signatures separately within a single 3D data cube by isolating each emission

through subsetting the dataset (cropping the spectral data to specific wavelength ranges).

While these studies have revolutionized how cultural heritage objects are being examined

in the laboratory, the application of IS in the field, especially to analyze rock art and in situ

wall paintings remained limited, primarily due to cost, accessibility, and portability of these

instruments. However, there are a few examples of IS-demonstrated applications beyond

the laboratory. One of the earliest examples of ground remote sensing applied in historical

buildings to analyze wall paintings was performed by Brooke (1987), who recognized early

on the value, as well as the challenges, of macroscale, non-invasive imaging investigations

in archaeological fieldwork [30]. Cucci et al. (2015) employed remote sensing using an

avionic HSI imager to analyze large scale mural paintings outside of a museum context

[51]. Alfeld et al. (2018) applied RIS and XRF mapping on polychrome frieze sculptures

and funerary wall paintings to recovery polychromy and identify pigments used in their
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decoration [11, 10]. HSI applications have also been demonstrated in situ on Chinese mural

paintings to assess the degree of flaking and recover faded mural patterns using multivariate

statistical analyses [185]. For long range remote sensing of wall paintings that are out-of-

reach for spot spectroscopic measurements, Liang et al. (2014) developed a portable MSI

system that performs spectral imaging for pigment identification and image enhancement

and 3D topographical mapping [130].

A recent exploratory study pushing the capabilities of HSI investigations on archaeological

paintings was conducted on a Greco-Roman funerary mummy portrait (Figure 4.2a) by

imaging scientists at the National Gallery of Art (NGA) in Washington, D.C and researchers

from the UCLA Archaeomaterials Research Group, using an integrated application of RIS,

LIS, and XRF imaging spectroscopy (MA-XRF) [57]. Data cubes acquired by each imaging

modality were registered, providing for each pixel of the painting XRF, reflectance, and

luminescence data (obtained at specific excitation and capture conditions) (Figures 4.2b-

h). This multi-modal HSI technique revealed important information on the production of

the portrait (i.e. production sequence and material choices), as well as societal practices

being reflected into the artist’s technical choices. The XRF map for Cu (Figure 4.2d) and

the green reflectance endmember (Figure 4.2f) identifying a green organometallic compound

confirmed that copper carboxylate, most likely derived from verdigris (copper acetate) and

beeswax following alchemical practices of the period to imitate colored precious stones [35],

was used to create the green gemstones of the woman’s necklace. Madder lake was identified

as the coloring material for the woman’s tunic. By mapping the luminescence endmember

(Figure 4.2h), it was shown that the same pigment was used for producing the various

shades of purple and pink in the tunic. The application of madder lake again mimicked

ancient practices, as madder extract was used to dye the yarns for textiles in antiquity;

this technical choice has also been found throughout the other funerary portraits from the

Greco-Roman period and will be further demonstrated in Chapter 6. The study was the first

application of luminescence imaging spectroscopy (LIS) to map the emission of an ancient

pigment on archaeological paintings and provided a strong foundation to apply LIS on other
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archaeological objects and for other types of pigments with known diagnostic luminescence

(i.e. Egyptian blue).

Figure 4.2: (a) RGB image of the funerary mummy portrait from the National Gallery of
Art, Washington D.C. (A.N. 1956.12.1). (b-e) are the elemental maps from the macroscale
XRF scanning of Ca, Fe, Cu, and Pb, respectively. The endmembers extracted from the
reflectance dataset (f) were mapped in (g). From the luminescence cube, the corrected
luminescence endmember in the inset figure (h) was mapped, demonstrating the application
of the same madder lake material throughout the tunic and jewelry [57].
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The success of this research on the funerary mummy portrait, as well as the previously

highlighted examples of fieldwork IS applications motivated this research to continue ex-

tending the capabilities of current HSI systems for the characterization of archaeological and

historic objects and monuments, with the objective to (1) provide a holistic understanding

and context of ancient and byzantine paintings, (2) recover faded and concealed imagery,

and (3) advance in situ IS applications.

4.2 Instrumentation

Two HSI systems, both operating in the VNIR range (400-1000 nm), were employed for the

imaging of archaeological and Byzantine paintings. The first HSI system, belonging to the

NGA, is an SOC-730VNIR assembled at Surface Optics using an N10E transmission grating

spectrometer from Specim Corporation for wavelength dispersion and a high sensitivity EM-

CCD detector array from Princeton Instruments, customized for cultural heritage imaging at

lower light levels. The second system, an instrument used by the UCLA/Getty Program and

the Molecular and Nano Archaeology Laboratory at UCLA, is the Specim IQ, a compact,

highly portable commercial HSI camera from Specim Corporation featuring a CMOS sensor

[49]. Both systems operate imaging spectrometers in a push-broom (line scan) configuration

for data collection (Figure 4.3). Data storage formats in IS systems follow band-interleaved-

by-line (BIL) (all spectral bands are stored in a line of pixels before continuing to the next

line), band-sequential (BSQ) (entire first spectral band is stored before progressing to the

next band), or band-interleaved-by-pixel (BIP) (all spectral bands in pixel are stored before

progressing to next pixel) (Figure 4.3) [81].
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Figure 4.3: Imaging spectroscopy scanning techniques (whisk-broom and push-broom scan-
ning) and the image storage data formats [81].

The Surface Optics system has a 2.5 nm sampling and 240 spectral bands comprising the

VNIR range; the Specim IQ camera features 3 nm sampling, providing 200 spectral bands

(Table 4.1). IS systems have several noise susceptibilities that affect their signal-to-noise

ratio (SNR). The main limitation is shot noise due to photon counting, intrinsic to the

quantum nature of light. The photons collected follow a Poisson distribution, and the shot

noise is proportion to the square root of the collected signal. Other limitations arise from

the residual non-uniformity response of pixels in the focal plane arrays after two point (gain

and offset) correction, as well as random detector noise [59].

Table 4.1: IS system specifications for the NGA and UCLA systems.

Surface Optics Specim IQ

Image Size 1024 x 1024 pixels 512 x 512 pixels

Spectral Range 400 - 1000 nm 400 – 1000 nm

Spectral Sampling 2.5 nm (240 bands) 3 nm (200 bands)

SNR 400:1 180:1
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The SNR of the Surface Optics system was previously reported in [61] to be 400:1 (Table

4.1). To calculate the SNR of the IQ camera (Equation 4.1), a 3D data cube was collected

containing a white diffuse reflectance standard (usually 99% reflectance) in the image scene.

SNR =
µ

σ
(4.1)

where µ is the average signal of raw counts from the white standard in a select region

of interest (here, a region of interest (ROI) of 16 pixels), and σ is the standard deviation

of the signal. The average SNR for the IQ camera is 180:1. While large absorptions in the

reflectance spectra can be easily distinguished at this level of system performance (noise is

∼ 0.5% of the total signal), subtle spectral features will be more difficult to resolve. The IQ

performance can be evaluated visually by looking at the spectrum of a single pixel extracted

from the white reflectance standard’s data cube (Figure 4.4).

Figure 4.4: A single pixel in the image scene recorded of a white diffuse reflectance standard.
The average SNR calculated between 500–900 nm is 180:1.
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4.3 Archaeological/historical materials: case studies

The Surface Optics and Specim IQ systems were applied for RIS and LIS studies of ancient

and historical paintings situated in various settings, including museum galleries, storerooms,

and in situ funerary and religious contexts. The first case study is of an ancient Greco-

Roman funerary mummy portrait (accession number 32.4) from the Walters Art Museum

in Baltimore, Maryland, which was examined using the Surface Optics system. The IQ

camera had been applied in various archaeological sites and historical Byzantine sites in

Cyprus, resulting in over 20 data cubes comprising reflectance and luminescence spectral

data. As the IQ is a relatively new HSI camera, only a few studies have been reported on

its application to cultural heritage materials [49]. This research is the first demonstration

of the IQ camera’s capability for scientific archaeological fieldwork. The second case study

presented here are the RIS and LIS investigations of Tomb 3882 from Paphos, Cyprus.

4.4 Data collection

Data collection was structured to acquire all the necessary information for image post-

processing and spectral analyses. Each painting was uniformly illuminated with a source

specific to the RIS or LIS analyses, thus the IS systems are active sensors. First, dark

frames were acquired for the image calibration process. Second, an image scene consisting of

only an illuminated diffuse white reflectance standard panel (99% reflectance) was collected.

Coupled with the data from the dark frames, this was used for flat-fielding the image and

to address pixel non-uniformity issues. Black and white reflectance standards (Labsphere

Inc, NH) were also placed within the scene to calibrate the data to reflectance factor and

perform noise analysis.
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4.5 Data analysis and results

Spectral data analysis is performed in ENVI, a geospatial analytical software from L3Harris

Geospatial used to perform statistical analysis on 3D imagery datasets. The objective of the

data analysis is to extract unique endmembers from the set of reflectance and luminescence

spectral profiles that represent the constituent materials comprising the painting’s makeup.

Each material has its own unique reflectance spectrum caused by inherent electronic and

vibrational processes induced by light excitation. In the experimental setup, the spectral

radiance measured from a target, Lf , is the product of the reflectance spectrum, ρ, with the

excitation source’s radiance on the target, Li, [174]:

Lf (λ) = ρ(λ)Li(λ) (4.2)

With respect to 3D data cubes, by dividing Lf (x, y, λ) by the Li(x, y, λ) measured off of

a large white 99% reflector, the apparent reflectance, ρ(x, y, λ) can be recovered. This was

achieved through flat-fielding and dark noise correction of the data cubes using equation 4.3.

ρ =
R−B
W −B

(4.3)

R = Reflectance cube

B = Dark frame (noise) cube

W = White panel reflectance cube

For paintings with multiple captures, the reflectance and luminescence 3D data cubes were

registered and mosaicked together with a high-resolution RGB image using common control

points, performed by an automatic Matlab image registration/mosaicking script developed

by Conover et al. (2015), to produce a single reflectance data cube and a single luminescence

data cube [47].

Some of the most significant challenges for characterizing pigments in paintings based on
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their reflectance profiles are that the pigments are often in intimate mixtures of two or more

different materials of inorganic and/or organic origin, or are applied in layers in such a way

that reflectance signatures of top-most and lower layers (surface and subsurface) are both col-

lected as a single signal. For example, a ‘flesh’ coloration (hue) in archaeological (Classical)

paintings is often produced by mixing hematite-rich red ochre (Fe2O3), yellow ochre (mainly

goethite, FeO(OH)), and calcium carbonate (CaCO3). In Byzantine paintings, the flesh tone

was a build-up using a greenish preparatory paint layer known as proplasmos made of a mix-

ture of pigments, mainly green earth ((K(Mg,Fe2+)(Fe3+,Al)[Si4O10](OH)2)), superimposed

by a yellow and red paint layer (of FeO(OH) and Fe2O3 respectively). Therefore, unlike

in most remote sensing applications, the final reflectance spectrum, ρ, does not necessarily

represent a pure material. The complexity of the artist’s application is further increased by

introducing shading and variations in hues to produce intentional effects of darker/lighter

areas and different colors as noted in Chapter 2. This makes traditional approaches to the

mapping of reflectance endmembers a limiting factor in understanding the production pro-

cess of a painting, as the subtle mixtures produced in the painting are accounted for by a

widening of the mapping tolerance. To properly explore the artistic techniques employed

and address the complexity of these admixtures, derivative analyses were applied to the re-

flectance cube, where the 1st derivative of the cube was calculated ( δρ(x,y,λ)
δλ

), and the 1st

derivative of the reflectance spectral endmembers were mapped. Analyzing the reflectance

features of pigments in the 1st and 2nd derivative has been applied in remote sensing and for

FORS data; it has proven extremely helpful for identifying the maxima of absorptions, inflec-

tion points, and other diagnostic spectral features to distinguish materials of similar spectral

profiles, such as earth minerals and semiconductor pigments [198, 15, 7]. The derivative

spectra also makes it possible to identify subtle features in the original reflectance spectra

more reliably. In rare cases it has been used to map specific uses of a material based on a

diagnostic spectral feature [74]. However, it has not been applied as a method to improve

extraction and map endmembers to interpret artistic applications in ancient polychromy and

paintings. In this study, 1st derivative cubes were used to identify and separate different

pigment mixtures in the VNIR range and map their presence more robustly. 2nd derivative
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calculations of the cubes ( δ
2ρ(x,y,λ)
δλ2

) were used for targeted mapping of specific absorption

features of interest in the SWIR. The 1st and 2nd derivative calculations were performed in

Matlab and the resulting data cubes were analyzed in ENVI.

Two methods were utilized to extract endmembers from the 3D data cubes. The first

method was the Spectral Hourglass Wizard (SHW), a built-in ENVI tool. It is an operational

process that begins with data-dimensionality reduction to manage the high volume of data

produced. A Minimum Noise Fraction (MNF) transform is applied to noise-whiten and

reduce the data, using two separate linear principle component transforms, and therefore

produce a set of coherent eigenimages (Figure 4.5).

Figure 4.5: (a) Minimum noise fraction (MNF) image no. 2, from the 1st derivative cube of
portrait A.N. 32.4. (b) MNF image no. 5. (c) MNF image no. 7.

The number of eigenimages with discernible features provides a first look at the classes

of materials within the dataset. It also determines the data dimensionality; as only the

eigenimages with content are selected for clustering, this reduces the number of dimensions

in the subsequent data processing steps to the number of useful eigenimages. Next, using
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a convex geometry framework, the Pixel Purity Index (PPI) are calculated. Each pixel is

projected multiple times onto various unit vectors, and the extreme pixels are noted and

counted, determining the pixel purity [24]. The pixels are then put into an n-D space

visualizer, n corresponding to the number of spectral channels. Endmembers are selected

from the extreme pixels in the clusters appearing in the n-D visualizer (Figure 4.6).

Figure 4.6: n-D visualizer for 1st derivative data from portrait A.N. 32.4. The different
colored pixels represent pixels chosen for endmember extraction. A selection of extreme
pixels in a cluster will be averaged for the resultant endmember.

A secondary advantage to the MNF transform is that once the data dimensionality is

determined, an inverse MNF transform selecting only MNF bands with coherent data can

be performed, which reduces the noise in the spectra.

The second extraction method is the Sequential Maximum Angle Convex Cone (SMACC)

[92], also part of ENVI’s endmember tool set. This is an attractive alternative for datasets
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where clear cluster separation is difficult to achieve in the n-D visualizer and key endmembers

may be missed. SMACC utilizes a convex factorization approach to extract extreme vectors

(pixels). First, the two most extreme vectors in the dataset form a convex cone. In a

sequential process, each endmember found is evaluated based on the angle it forms with the

convex cone. Vectors with the maximum angle are selected as an endmember. This process

continues until the dataset has no vectors remaining outside of tolerance limits.

The final sets of endmembers extracted from SHW and SMACC are then input into

ENVI’s Spectral Angle Mapper (SAM) to evaluate whether (1) there are sufficient endmem-

bers to describe the painting’s materials, and (2) the endmembers are applicable with a

reasonable tolerance level (i.e. the spectral angle). The SAM is a classification tool that

determines spectral similarity between pixels in the data cube with the set of endmembers

extracted, by calculating in n-D space the spectral angle between the pixel vectors and end-

member vectors [207]. Smaller spectral angles correspond to higher spectral similarity, i.e.

better matches. The evaluation is performed by looking at the individual maps for each

endmember, also known as ‘rule’ images. By adjusting the histogram of a rule image, thus

modifying the spectral angle, and comparing the spectra of the pixels visualized in the im-

age to that of the associated endmember, the final spectral angle is determined. Redundant

endmembers are discarded in the process. Mixed-tuned matched filtering (MTMF) can also

be applied to give feasibility scores to the endmembers and mapping results [25]. The final

spectral angle map represents the integration of rule images for the chosen set of endmembers

at their designated spectral angles.

4.5.1 Funerary Portrait A.N. 32.4 – The Walters Art Museum

The funerary Greco-Roman portrait analyzed is from the collection of the Walters Art Mu-

seum (accession number 32.4, Figure 4.7a) and dates to 130 – 200 AD and is provenanced

to the region of Antinoopolis, the city founded by the Emperor Hadrian [26]. These types of

portraits offer important glimpses into the Greco-Roman society that flourished in Egypt,

as they were painted in the likeness of real people that lived during this period. More im-
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portantly, they are the only examples of portrait painting remaining from the ancient world.

Though it is not known with certainty whether the portraits were painted before death or

posthumously, they were placed over the mummy’s face and wrapped within the linen that

surrounds the body. As these portraits represent real people, the imagery and the materials

choices and production technology provide important information on how these people lived

and how they organized themselves (additional background on the funerary portraits can be

found in Chapter 6).

Portrait 32.4 represents a woman of high wealth and social status. She wears a white tunic

and veil, and gold jewelry. In the foreground, she appears to have a floral garland with pink

flowers and green leaves. This portrait is rather unique for the high-relief gilded applications

used for her crescent-shaped earrings and torc (Figure 4.7b). Additionally, pieces of gold foil

decorate the garland across her chest. The medallion of her torc most likely represents a gold

coin. Her jewelry and the sun-shaped pattern of the bole (a reddish-brown clay used as a

preparatory layer for gilding) bear a striking resemblance to a female portrait in the Detroit

Institute of Arts (accession number 25.2), also from Antinoopolis, dating to the early-mid

2nd century AD [65], though stylistically they appear to be by the hands of different painters.

The intricate details in this portrait of the hair, the variations in flesh tones, the deco-

ration of her veil (Figure 4.7c), and the shading effects used to produce a 3D effect for her

tunic are a tribute to the craftsmanship of the ancient artist and suggest that a highly skilled

painter was hired for this portrait commission. Despite the weathering and degradation of

the portrait, it shows the rich commission and depiction of a noble woman. The painting

complexity of this portrait made it an ideal case study to demonstrate the potential of imag-

ing spectroscopy to characterize archaeological paintings, as well as provide new insight into

funerary portraiture from Roman Egypt.
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Figure 4.7: (a) Funerary portrait A.N. 32.4 from the Walters Museum of Art. (b) Raking
light image of the high-relief gold necklace. (c) Close-up of the face, showing the highlights
of her chin, upper lip and nose, as well as variations of her flesh tone and the details in her
hair braid

The funerary portrait was first analyzed using the HSI system in reflectance mode (Figure

4.8a-b). The painting was illuminated using four Solux lamps (4700 K, Tailored Lighting,

Inc.) mounted onto two light stands, projected approximately 45 degrees to the surface of

the painting. A light meter was used to assess the illumination distribution and maintain

that the lux level at the painting’s surface was ∼ 1200 lux, for the safety of the object. Two

image scans were collected of the painting (250 ms integration time), with a small degree of

overlap for registration in post-processing, to acquire 3D cubes with high spatial resolution.

The final registered cube featured a spatial resolution of 0.7 mm/pixel.

114



Figure 4.8: (a) The VNIR camera of the NGA used for the analysis of the Greco-Roman
portrait A.N. 32.4. The collection was acquired in a dark room to minimize stray light (b).
(c-d) To record the luminescence datasets of the funerary portrait, a light projector was
filtered to illuminate the painting with a blue-green light (450-550 nm).

In luminescence mode, the identification and capture of madder lake and Egyptian blue,

both luminescent in the VNIR with no emission overlap, were targeted. Due to madder

lake’s absorption maximum between ∼ 505 and 545 nm (with characteristic sub-bands at

∼ 510 and ∼ 540 nm) and Egyptian blue’s broad absorption between 560 nm and 630 nm,
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and luminescence emissions at λem,max ∼ 620 nm and λem,max ∼ 930 nm, respectively, the

two pigments can be excited simultaneously using a green light. A filtered light projector

(Figure 4.8c) was used to illuminate the portrait from 430 – 540 nm, and the lens of the

VNIR system was filtered to capture from 540 – 1000 nm. Image collection was performed in

a dark environment to prevent stray light from interfering with the emission signals, which

was an especially significant concern for the visible luminescence of madder lake (Figure

4.8d). Two luminescence image scans were collected at longer integration times (∼ 500 ms)

to record the emission signals.

Before progressing with the SHW and SMACC methods for extracting endmembers from

the 1st derivative cube of portrait A.N. 32.4, an additional step to mask the gold necklace

and earrings and the non-painting background from the image scene was applied. This

process removed those pixels to provide a ‘cleaner’ dataset for clustering and extracting pixels

representing pigments. The final 1st derivative endmember set can be found in Figure 4.9d,

with their corresponding reflectance endmembers in Figure 4.9c. The SAM results of the 1st

derivative endmembers are visualized in in Figure 4.9b. The hues for each endmember, their

tolerance level for the mapping, and the constituent materials identified from HSI analyses

and supplemental FORS and XRF data collection providing supplementary information and

validation of the results are listed in Table 4.2.

The endmembers represent relatively pure as well as intimate mixtures of a

hematite (Fe2O3)-rich red ochre, a goethite (FeO(OH))-rich yellow ochre, natrojarosite

((Na)Fe 3+
3 (OH)6(SO4)2), madder lake, copper (Cu(II)) carboxylate, and lead white (PbCO3).

Hematite is an iron oxide with characteristic absorptions in the VNIR wavelength ranges

due to spin-forbidden ligand field transitions (Appendix A.1.1). It features a character-

istic inflection point at 585 nm and absorption at 660 nm (6A1g(
6S)→ 4T 2g(

4G)), and

a peak maximum at 750 nm and broad near-infrared (NIR) absorption at ∼ 870 nm

(6A1g(
6S)→ 4T 1g(

4G)). Goethite, an iron oxyhydroxide, is identified by a shoulder at 445

nm (6A1g(
6S)→ 4A1g,

4Eg(
4G)), an inflection at 550 nm and absorption at 670 nm, as well

as a peak maximum at 765 nm and a broad NIR absorption centered at 925 nm (Appendix
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Figure 4.9: (a) RGB image of portrait A.N. 32.4 extracted from the reflectance cube. (b)
Spectral angle map of 1st derivative endmembers extracted (d). The equivalent reflectance
spectra are in (c).
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Table 4.2: 1st derivative endmember results from the RIS studies.

Endmember Spectral angle Region Hue Material(s) ID

1 0.2
Flesh
(forehead, facial shading)

Light pink
Red ochre
Yellow ochre
Lead white

2 0.2
Tunic
(bright areas)

White
Natrojarosite
Lead white

4 0.35 Earrings, Garland Pink/Purple Madder lake

11 0.35 Hair braid; eye line Greenish yellow
Yellow ochre
Natrojarosite

15 0.726 Garland Green Copper carboxylate

18 0.241
Flesh
(skin tones, highlights)

White-pink
Yellow ochre
Red ochre
Lead white

24 0.288 Tunic lines Black
Lead white
Egyptian blue

27 0.195 Tunic lines Yellow
Natrojarosite
Lead white

29 0.241 Ear; eye line Deep red Red ochre

HP 0.21 Bole Orange-red Red ochre, yellow ochre
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A.1.2). 1st derivative analysis helped classify endmembers representing different mixtures of

ochre pigments used for the different flesh tone applications in the woman’s face and neck.

The large peaks’ maxima from ∼ 550–590 nm correspond to the inflection points of the ferric

oxide minerals in the pigments, which can be identified by comparison to reference reflectance

spectra (Appendix A). The secondary peaks from ∼ 615–750 nm provide absorption informa-

tion corresponding to the 6A1g(
6S)→ 4T 2g(

4G) from 660–670 nm in the reflectance spectra.

Smaller secondary peaks can indicate high pigment concentration, causing an absorption

saturation, or mixtures with a darker pigment (such as carbon black).

While the portrait has undergone some degradation and discoloration, it is apparent

that the artist used various shading applications on her eyelids, the sides of her nose, her

ears, and neck, as well as her forehead, tip of her nose, and chin. The hues in her face

comprise deep red-brown, light pink, yellow, and white tones. 1st derivative endmembers 1,

11, 18, and 29 show varying concentrations of a red ochre, a yellow ochre, natrojarosite and

lead white to decorate and accentuate certain areas of her face. Endmember 1 (applied for

forehead and facial shading) has spectral features at 456 nm (shoulder), 582 nm (inflection),

670 nm (absorption), 752 nm (peak maximum), and 901 nm (NIR absorption), which clearly

shows a mixture of hematite-rich red and goethite-rich yellow ochres. The white pigment

was identified by XRF as lead white due to the presence of Pb Lα and Lβ characteristic

X-ray energies measured at 10.55 and 12.61 keV, respectively, and the Mα emission at 2.34

keV. This lead white pigment is believed to be cerussite (PbCO3), a natural lead carbonate

mineral. Hydrocerussite (Pb3(CO3)2(OH)2), which has been found in other portraits [57] and

is identified in reflectance spectra by hydration absorption signatures at 1440 and 1900 nm,

is a result of synthetic lead white production where metal lead sheets are placed above acidic

baths (usually vinegar) and sealed for long periods of time to induce a corrosion process

[84, 88, 158]. This procedure produces both cerussite and hydrocerussite phases, thus the

absence of the latter’s signature in the endmember spectra suggests that the portrait’s lead

white pigment was not synthetic. Natrojarosite, a Na-rich jarosite, was identified by a small

characteristic absorption due to the electronic transition at ∼ 433-435 nm (6A1g(
6S)→ 4A1g)
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(Appendix A.3.3). FORS and XRF confirmed the presence of a Na-rich jarosite mineral due

to the lack of K in the XRF spectra and the presence of the 1543 nm first O-H stretching

overtone in the SWIR spectra [43].

Endmember 18 also contains red and yellow ochre, mixed with lead white, to produce a

white-pink flesh tone but suggests a unique mixture based on the diagnostic spectral features’

positions at different wavelengths compared to endmember 1: 456 nm (shoulder), 575 nm

(inflection), 670 nm (a), 736 nm (peak maximum), 860 nm (NIR absorption). Endmember

11, which maps to the greenish yellow toned ringlets in the hair braid across her forehead and

the proper right eyeline under her eyebrow, is a mixture of yellow ochre and natrojarosite.

The final flesh tone, mapped by endmember 29 on her ear and proper left eyeline, is a deep

red hue produced by a relatively rich application of red ochre.

Natrojarosite was also found in the tunic, in different pigment mixtures mapped by

endmembers 2 and 27, mixed with lead white and Egyptian blue (the latter identified by

luminescence mapping, to be discussed presently). Regions appearing brighter (noticeable

brush strokes and dots by the artist) show stronger signatures of natrojarosite (endmember

2). Weaker signals were found sparingly in the veil and the earring of the woman. The tunic of

the woman also features dark and yellow stripes, most likely to create shadows and highlights

in the tunic imitating the appearance of the knot and folds in the tunic. The yellow stripes

were mapped by endmember 27. The darker stripes were mapped by endmember 24, which

has a ∼ 630 nm absorption in the reflectance spectrum. However, because the tunic hues

were produced by a mixture of natrojarosite (which has an absorption at ∼ 640–650 nm),

lead white, and Egyptian blue, the convolution does not permit the latter’s identification

based only on the reflectance signature.

The orange-red bole material, which was used as a preparatory layer and outline deco-

ration for the gold jewelry (mapped by endmember HP), was identified as a mixture of red

and yellow ochre, as well as a subtle presence of natrojarosite, by the endmember’s spectral

features at 434 nm (absorption), 562 nm (inflection), 670 nm (absorption), 755 nm (peak

maximum), and 932 nm (absorption).
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The portrait demonstrates similarities to the NGA funerary portrait [57] and a portrait of

the J. Paul Getty Museum collection (to be discussed in Chapter 6) in that the green pigment

in the floral garland is a copper carboxylate material, most likely produced by mixing copper

acetate (the pigment verdigris) with heated beeswax [35]. Endmember mapping reveals

traces of this pigment in the dark background (possibly due to brush contamination). This

is one of the few confident identifications of a green copper carboxylate pigment used in

funerary portraits, though a preliminary investigation from the Penn Museum of a female

funerary portrait shows a copper green pigment in the gemstones of a necklace, very similar

to the NGA portrait.

The gold jewelry and the lead white applications in the veil and eye were challenging

to extract representative endmembers to map in the 1st derivative, which is sensitive to

differential changes in the reflectance profile. The reflection off the gold, which was applied

in high relief and does not have a characteristic VNIR profile, creates highly variable, non-

identifiable signatures in the 1st derivative. The gold jewelry was more easily mapped by a

reflectance endmember showing a broad reflectance (Figure 4.10a-b), and it was identified

by XRF as an alloy (most likely electrum) of gold and silver. While spectral mapping was

not effective for lead white, due to the semi-transparent application of the veil and mixtures

with other pigments, an MNF 1st derivative image emphasized the applications of white in

the portrait (Figure 4.10c), highlighting interesting features such as the proper left eye and

revealed that the veil was in fact wrapping around the body of the woman at the bottom of

the portrait, giving an enhanced sense of dimensionality to the painting. Additional details

such as the fabric mesh of the veil are clearly visible, and it appears that the veil itself has

small adornment features, appearing both on the top of her head and along the draped edge

on her proper left side. In additional MNF images, the texture of her hair and the veil are

also enhanced (Figure 4.10d).
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Figure 4.10: (a) Reflectance SAM image of the gold reflectance endmember (b). (c) MNF
image no. 2, which highlights the white applications in the portrait, most likely containing
lead white. (d)) MNF image no. 8, showing textural details of the hair and veil.

Endmember 4, which identified madder lake by its double absorption at 514 and 547 nm,

was mapped to the pink/purple floral garland, however, it will be shown that this did not

map all applications of the pigment in the portrait. The LIS data cube was next analyzed to

explore the distribution and application of madder lake and Egyptian blue through mapping

of their luminescence profiles. To extract and properly identify the emission endmember

of madder lake, a fluorescence correction was applied to the luminescence data cube. This

was necessary as the double-structure absorption of the purpurin-Al(III) compound and the

respective luminescence emission wavelength range of madder lake overlap [90], causing the

emission of the madder lake pigment to be re-absorbed and then re-emitted, thereby causing

a change in the shape of the spectral profile as well as a bathochromic shift in the peak

emission [42]. The fluorescence correction is performed using principles of the Kubelka-

Munk theory, a simplified model for the diffuse reflectance behavior of light considering

absorption and scattering effects, under the assumption that the inorganic substrate used

for the production of madder lake does not absorb in the excitation or emission wavelength
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ranges for the dye pigment, and that the paint layer is optically thick. Lagorio et al. [124]

developed a fluorescence correction factor, γ , for the original emission spectrum by solving

the bidirectional differential photon flows from a uniform, optically thick luminescent media

to find the true emission spectrum:

γ(λ, λ0) =
1

1 +
√

F (Rλ)
F (Rλ)+2

1

1 +
√

F (Rλ)(F (Rλ)+2)
F (Rλ0

)(F (Rλ0
)+2)

(4.4)

where F (R) is the remission function, or a ratio of the absorption to scattering coefficients

of the media:

F (Rλ0
∞) =

(1−Rλ0
∞)2

2Rλ0∞
=

k(λ0

s(λ0)
(4.5)

By dividing the luminescence cube by γ, taking into account broadband excitation (it

should be noted that Equation 4.4 applies for a single excitation wavelength) [64], the cor-

rected emission cube is obtained.

Three luminescence endmembers were extracted from the corrected emission cube (Figure

4.11). The Egyptian blue endmember features a true emission peak ∼ 910–950 nm [6, 159];

the emission peak at 600 nm is due to a background fluorescence from the tunic region where

the endmember was retrieved, possibly due to the presence of the binder. Further analysis

must be done to understand the source of this signal.

The rule images of the luminescence endmembers (Table 4.3) are presented in Figure

4.12. Madder lake shows two distinct emission profiles with maxima at 595 and 605 nm

(Figure 4.11). The endmember with the peak emission at 595 nm maps to the earrings and

a small feature in the eye (Figure 4.12a); these spectra are noisier than the those mapped in

the pink garland (Figure 4.12b), corresponding to the second madder lake endmember with

the peak emission at 605 nm. The spectral angle mapping of the Egyptian blue endmember

produced poor results as it did not sufficiently map many of the areas that contained lower

concentrations of the pigment. The three endmembers were linearly unmixed in ENVI’s
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Figure 4.11: Luminescence endmembers extracted from the corrected emission cube.
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Figure 4.12: (a) Endmember rule image for madder lake emission from the earrings and
proper right eye. (b) Endmember rule image for madder lake mapping emission from the
garland. (c) The linear unmixing result of the Egyptian blue endmember, showing the
distribution of the pigment throughout the tunic and the green leaves. (d) The false color
image of the three endmembers, overlaid onto the RGB image of the portrait.
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Linear Spectral Unmixing tool. The unmixed Egyptian blue endmember rule image, followed

by an application of a median filter to remove the speckle noise, produced the map in Figure

4.12c. The integrated image of the three endmembers were overlaid onto an RGB image

of the portrait to show precisely where madder lake and Egyptian blue were applied. The

results establish that the emission cube provided a more robust identification for madder lake

because the small feature in eye was not mapped in the 1st derivative analysis (this would

have required a less strict, thus less accurate, spectral angle), as well as some of the pink

garland decoration that seems to have been partially concealed by damage. Furthermore,

the presence of Egyptian blue was more effectively identified and mapped using its diagnostic

luminescence spectral signature.

LIS endmember 4 maps the relative concentration and distribution of Egyptian blue

throughout the tunic, with the darker regions aligning similarly to regions mapped by the

1st derivative endmember 24 and unmapped regions of the tunic in the 1st derivative map

(Figure 4.9b). The application of the mineral jarosite and Egyptian blue in admixtures with

white pigments to provide warm tones and shading in the tunic are extremely interesting.

Egyptian blue is well known for its use in white pigment mixtures to provide a ‘cold’ tone to

the white color [201, 28]. This has been identified in the tunics of other figurative paintings

analyzed from Greco-Roman Egypt and ancient Cyprus (Appendix C) as well as in facial

shading, eyes, and accessories, suggesting a knowledge transfer amongst ancient workshops

and artists [162, 161, 77]. However, the use of jarosite to produce warm white hues has not

been explicitly noted in the scientific analysis of ancient painting. It appears that this was

in fact another technological artistic practice that ancient artists employed; in Chapter 6 it

will be shown that another funerary portrait contains jarosite in the warm tones of a white

Table 4.3: Endmember results from LIS studies of portrait 32.4.

Endmember Spectral angle Region Material ID Peak wavelength

2 0.085 Earrings, eye Madder lake 595 nm

3 0.125 Pink garland Madder lake 605 nm

4 – Tunic Egyptian blue 890 nm
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tunic. This choice by the artists is not surprising, as jarosite has a brilliant, bright yellow

hue in its mineral form, compared to yellow ochre.

The binding medium used to apply the pigments in portrait 32.4 was identified from the

FORS spectra to be wax-based. The wax is identified by absorptions in the SWIR at 2312

and 2352 nm due to CH combination bands of CH2 asymmetric and symmetric stretches and

bending (Figure 4.13a). Additional absorptions from CH2 overtones at 1730 nm (2νa), 1763

nm (2νs), and 1210 nm (3ν) confirmed the presence of a lipid-based binding media [63]. The

raking light image of the portrait (Figure 4.13b) shows a highly-textured surface due to the

use of the wax. Painted areas such as the tunic show less relief (not shown), suggesting the

use of a brush, while regions of her face and her hair show repeated, scratched in lines of

high relief, indicating that a pointed tool like a cestrum was used. The use of a wax-based

binding media mixed with the pigments and molded with a heated tool to create texture is

known as the encaustic (‘burnt in’) technique, a practice well known in the ancient world

and has been identified in studies of other funerary portraits [65, 26, 57].

Figure 4.13: (a) The SWIR region of a reflectance measurement captured from the white
tunic. CH2 asymmetric/symmetric plus bending fundamental modes at 2312 and 2352 nm,
as well as the 1st overtones of CH2 asymmetric/symmetric stretching at 1730 and 1763 nm
confirm the binding media as wax. (b) Raking light capture showing thin incised lines to
texture the face and hair.
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The combined analyses from RIS and LIS, supplemented with the FORS and XRF anal-

yses, have allowed an in-depth analysis of the materials, production technology, and artistic

choices by the ancient artist. The approaches used in the production of the portrait of this

wealthy individual were reveaeled by analyzing the 1st derivative of the reflectance cube

and the luminescence endmembers of important ancient synthetic pigments employed in the

artist’s palette. Additionally, the luminescence map of Egyptian blue is the first demon-

strated application of LIS to detect and visualize its distribution in an ancient painting.

4.5.2 Tomb 3882 – Paphos, Cyprus

In Chapter 2, an introduction to the ancient sites of Cyprus was provided. In this chapter,

analysis is focused on Tomb 3882 (Figure 4.14a), a Roman tomb (potentially originating

in the Hellenistic period), excavated near the city center of modern day Paphos, Cyprus.

It was uncovered by accident during a modern-day construction project, which resulted in

the partial destruction of the tomb. A metal cage was built to cover and protect the now

permanently exposed tomb. The painting of interest, located on the tympanum of the south-

east arcosolium (Figure 4.14c) is an imitation marble revetment pattern within an incised

lozenge design. The painting is degraded and also features surface discoloration. The HSI

analyses were complemented by forensic photography, FORS, XRF, and photomicrography

taken during previous analytical campaigns.

The UCLA IQ camera was used to collect RIS data of in situ wall paintings in Tomb

3882 (Figure 4.15a). A halogen lamp was used to illuminate the surface of the wall, and a

light meter used to measure the lux levels (< 2000 lux) and evaluate the light distribution.

The camera exposure was optimized for the dynamic range of the camera sensor. For each

collection the camera was calibrated using a diffuse white reflectance standard. A large Color-

aid white paper (Figure 4.15b) was also placed on the surface of the painting to capture a

white data cube, similar to the large white tablet collection used for flat-fielding the data

of the mummy portrait. One reflectance data cube (100 ms integration time) was collected

for this region of interest (Figure 4.14b). The final cube featured a spatial resolution of 3.4
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Figure 4.14: (a) The southeast arcosolium of Tomb 3882. The scene of interest is designated
in the red box and the scan region is marked in white of the inset image (b). (c) A pseudo-
aerial view of the tomb shows the destruction of the tomb from modern-day construction.
The northwest arcosolium was destroyed, leaving remnants of the tympanum intact. Most
of the recoverable wall painting fragments were extracted and placed in storage. In the back
is the thalamus chamber, which remained relatively intact. The arrow on the right indicates
the location of the southeast arcosolium

mm/pixel.

One of the challenges of working in an open-air, high humidity environment was the

presence of atmospheric effects in the spectral data from 900-1000 nm. While normally this

could be overcome by bringing the camera closer to the target and increasing the illumination

intensity, this would reduce the scene of interest and the increased incident light would

saturate the sensor, not to mention pose a possible threat to the painting.

Previous analytical campaigns of the wall paintings at Tomb 3882 using forensic photog-

raphy and FORS identified Egyptian blue as the only luminescent pigment present. Using

the same FOV as the reflectance dataset, the IQ camera was filtered by a PECA 908 filter

to capture NIR luminescence. Another challenge for the field collection was the requirement

to work in the daytime, in order to have access to the tomb. A black sheet was draped

across the arcosolium to create a darker environment with less light noise leakage into the

camera (Figure 4.15d), although it was not possible to completely shield the painting from
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all external light. A white LED panel was filtered with a transparent red gel sheet to excite

the wall painting between 600-700 nm (Figure 4.15c). One luminescence cube was captured

(300 ms integration time).

Figure 4.15: (a) The IQ camera in Tomb 3882, directed to the wall painting on the tympanum
of the southeast arcosolium. A large white panel was not available for image calibration;
instead, a large white Color-aid was used to fill the image scene (b), supplemented by small
reflectance standard from Specim (c). (d) Unlike the controlled museum settings, Tomb
3882 required a shield to create a darker environment for luminescence imaging. A red light
(e) was used for excitation of Egyptian blue.
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Analyses of the RIS data on the lozenge imitation marble pattern (Figure 4.16a) revealed

four main colorants: red ochre, yellow ochre, green earth, and Egyptian blue (Table 4.4).

The 1st derivative endmembers (Figure 4.16d) mapped the dark red, dark yellow, light

pink, and green-blue hues (Figure 4.16b). Endmember 2 represents yellow ochre by the first

derivative peak at 550 nm and the equivalent characteristic yellow ochre profile in Figure 14d.

Endmembers 3 and 4 both contain significant amounts of red ochre. The peak locations of

endmember 3 and their relative intensities suggest the presence of a dark material mixed or

overlaid onto the surface. RGB photographs of this region show thin layers of a black material

over select areas of the red ochre application (Figure 4.17a). Endmember 4 corresponds to the

light pink regions. The 1st derivative and reflectance spectra show characteristic features of

red ochre, and supplementary FORS spectra reveal SWIR absorptions of calcium carbonate,

indicating the artist mixed the two materials to produce the light hue. Endmember 5 mapped

the blue-green regions in the marble pattern. The reflectance profile identifies the presence

of green earth, the dominant mineral in this pigment. Based on the FORS studies of green

earth pigments in Cypriot paintings discussed in Chapter 2, this was determined to be a

celadonite-rich green earth.

Table 4.4: 1st derivative and luminescence endmembers for the painting from Tomb 3882

Endmember Cube Spectral angle Hue Material(s) ID

2 1st derivative 0.485 Yellow Yellow ochre

3 1st derivative 0.64 Dark red Red ochre, black

4 1st derivative 0.37 Pink Red ochre, calcium carbonate

5 1st derivative 0.56 Blue-green Green earth, Egyptian blue

L2 Luminescence 0.7 — Egyptian blue
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Figure 4.16: (a) RGB image of the imitation pattern in the lozenge diamond from Tomb 3882.
(b) The 1st derivative spectral angle map produced from the 1st derivative endmembers (d).
The reflectance equivalent endmembers are in (c).
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Figure 4.17: (a) RGB close-up of the imitation marble pattern. It clearly shows the layering
process of the artist, including the black colorant that overlays onto regions of red ochre. The
yellow and pink pigments were applied first, followed by the red ochre and black pigment.
The blue-green pigment was the final application for the decorative features in this pattern.
(b) Photomicrograph (250x) of the blue-green region, showing a mixture of green and blue
particles.

Forensic photography and the LIS data, however, revealed an additional component to

Endmember 5. Figure 4.18a is the map of a luminescence endmember (Figure 4.18c), at

a tolerance of 0.0075) with a peak emission at 940 nm. This emission profile is attributed

to Egyptian blue, the only luminescent pigment in the near infrared found in the ancient

Mediterranean world. The feature at 954 nm in the data is a spectral artifact, either ap-

pearing as an upright or inverted spike. The maximum peak value noted here is significantly

shifted from literature values reported for Egyptian blue at ∼ 910–950 nm [6, 159]. This may

be due to the fact that the camera is not calibrated for luminescence. The LIS map, however,

confirms the previous forensic photograph (Figure 4.18b) acquired of this painting using a

modified DSLR and PECA 910 filter; the spectral data in the luminescence cube allowed a

quantitative, and therefore more accurate, mapping. Looking back at the reflectance profile

of Endmember 5, Egyptian blue cannot be reliably identified from the spectrum. Hence, the

LIS approach provided a powerful method to find ‘hidden’ materials used in the painting’s

production. Photomicrographs (Figure 4.17b) also confirmed the mixture of green and blue

particles to produce this pigment. Preliminary studies for the evaluation of LIS to identify
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Egyptian blue in complex pigment mixtures and layers are in presented Appendix D.

Figure 4.18: (a) The rule image for the luminescence endmember ((c)) corresponding to the
application of Egyptian blue. (b) The visible-induced near-infrared forensic photograph of
the same region.
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The 1st derivative studies provided a powerful discrimination between the dark red and

light pink hues, both containing red ochre mixed with different concentrations of light and

dark pigments to change the tone. This not only produced a representative 2D chemical

material map, it facilitated a re-visualization of the weathered and discolored painting. Ad-

ditionally, it provided analyses to regions inaccessible by FORS, such as the incised lines

above the lozenge decoration. Prior to the HSI analyses, it was not clear if and with what

these incisions were painted. The 1st derivative and emission maps show that the light pink

pigment was used for the upper right line, while the bottom right line most likely was painted

with the blue-green pigment. The map provides a new interpretation on the original deco-

ration by the ancient artist. The application of the highly portable IQ camera in reflectance

and luminescence modes for scientific fieldwork studies provided material identification, in-

sight into the production technology of the painting, and re-visualization of the degraded

imagery.
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CHAPTER 5

High Spectral Resolution Scanning Reflectance

Spectroscopy (SRS)

5.1 Motivation

This chapter features the design of a new imaging spectroscopy system in response to the

high cost of commercially-available imaging spectroscopy systems at a wide spectral range

from the UV to the SWIR to support research on wall paintings found on site. Traditionally,

field imaging has utilized analytical photography to document UV, visible, and near-infrared

fluorescence and reflectance behavior of painting materials. The lack of spectral data from

this imaging technique, however, affects the robustness of these results. The few examples

applying imaging spectroscopy (IS) in the field, previously discussed in Chapter 4, have

been limited between the ultraviolet (UV) and the near infrared (NIR) range. To reach

the short-wave infrared (SWIR), an essential wavelength range for the characterization of

organic and inorganic materials, in hyperspectral imaging spectroscopy (HSI), an additional

imaging system is usually necessary. This increases significantly the cost. Furthermore,

many existing HSI systems can be considered ‘transportable’ rather than portable as they

are relatively heavy and/or large-scale, impacting transportation and setup. They also re-

quire reliable power sources, and are sensitive to environmental factors (dust, dirt, humidity,

etc). Limited demonstration and accessibility of cost-effective, highly portable imaging spec-

troscopy systems in the field prevents this technique from becoming an integral component

of analytical protocols in scientific fieldwork.

The system presented here was designed with the analysis of wall paintings as the objec-
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tive, to be highly portable and produce spectra with high chemical specificity and mapping

capabilities at a spectral range from the UV to the SWIR in a single instrument. The

extended range from NIR to SWIR enabling the recording of overtones of fundamental vi-

brations in the mid IR and combination bands allows improved pigment identification, visual-

izations of underdrawings, identification of organic binding media, varnishes and restoration

materials, as well as the presence of clays, minerals, and degradation products.

A commercial field-deployable spectroradiometer, increasingly applied for the analysis of

material culture in scientific and conservation laboratories and was used for spot collection

in fieldwork as discussed in Chapter 2, was adapted into a high-resolution (HR) scanning

reflectance spectroscopy (SRS) system using an extremely low-cost scanner that facilitated

acquisition of thousands of high resolution reflectance spectra that were subsequently built

into 3D data cubes to perform materials identification and mapping.

5.2 Proof of concept study

The custom designed system integrating a UV-SWIR spectrometer and an x−y scanner was

conceptually designed in collaboration with the National Gallery of Art (NGA), Washington

DC, inspired by their study of Georges Seurat’s painting Haymakers at Montfermeil using

stand-off molecular spectroscopic imaging [56]. That painting, placed on a motorized easel,

was raster-scanned by a fiber-optic (FO) cable of an ASD FieldSpec 3, decoupled from

its accessory leaf probe and mounted to an optical table, and pixel-by-pixel reflectance

measurements over the surface of the painting were collected. Using trigger data from the

easel system which contained position information of the painting per spot collection, the

data were reconstructed into 3D hyperspectral data cubes using ENVI.

As in situ wall paintings are ‘fixtures’ of the architecture where they are found, the

concept for the design of this hyphenated instrument was to adopt a scanning system that

can support the FO probe to enable raster-scanning the surface of the painting. This concept

was tested at the NGA using an ASD FieldSpec 4 with a 3 mm diameter bifurcated FO

137



(containing both the excitation source and optical collection fibers), mounted to the optical

table. A test painting was raster-scanned across the surface of the probe using the motorized

easel system, but triggering was disabled for this configuration (Figure 5.1). This meant

the FieldSpec 4 was collecting spectra independently of the easel control and there was no

positional information encoded into the data, making construction of 3D data cubes non-

trivial.

Figure 5.1: Experimental configuration for proof of concept study at National Gallery of
Art, Washington D.C.: (A) The FieldSpec 4 spectroradiometer; (B) External lamp source;
(C) bifurcated optical probe; (D) White (1) and black (2) paper marking end of line scans;
(E) white tablet for optimization and calibration of the FieldSpec 4.

A method to define the end of a line scan had to be introduced into the data so that

the spectra could be assembled into their exact spatial positions. To achieve this, white and

black printed paper strips were placed at the edges of a target painting (Figure 5.1 - D1

and D2) to serve as spectral identifiers in the dataset. The 3D data cube was subsequently
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built in Matlab (MathWorks) and exported to ENVI (image analysis software from L3Harris

Geospatial). The reconstruction of the target painting (Figure 5.2b) yielded promising re-

sults. An RGB reconstruction of the painting was reproduced with relatively accurate spatial

positioning, although it became apparent that there are small horizontal offsets. This was

caused by the imprecise widths and alignment of the black and white markers bordering

the scene, whose reflectance spectra marked the beginning and end of each scan line in

the dataset. However, refining these markers and correcting their alignment would improve

relative spatial positioning of the spectra.

Figure 5.2: (a) RGB image of test panel painting; (b) reconstructed RGB image from data
cube of test panel painting.

Post-processing of the cubes can also be applied to improve the spatial resolution of the

images. Despite the low spatial resolution conditioned by the hardware, the high spectral

resolution data provides robust materials characterization in a wide spectral range including

the VNIR and SWIR region (Figure 5.3). The results from this study provided a strong

argument for developing and optimizing a field-deployable reflectance spectroscopy scanning

system for in situ wall paintings studies.
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Figure 5.3: Examples of spectra extracted from the 3D data cube of the target painting.
The spectra feature diagnostic electronic processes and vibrational absorptions from the UV
to the SWIR, which aid in the identification of the constituent materials.

5.3 SRS system development

Driven by analytical limitations for the analysis of in situ wall paintings, a scanning system

was developed that could move the excitation source and the acquisition/detection probe

across the surface of the immovable paintings. The scanner’s orientation had to be adjustable

for vertical and horizontal applications, as well as for uneven surfaces of a certain topography.

The scanner needed to be light weight such that it could be operated over a surface of a

painting in a horizontal configuration (i.e. detached fragments of wall paintings on artificial

supports or laying over a sand box), while at the same time, it needed to be robust and

stable to support the weight of the system and for operation in challenging spaces, such as
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in tombs, on scaffoldings, and in storage rooms.

Following the proof of concept study at the NGA the ASD FieldSpec 3 spectroradiometer

was incorporated into the design of the SRS system. This presents two powerful advantages:

(1) the instrument is highly portable and field-deployable; (2) the analytical range spans

the UV to SWIR, thus providing access to materials with diagnostic signatures beyond the

visible to NIR (VNIR), such as organics and clays, and eliminating the need for separate

instruments.

To perform the raster scan over the surface of a painting, the fiber-optic (FO) cable

of the FieldSpec 3, normally inserted into the accessory leaf probe for spot collection, was

left decoupled and mounted onto the scanning arm of a modified motorized x − y drawing

instrument, the Axidraw V3 from Evil Mad Scientist, Inc. (Figure 5.4). The Axidraw

V3 is a light-weight, structurally robust pen-plotter, with a range of motion matching the

dimensions of a US letter size paper. The scanning arm responsible for the pen operation

runs along an aluminum extrusion with wheels, driven by a universal-input power supply.

During data collection, the system was instructed to ‘draw’ a raster scan pattern, now holding

an excitation source and the FO instead of a pen. To accomplish this the Axidraw V3 was

customized to have the motorized z-stage of the pen holder and associated electrical cables

removed and replaced with a fixed mounting plate to accommodate the FO probe. This

reduced the weight and size of the scanner, allowing it to be positioned closer to the surface

of a painting.

Due to the fact that the leaf probe of the FieldSpec 3 containing the halogen lamp was

too heavy to mount onto the Axidraw V3’s scanning arm, an alternative lightweight light

illumination source (such as the battery-powered incandescent mini Maglite) emitting radi-

ation from the UV to SWIR was attached to the scanning arm. To record diffuse reflectance

spectra, the FO and excitation source were mounted together using a proprietary mount,

enabling the FO to be kept perpendicular to the surface and the light source projected on

the surface at an angle of ∼ 45◦ with respect to the FO. This was achieved by keeping the

Maglite parallel to the FO and using a 1-1/4” mirror to direct the light to the surface. The
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Figure 5.4: The Axidraw V3, a pen-plotting instrument customized for novel x− y scanning
operation to drive the FO cable over the surfaces of paintings.

mount was designed in SketchUp (Figure 5.5a), a free online 3D modeling software and 3D

printed at the Digital Archaeology Lab at the Cotsen Institute of Archaeology (UCLA).

Preliminary tests of the mount demonstrated that the walls needed to be thicker to support

the clamping of the mirror’s wand. The final model utilized a black 3 mm nGen filament by

colorFabb. After printing, through holes were tapped in the UCLA machine shop to allow

it to be fastened onto the Axidraw V3 mount (Figure 5.5b-c).

Figure 5.5: (a) The FO mount designed in SketchUp; (b) the 3D printed mount assembled
onto the Axidraw V3 scanning arm; (c) the excitation source in the mount box, with plastic
stabilizing screws for the light and FO cable in place.
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The SRS system was mounted onto a Manfrotto tripod (MK190XPRO3) with a rotational

ball head. An advantage of this tripod is the adjustable center column, which can be oriented

vertically or horizontally; this feature, coupled with the ball head, allowed the SRS system

to be mounted in vertical and horizontal scanning configurations and better match sloping

surfaces of the paintings. A customized mounting tripod plate was made by Evil Mad

Scientist, Inc. to attach the scanner to the quick release mounting plate on the ball head.

To improve the stability of the tripod, sandbags were placed around the tripod legs and on

the central column when in the horizontal configuration to counter balance the weight of the

system (scanner and FO mount, ∼ 2.5 kg).

A close-up of the final configuration of the SRS system mounted on the tripod can be

seen in Figure 5.6. Owing to the versatility of the SRS system design, it was successfully

operated in various sites, including churches, museums, a tomb, and field storage rooms

(Figure 5.7).
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Figure 5.6: The complete assembly of the scanning system: (A) FO cable of the FieldSpec
3; (B) mirror, clamped to mount (C); (D) excitation source; (E) scanner.
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Figure 5.7: Various applications of the SRS system: (a) figurative painting from Tomb
3510, Paphos Archaeological Museum (PM); (b) figurative painting E6 from House of Aion,
PM; (c) feet of Christ (on the cross), the Enkleistra of St. Neophytos; (d) wall painting
in the thalamos chamber of Tomb 3882; (e) Painting of the Virgin Mary, the church of St.
Paraskevi; (f) figurative painting E9 from the House of Aion, Cyprus Museum; (g) facial
fragments from the Tomb in Costis Palamas Square, PM storeroom.
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5.4 Data Collection

During data acquisition, the two components of the SRS system, the scanner and the spectro-

radiometer, operate independently though in synchronization. The FieldSpec 3 is managed

by the partner RS3 software from Malvern Panalytical, while the Axidraw scanner is driven,

via USB, by the freely accessible vector graphic software Inkscape to ‘draw’ the raster pat-

tern.

To build the raster pattern in Inkscape, the scan scene must be measured. Unlike commer-

cial HSI systems where the system’s lens and image sensor size sets up the fixed relationship

between the field of view and the working distance, the SRS system’s field of view is re-

stricted to the scan range of the Axidraw V3. The scan scene includes two end-of-line black

and white markers (Figure 5.8). The white markers are made of Tyvek tape, which features

a high reflectance continuum, to mark the edges of the scan region. The black markers are

made with electrical tape for strong absorption of the incoming light. The black and white

reflectance signatures are used in the post-processing stage to confidently identify the begin-

ning and end of the line scan, which determines the set of spectra per line in the constructed

3D data cube. Care was taken to ensure that the distance between the markers were uniform

throughout the scan scene to minimize the horizontal offset in the reconstruction.

146



Figure 5.8: The boundary markers denoting the scan scene on a wall painting in the thalamos
chamber of Tomb 3882.

The ‘box’ marked out by the position of the two markers is measured and the raster scan

vector graphic, matching the dimensions of the ‘box’ measurement, is then built in Inkscape.

Several factors are taken into consideration to determine the step size and scan speed of the

raster pattern, including the total time of the scan, the proximity of the probe to the target

surface, and the overhead time for spectral collection. Equation 1 is used to calculate the

spot size (Y ) of the 1 mm diameter FO probe of the FieldSpec 3.

Y = D + 2 l tan
A

2
(5.1)

D = Effective diameter of FO (1mm)
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A = FO angular field of view (25◦)

l = Distance from FO to target painting

Y = Spot size

Working distance of 6 to 7 mm was established as optimal for safe operation of the SRS

system over the painting, taking into account the slight unevenness in a painting’s surface;

at ∼ 7 mm, a spot size of 4 mm is measured. At this distance, it was determined that four

spectral averages at an integration time of 136 ms was sufficient for high SNR.

The Axidraw V3 freely scans at a specified speed; Inkscape utilizes an extension developed

by Evil Mad Scientist, Inc. to control the scanner’s operating parameters. The scan speed

for the raster was determined by the spot size, as the objective was to effectively collect one

spectrum per ‘step’.

Y = v t (5.2)

Y = spot size

v = scan speed

t = time for single spectrum collection

The individual spectrum collection time was estimated from a test collection of 100 spec-

tra after optimizing and calibrating the FieldSpec 3 with the desired experimental settings.

Obtaining four average measurements per spectrum at 136 ms integration time, the collec-

tion of 100 spectra took 207 seconds, yielding 2.07 seconds per spectrum, t. This meant

a scanning speed, ν, of 1.93 mm/s was necessary. Inkscape’s Axidraw extension requires

integer values for the speed input, thus 2 mm/s was selected. Returning to Equation 5.2,

this would yield a ‘step’ of 4.14 mm. This value determined the step size (i.e. the spacing

between the line scans) in the raster pattern (Figure 5.9).
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Figure 5.9: An example of a raster scan vector graphic drawn in Inkscape to guide the
Axidraw V3. This specific graphic was used to drive the raster scan of the imitation marble
pattern in Tomb 3882.

After the design of the raster pattern, a simulation of the scan was run in Inkscape.

The software outputs the distance ‘traveled’ and the time estimate for the scan. With the

individual spectrum collection time, t, this information was used to calculate the number of

spectra to be collected by the FieldSpec 3 for the scan duration.

N =
T

t
(5.3)

T = Time duration of scan

N = Number of spectra collected
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The collection time for scans that utilized the maximum range of motion of the Axidraw

took ∼ 1.5 hours at these experimental settings. Though a slower scan speed is desirable,

this would have increased the scan time dramatically, which was not feasible due to time

restrictions for site and object access, as well as the battery lifetime of the excitation source.

5.5 3D cube construction

Once the spectra were collected, the dataset was imported into the ENVI software (LS3

Harris Geospatial) to define the black and white boundary markers from their reflectance

signatures. The boundaries for each line scan were input into an Excel file. The spectra

were then exported into a text file and called into Matlab, where they were input into a 3D

matrix; each line of the matrix was filled with the appropriate set of spectra according to the

boundary values listed in the excel file. The matrix was then exported as an ENVI-readable

3D data cube (Figure 5.10).

Figure 5.10: (a) An RGB image of the face of a figurative painting recovered from Tomb
3510. (b) The 3D matrix constructed in Matlab from the individual spectra collected in the
scan. (c) The extracted image from the final reconstructed 3D data cube in ENVI.
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5.6 System parameters and noise evaluation

The SRS system specifications, based on the FieldSpec 3 technical performance and the

operating conditions for data collection, are summarized in Table 5.1. These parameters

are listed for comparison next to those of the commercial Specim IQ HSI camera. The

noise was evaluated by collecting spectral radiance and reflectance measurements from a

white reflectance standard using the bare FO cable under similar operating conditions (FO

distance to surface, integration time, illumination) as the SRS system. Using Equation 4.1,

the SNR was calculated across the UV to SWIR range in 50 nm intervals (Figure 5.11),

showing highest performance in the VNIR range, specifically from 500–900 nm (>7000:1),

with strong performance in the SWIR from 1100–1800 nm (∼ 2000–5000:1). Table 5.1

reports the average SNR across the VNIR.

Table 5.1: Specim IQ and SRS system technical specifications

Specim IQ SRS

Spectral Range 400 – 1000 nm 350 – 2500 nm

Spectral Sampling 3 nm 1.4 nm (VNIR) – 2 nm (SWIR)

Spectral Response 7 nm 3 nm (VNIR) – 10 nm (SWIR)

SNR 180:1 (500-900 nm) 2800:1 (500-900 nm)

Spatial Sampling 1 mm/pixel at 1 m 4 mm/pixel

Collection time ∼1–5 minutes ∼1.5 hours

Scan region >Min 2.7 x 2.7 inches 8.5 by 11.5 inches

In comparison to the Specim IQ camera, whose peak SNR performance (400:1) occurred

at ∼ 625 nm (Table 4.1), the SRS system is the more powerful instrument for spectral

analysis and characterization. Table 5.2 compares the average SNR performance of the SRS

and IQ system; it also shows the average SNR over different analytical ranges of interest,

including the UV, VNIR, and different portions of the SWIR.

The noise-equivalent spectral radiance (NESR) was also calculated, using the spectral
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Figure 5.11: SNR calculated at 50 nm intervals to show system performance across the VNIR
and SWIR ranges. The highest system performance for SNR is from ∼ 500–950 nm

Table 5.2: Average SNR for SRS and IQ systems

Wavelength range (nm) Average SNR

SRS system 350–400 470:1
500–900 2800:1
1420–1620 3800:1
2000–2400 370:1

Specim IQ 500–900 180:1
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radiance curve and the reflectance measurement from the white target. The NESR is a

sensitivity parameter that is used to assess a sensor’s capability to detect small variations in

reflectance [85]. It is a measure of the amount of change in the spectral radiance needed in a

measurement for the signal to match the noise level (i.e. to achieve an SNR of 1). Equation

5.4 was used to calculate the NESR per wavelength:

NESR(λ) =
Ns(λ)

SNRR(λ)
(5.4)

Ns = Spectral radiance from target

SNRR = SNR of the reflectance profile from white target

SNRR(λ) was calculated as R̄
∆R

, where R̄ and ∆R is the average and differential re-

flectance, respectively, at incremental wavelengths. R, in theory, should be a uniform (flat)

reflectance profile. Thus, variations in the experimental reflectance values across the spec-

trum provide an indirect measure of the standard deviation as a function of wavelength.

The NESR from 350–1700 nm is on the order of 10-6 ( W
cm2 ·nm ·sr ) (Figure 5.12), while further

into the SWIR it is more variable but on the order of 10-5. The FieldSpec 3 reports an

order of magnitude of 10-9, also slightly increasing further into the SWIR. It should be noted

that 1000 nm and 1800 nm marks the change in detector in the FieldSpec 3 for recording

measurements at these wavelengths (Chapter 2.4.1), thus the rise in NESR is expected.
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Figure 5.12: (a) Spectral radiance for an SRS pixel collection. (b) The noise-equivalent
spectral radiance.
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5.7 Data analysis and results

To demonstrate the performance of the SRS system, the imitation marble pattern from Tomb

3882 will be revisited. The same image scene analyzed by the Specim IQ camera in Chapter

4 was scanned using the SRS system (Figure 5.13). These datasets collected by the two

systems will also be used to compare system performances.

Figure 5.13: (a) The southeast arcosolium in Tomb 3882 with the experimental set-up of
the SRS system. (b) Side view of the SRS system scan in progress.

A similar analytical protocol used for the HSI datasets described in Chapter 4 was also

applied to SRS datasets. The Spectral Hourglass Wizard (SHW) and the Sequential Maxi-

mum Angle Convex Cone (SMACC) tools in ENVI were both used to extract endmembers

from the data spectral cubes, while the Spectral Angle Mapper (SAM) was applied to pro-

duce maps of the endmembers. Because the cubes’ spectral data range from 350 nm to 2500

nm, regions of the cube were ‘cropped’ to perform analyses in specific wavelength regions to

target different types of materials. For pigment analysis, the cubes were subset from 400 nm

to 1000 nm. To improve separation of endmembers with subtle shifts of inflection points in

the visible and major absorptions in the NIR range, the 1st derivative of the VNIR spectral
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cube was also calculated.

The analysis of spectral signatures from the imitation marble pattern in Tomb 3882

illustrates an example of this application, where four unique 1st derivative endmembers

were selected in the extraction process (Figure 5.14a). These suggested the use of hematite-

rich red ochre, yellow ochre (goethite), green earth, Egyptian blue, and calcium carbonate.

The red and yellow pigments represent relatively pure applications of red and yellow ochre,

respectively, while the pink pigment, indicated by a relatively high reflectance in the VNIR

compared to the other pigments and diluted absorption features, was produced by combining

red ochre and a white pigment, most likely calcium carbonate because this material has been

identified as the white pigment in other ancient Cypriot wall paintings [106, 16] and was used

in the preparatory layers of the paintings (Chapter 2.5.2.5). The blue-green pigment was

an admixture of Egyptian blue in a matrix of green earth. Using forensic photography,

the green pigment was shown to also contain Egyptian blue, which accounts for the ∼ 630

nm absorption in endmember 3. The SRS system’s performance in the VNIR and SWIR,

compared to the standard application of the leaf probe of the FieldSpec 3 (Figure 5.14c-

d) show that the reflectance responses are essentially the same, not taking into account

overall intensity between the two spectra. The sharp changes in the spectral profiles at 1000

and 1800 nm correspond to switching of detectors in the FieldSpec 3 system during the

measurement (See section 2.4.1).

The distribution of each endmember, based on the spectral angle values recorded in Table

5.3, were mapped in Figures 5.15c-f. The visible pixels in the rule images represent the 1st

derivative spectral profiles, calculated from the reflectance data cube, that match the 1st

derivative endmember within the established tolerance (or spectral angle), and therefore the

distribution of each unique pigment identified in the scanned painting. The spectral angle

map (Figure 5.15b) essentially integrates this set of rule images into a composite to produce

a chemical map of the ancient decoration. The high sensitivity of this instrument also

maps to regions of the painting that appear to have pigment loss, providing a reconstructed

visualization of the imitation marble pattern.
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Figure 5.14: (a) The 1st derivative endmembers extracted from the SRS 3D data cube.
(b) The corresponding reflectance spectra of the endmembers. Reflectance spectra in the
VNIR (c) and SWIR (d) of a yellow ochre pigment on the wall painting, collected with the
FieldSpec 3 leaf probe and the SRS system.
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Figure 5.15: (a) An RGB image of the scanned scene from Tomb 3882. (b) The SAM map
showing the distribution of the four endmembers. (c) The rule image of endmember 1 (red
ochre with calcium carbonate). (d) The rule image of endmember 2 (yellow ochre). (e)
The rule image of endmember 3 (green earth with Egyptian blue). (f) The rule image of
endmember 4 (red ochre).
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Table 5.3: 1st derivative endmembers, their spectral angle tolerances, and the materials
identification.

Endmember Spectral Angle Hue Material(s) ID

1 0.21 Pink Hematite-rich red ochre, calcium carbonate

2 0.57 Yellow Goethite-rich yellow ochre

3 0.33 Blue-green Green earth, Egyptian blue

4 0.56 Dark red Hematite-rich red ochre

To compare the spectral, spatial, and mapping results of the SRS system and the Specim

IQ camera, two endmembers from each dataset, representing the blue-green and pink pig-

ments, were selected and compared side by side (Figure 5.16). The IQ and SRS rule images

for the blue-green pigment (Figures 5.16c,e, respectively) map in the same regions. The

reflectance signatures from each system were compared to the reference spectra of Egyptian

blue and green earth (Figure 5.16b). While the spatial resolution of the IQ camera is much

higher than that of the SRS system, the noise/signal is higher in the IQ spectral data, mak-

ing subtle absorptions difficult to discern. The noise level disparity is also present in the

pink endmembers (Figures 5.17d,f), which also produced comparable rule images (Figures

5.17c,e). While the spatial mapping is more reliable based on a statistical analysis of the

shape of the spectral profile, the material characterization based off the reflectance spectra is

more challenging. The mapping between the IQ and SRS datasets are again comparable for

the pink endmembers, while the material identification was more robust in the SRS dataset.
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Figure 5.16: (a) RGB image of the imitation marble pattern. (b) Reflectance endmembers
and reference spectra for the blue-green pigment. (c) IQ rule image for endmember 5 (d).
(e) SRS rule image for endmember 3 (f).
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Figure 5.17: (a) RGB image of the imitation marble pattern. (b) Reflectance endmembers
and reference spectra for the pink pigment. (c) IQ rule image for endmember 4 (d). (e)
SRS rule image for endmember 1 (f).
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With the extension of the analytical range to the SWIR, there is access to new absorptions

that can be mapped for materials with distinct signatures outside of the VNIR such as

clays and minerals binding media and organic conservation materials, like consolidants. The

absorptions of a material in the SWIR are caused by overtones of fundamental vibration

modes (in the mid IR) and combination bands. Due to the extended spectral range (1000–

2500 nm), it is not feasible to extract endmembers from this large subset to target all of

the previously mentioned materials. Instead, targeted analyses at specific absorptions are

performed. To do so, one may extract an image at a specific spectral band to see the

reflectance intensity at that wavelength throughout the scene (Figure 5.18a). This could be

misleading, however, as it only represents a reflectance value and may not be indicative of

an actual absorption. For example, a pixel with low reflectance (i.e. a dark material) but no

distinct absorption feature at this band may be mistaken for a specific material behavior.

Three different analytical methods can be applied to study specific vibrational features

and produce maps of their distribution. The first relies on creating a spectral subset of the

data cube closely around a specific vibrational feature and performing the routine statistical

analysis approach of endmember extraction and mapping. The second method integrates

throughout the absorption feature to visualize the intensity of the absorption. The third

method calls upon a 2nd derivative calculation of the cube, which effectively removes the

background continuum, zeros the baseline and transforms the absorption minima into a

peak. Methods two and three were applied to map the distribution of CaCO3 by isolating

the carbonate (CO 2–
3 ) absorption band around 2343 nm.

Figure 5.18a shows the overall reflectance of spectral curve at band 2343 nm (Figure

5.18b) per pixel. The white pixels indicate areas of higher reflectance. Figure 5.18c shows

the integration of the absorption depth from the reflectance profile (method two). A convex

hull correction from 2323 nm to 2360 nm is performed to isolate the region of absorption

(marked in red), which contains the reflectance curve marked in blue dots (Figure 5.18d).

By integrating through this region and performing this calculation across the cube, an ab-

sorption depth map of the CO 2–
3 feature, where white pixels indicate greater absorption,
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is produced, which is markedly different from the simple reflectance intensity at 2343 nm.

However, visualizing the spectral band (Figure 5.18e) of the 2nd derivative peak (Figure

5.18f) of the CO 2–
3 feature produces a highly comparable map to Figure 5.18c, where the

white pixels correspond to a larger peak value, and therefore a greater amount of absorption

(method three). The latter two methods are more robust alternatives to simply looking at

the overall reflectance value, as the uneven surface and the surrounding environment may

cause the overall reflectance profile to increase or decrease, which falsely informs the relative

absorption.

In the SWIR region, signatures of polyvinyl acetate (PVA)-based material at 2257, 2300,

2368 nm could be identified. Polyvinyl acetate is synthetic polymer resin used as surface

consolidant for wall paintings. This type of coatings seems to have been used in the con-

servation of different wall paintings, both detached fragments kept in the Department of

Antiquities (of Cyprus) storerooms and in situ wall paintings. A spectral subset from 2252

to 2323 nm was analyzed in the first derivative to identify endmembers with reflectance

absorption features at 2256 and 2296 nm. As seen in Figure 5.19b, three were produced

showing relative shifts around 2285 nm and differences between peak intensity values. These

endmembers were mapped, showing a roughly uniform application of PVA over the surface

of the wall painting (Figure 5.19a).
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Figure 5.18: (a) A gray-scale map of spectral band at 2343 nm (b); white areas indicate
higher absorption at this band. (c) A gray-scale map of an integrated absorption centered
around 2343 nm; white areas indicated higher integrated absorption. (d) The convex hull
correction calculated for the absorption curve at pixel [17, 24] is outlined in red, designat-
ing the area for integration; the blue dots represent the reflectance curve in that spectral
range. (e) A gray-scale map of 2343 nm absorption feature in the 2nd derivative (f); white
areas indicate higher peak values (greater absorption). The integrated absorption and the
2nd derivative peak reflectance show comparable results for the distribution map of the
CO 2–

3 absorption.
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Figure 5.19: (a) The map of PVA application over the surface of the painting. (b) The
endmembers of PVA extracted from the 1st derivative cube in the SWIR.

One of the major products of deterioration on the wall paintings are salts such as gypsum

(CaSO4·2H2O). Due to liquid moisture in the walls, mobilization and supersaturation of salts

within the porous structure of the wall paintings at subsurface and surface has caused surface

damage and encrustations. Gypsum has a diagnostic triplet feature from 1445 to 1540 nm

(Figure 5.20), corresponding to the first overtone vibrations of the hydroxyl groups. To

better identify more subtle absorptions from 1480 to 1550 nm, especially in regions where

the gypsum concentration is lower, a spectral subset of the region of 1430 to 1563 nm

was extracted from the 2nd derivative cube to visualize the absorptions as maxima, and

the endmembers were extracted using the SHW and SMACC (Figure 5.20b). Mapping

these signatures showed that the presence of gypsum was mostly widespread throughout the

surface (Figure 5.20d), however the green endmember, corresponding to reflectance features

with greater absorption, indicates regions with higher salt presence.
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Figure 5.20: (a) The triplet signature of gypsum from 1445 to 1540 nm. (b) The endmembers
extracted from the 2nd derivative cube from the wavelength ranges of the triplet absorption.
(c) RGB image of the scan scene. (d) Map of the thee endmembers showing the distribution
of gypsum.

Finally, MNF images of three large spectral bands in the SWIR helped to identify new

principle component signatures in this region, a method adapted from applications of prin-

ciples of stellar photometry utilizing astronomy interference filters J (1100–1400 nm), H

(1500–1800 nm), K (2100–2400 nm) [58, 21], to emphasize signatures in the IR. From the

SRS data cubes, discrete bands in the SWIR were summed in ENVI to produce three wide

spectral bands, followed by an MNF transform on the three bands. This transform produced

an image of principal components that represented the triplet SWIR infrared signature of

green earth (Figure 5.21b), as it is clear that the dark regions in the image correspond closely
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to the rule image of Endmember 3. This is an important demonstration of IR IS applications

because confident attribution of the triplet absorptions in the SWIR from individual spectra

was not possible due to the presence of PVA and CaCO3.

Figure 5.21: (a) RGB image of the scan scene in Tomb 3882. (b) MNF no. 1 image from
the MNF transforms of the three wide IR bands. The dark regions correspond closely with
the rule image of endmember 3, indicating these regions correspond to the SWIR signature
of green earth.

The SRS 3D cubes have demonstrated that this unique field-deployable imaging spec-

troscopy system, with an extended analytical range to the SWIR compared to many commer-

cial HSI cameras limited to the VNIR region, facilitates in-depth investigations by providing

access to new absorption features that improve mapping of constituent materials. Using

creative post-processing techniques, different visualizations can be produced to inform how

materials were used, how conservation practices were applied, and deterioration processes

occurring in the paintings.
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CHAPTER 6

Case Studies

This chapter presents scientific investigations for materials characterization, production tech-

nology and assessment of the condition of important Greco-Roman paintings from Egypt and

Hellenistic, Roman and Byzantine Cypriot wall paintings. The analytical protocol and char-

acterization techniques included non-invasive and non-destructive spectroscopic and imaging

technologies as described in Chapters 2, 4, and 5.

6.1 Greco-Roman funerary portraits

A group of Greco-Roman Egyptian funerary portrait paintings, also known as Fayum por-

traits (Figure 6.1) from the J. Paul Getty Collection, housed at the Getty Villa Museum

in Malibu, CA, were analyzed. This work was initiated under the Ancient Panel Paintings:

Examination, Analysis, and Research (APPEAR) project, a macroscale archaeological and

technical analysis of Fayum portraits across global collections, initiated at the Getty Villa by

antiquities conservator Marie Svoboda. The name Fayum portraits denotes the location of

their origin, the Fayum oasis in Egypt, where many of these paintings were found in funerary

context [26]. However, it is now understood that funerary portrait production occurred be-

yond the Fayum region; unfortunately, due to looting of burial sites, specifically for the illicit

sale and trafficking of sarcophogi and portraits, the provenance of many portraits today are

unknown. Presently, there are approximately 1000 portraits in collections across the world.

The portraits provide a rare look into Greco-Roman Egypt. In this period, Hellenistic

art and culture were highly valued [149]. Though this art form flourished in Egypt, the nat-

uralistic depiction seen in the portraits is a direct influence of Hellenistic painting tradition,
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as flat and frontal stylized portrayals are more representative of Egyptian art [65]. Archae-

ological records indicate that many of the portraits recovered with known provenance come

from cities where large numbers of Greek immigrants resided [26]. These portraits represent

the intersection of Hellenistic painting traditions and Egyptian funerary beliefs, which were

persistent in the Romanization of Egypt, and these beliefs are demonstrated through the

inclusion of the Egyptian burial practices and decorative styles into the paintings.

The portraits also provide strong records of Greco-Roman society. First produced in the

first century AD, the number of portraits increased in the second century. However, towards

the mid-end of the third century AD, portrait production decreased significantly [26]. The

highly-individualized nature tells us about the person depicted, as well as glimpses into

social classes, fashion trends, occupation, and potentially age demographics. Additionally, a

large-scale study of the portraits provides an insight into artistic trends, material use, and

technical applications practiced by artists and workshops in Roman Egypt [143].

Most of the portraits in the group are painted on wooden panels, except for portraits

75.AP.87 and 79.AP.219, depicting male youths, which are painted on linen. Portraits

73.AP.94, 74.AP.11, 79.AP. 142, 79.AP.141 portray adult men, and 81.AP.29, 79.AP.129,

and 73.AP.91 adult women. All of the male figures except of the figure in painting 73.AP.94

wear white tunics; The figure in painting 73.AP.94 may have been an athlete, who were

often depicted naked in the portraits [65]. Of these figures, all but the individual in painting

79.AP.141 have pink or purple clavi (thin decorative bands) running along the length of their

tunics. The women wear pink or purple tunics, with black clavi, and jewelry. The double

strand of necklaces of gold and emerald-colored gemstones were commonly seen in female

funerary portraits of women of status [65]. The two youths both have birds, possibly falcons,

on their shoulders, while the portrait figure in painting 79.AP.219 has two additional winged,

linen-wrapped figures hovering over his shoulders - these symbols clearly reflect Egyptian fu-

nerary beliefs. While there appear to be common decorative choices amongst the portraits,

there are clearly a wide variety of artistic techniques and skill levels represented in this group,

and the portrayal of the figures themselves are highly individualized in each portrait.
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Figure 6.1: The set of funerary mummy portraits analyzed from the J. Paul Getty Museum
collection

All portraits were first analyzed by forensic reflectance and luminescence photography

to record the presence of any luminescent materials, i.e. madder lake and Egyptian blue,

two of the most common pigments in ancient paintings of this period and culture, as well as

other organic materials that may be present, including conservation materials from previous

interventions. The Mini-Crimescope MCS-400®, featuring the alternate light source (ALS),

was used to excite the paintings at different narrow bandpass wavelength ranges. A modified

digital single-lens reflex (DSLR) camera (internal hot mirror removed) was used to capture

the photon emission (luminescence) at longer wavelength (from that of the excitation source).

Portraits 75.AP.87, 79.A.141, and 73.AP.94 were also analyzed using fiber-optic reflectance

spectroscopy (FORS) and X-ray fluorescence (XRF) spectroscopy to provide supplementary

information and confirm findings from the forensic photography.

The portraits were analyzed using three different excitation wavelengths (λex) to induce

luminescence emitted in longer wavelengths (λem): 1) UV-induced visible luminescence (ex-
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citation with λex = 300–400 nm, capture in λem = 400–700 nm; Figure 6.2), visible-induced

visible luminescence (excitation at λex = 535 nm, capture in λem = 580–700 nm; Figure 6.3)

and visible-induced near-infrared (NIR) luminescence (excitation at λex = 600 nm, capture

in λex = 900–1000 nm; Figure 6.5).

The UV-induced visible luminescence or fluorescence (as it is most commonly referred to

in the visible range) images showed characteristic fluorescence corresponding to conservation

materials such as glues or other adhesives (i.e. the light blue fluorescence and cracks in Figure

6.2a-b). The damage suffered by the portrait 73.AP.94 (Figure 6.2b) was more noticeable

compared to its RGB image.

Figure 6.2: UV-induced visible luminescence photography of the portraits.

Beyond the visualization of conservation materials and weathering/damage, UV-induced

visible fluorescence together with visible-induced visible luminescence and visible-induced

NIR luminescence aided in the characterization of pigments. The distinctive bright or-

ange luminescence in the UV-induced visible images also appearing bright white in the

visible-induced visible luminescence in seven out of the nine portraits (Figure 2) suggests
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the presence of an organic/inorganic hybrid red pigment such as madder lake, though the

presence of cochineal and/or lac cannot be excluded as these three red colorants show similar

luminescence behavior and have all been identified in Classical art [68, 66, 182, 135]. Con-

sistent painting applications of the red colorant can be seen in this collection: facial shading

and coloration, such as the distinct under-eye line in 75.AP.87 (Figure 6.3a), the cheeks of

79.AP.142 (Figure 6.3c), some subtle rouging of the face in 73.AP.91 (Figure 6.3g) and the

lips of 79.AP.129 (Figure 6.3d); the pink and purple clavi and collar decoration of the male

tunics; and the pink and purple tunics of the women. The red colorant was also used for

different accessories that the youth in 79.AP.129 (Figure 6.3d) and the man in 79.AP.142

(Figure 6.3c) were holding; the linen wrappings on the small figures above the shoulders of

the youth also had some subtle coloration with the red colorant. On the tunic of the youth

in portrait 75.AP.87 (Figure 6.4a), the orange residue on his proper left shoulder does not

fluoresce. FORS analyses of this spot revealed red lead (Pb3O4) by the sharp transition at

∼ 590 nm due to the pigment’s band gap (Figure 6.4b).
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Figure 6.3: Visible-induced visible luminescence (gray-scaled) photography of the portraits.
The exceptionally bright regions correspond to the luminescence of madder lake.

Figure 6.4: (a) The red dashed square on the proper left shoulder of portrait 75.AP.87
indicates the region where red lead was identified by FORS (b). The transition occurs at ∼
590 nm.
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Results of the visible-induced NIR luminescence photography (Figure 6.5) revealed that

three portraits, 73.AP.94, 79.AP.141, 73.AP.91, contained a luminescent pigment, most likely

Egyptian blue, the only known blue pigment used in this period with this unique property

to emit light at λem = 910–930 nm [6, 200, 108] when excited by red light (λex = 600 nm).

In the first two portraits (Figures 6.5a,b), Egyptian blue was used not to provide a blue

hue but was found dispersed in a white matrix to produce a ‘cold’ white tone. In portrait

73.AP.94 (Figure 6.5a), the Egyptian blue-containing white pigment was used to accent the

skin tones of the man’s face, ears, and along the neck.

The use of Egyptian blue pigment particles in white paint matrices (without changing the

hue to blue) is quite common in Hellenistic and Roman painted sculpture and wall paintings

[200, 28]. In portrait 79.AP.141 (Figure 6.5b), the Egyptian blue-containing white pigment

was used for the tunic and the hazy white background. This practice was noted in both the

Cypriot paintings (see Appendix C.1) and the funerary portrait (A.N. 32.4) (see Chapter 4,

Figure 4.12) where this white pigment (enhanced with Egyptian blue) was used to produce

shading effects. Egyptian blue was identified in portrait 73.AP.91 (Figure 6.5c) in the purple

tunic, and in a white pigment to put highlights on her nose and lip. However, most interesting

was the application of the blue pigment to shade her facial features including the shape of

her face, eyes, nose, neck. This distinct technique of outlining has been identified in one

funerary portrait from the Phoebe A. Hearst Museum of Anthropology [77], and it echoes

the unique application identified in the House of Aion funerary painting E9 (Figure 2.28).

Further analyses using FORS and XRF of portrait 79.AP.141 (Figure 6.6a) revealed

technical similarities to portrait 32.4 from the Walters Art Museum. The white tunic here

was produced using Egyptian blue, lead white (identified by XRF), and jarosite (identified

by FORS, Figure 6.6b). The warm white accents on the man’s neck and the soft-toned halo

around the man’s head (spot analyses indicated by arrows in Figure 6.6a) were produced by

a mixture of jarosite and a white pigment (either lead white or calcium carbonate, though

most likely the former as it was identified in the tunic and other portraits have featured lead

white use in flesh tone decoration [57]). The same white pigment mixture and the practice of
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Figure 6.5: Visible-induced NIR luminescence (gray-scaled) photography of the portraits.
The white luminescence corresponds to the presence of Egyptian blue.
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using jarosite to make warm tones for the flesh highlights and in the tunic can be connected

back to portrait 32.4 (Table 4.2). This suggests a technical application practiced amongst

ancient Egyptian artists in the decoration of funerary portraits and can potentially serve as

an identifying trait for a specific artists’ workshop or group of artists. The green pigment

found in portrait 79.AP.141 was identified by FORS as a green copper carboxylate, also used

in the portrait from the National Gallery of Art and portrait 32.4.

Figure 6.6: (a) Locations of FORS collection from 79.AP.141, indicated by the arrows,
identifying the application of jarosite in the tunic, bright stripes along his neck, and the
white background above his head. Their corresponding reflectance spectra (b) have an
absorption feature at 433 nm that clearly indicates the presence of natrojarosite.

FORS analyses also gave insight into the binding media used for the portraits ana-

lyzed. Portrait 79.AP.141 shows the application of wax, due to characteristic absorptions of

CH-combination bands (CH2) stretching and bending) at 2312 and 2352 nm and νCH-1st

overtone (of (CH2) stretching) at 1730 and 1763 nm. In portrait 73.AP.94 (Figure 6.1b), two

binding media were identified: wax and an oil-based binding medium. The latter featured

characteristic absorptions of CH-combination bands at 2303 and 2345 nm and the νCH-1st
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overtone at 1723 and 1753 nm. The oil, most likely linseed oil, was found in the light blue

pigment (identified as indigo) on the linen wrapping, not as a part of the composition on the

wooden panel. Similar binding media were also identified in the shroud portrait 75.AP.87

(Figure 6.1a). Wax was the primary binding medium. However, in the green wreath of the

youth, the absorptions were at 2297 and 2343 nm, and 1723 and 1752 nm, suggesting the

use of an oil. The green pigment requires further studies for its characterization; based on

the reflectance profile it appears to not be a natural or synthetic green pigment, but perhaps

a mixture of blue and yellow.

These analyses based on forensic imaging combined with FORS and XRF provided cru-

cial information into technical trends practiced among artists in Greco-Roman Egypt. The

Egyptian blue-containing white paints and how they were applied in Cyprus and Egypt may

suggest knowledge exchange between these regions. Additionally, these results demonstrate

the strength of ALS applications, whereby excitation of various fluorescent materials at dif-

ferent wavelengths from the tunable light source, coupled with capture by a UV to NIR

sensitive camera with interchangeable filters, produces complementary scientific imagery

that allows separation and identification of material signatures, as well as interpretation of

their application in the paintings. The supplementary analyses by FORS and XRF allowed

further characterization of the pigments in the portraits and identification of their binding

media.

6.2 Ancient Cypriot Paintings

6.2.1 House of Aion

The figurative painting E9 from the House of Aion (Figure 2.9c) in Nea Paphos, Cyprus,

previously discussed in Chapter 2, was analyzed with the SRS system and the Specim IQ

camera in the 2018 and 2019 analytical campaigns, respectively. The region of interest

imaged with the two systems was the figure’s face (Figure 6.7a) due to the various shading,

highlight, and color-mixing applications used to produce the hair and flesh tones. In this
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scene, the figure’s green wreath and blue and white headpiece are visible, and the backdrop

of wide light and dark purple brushstrokes can also be seen.

The same analytical protocol presented in Chapters 4 and 5 were used on the original

reflectance and luminescence data cubes collected. A 1st derivative calculation (performed

in Matlab) was applied to the SRS-collected reflectance cube, subset to the visible/near-IR

(VNIR), and a set of 1st derivative endmembers (Figure 6.7d) were extracted in ENVI (the

image analysis software) to map the different pigment mixtures (Figure 6.7b).
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Figure 6.7: (a) Scan region of figurative painting E9, House of Aion (see Figure 2.9c for
full painting). (b) The chemical material map produced from the SAM, using the extracted
1st derivative endmembers in (d), whose reflectance equivalent endmembers can be found
in (c).
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Table 6.1: 1st derivative endmembers applied for chemical mapping of figurative painting,
E9. The last column contains the diagnostic spectral features used to identify the constituent
materials.

Endmember Features and hues Material(s) ID Spectral features

1 Brown hair Red ochre
452 (s), 582 (i), 656 (a),
750 (m), 867 (a)

3
Blue head piece;
facial outline

Egyptian blue
Calcium carbonate

540 (a), 632 (a), 800 (a)

4
Yellow facial shading;
hair strands

Yellow ochre
452 (s), 560 (i), 763(m),
890 (a)

5 Light pink facial shading
Red ochre
Calcium carbonate

452 (s), 577 (i), 662 (a),
766 (m), 857 (a)

6 Light purple background
Red ochre
Calcium carbonate

445 (s), 580 (i), 755 (p),
850 (a)

8 Green wreath leaves Green earth
458 (s), 584 (m), 736 (a),
848 (m), 900 (a)

11 Dark purple background Red ochre
452 (s), 590 (i), 750 (m),
870 (a)

12 Light flesh tone
Yellow ochre
Red ochre
Calcium carbonate

452 (s), 550/576 (i);
604 (s); 777 (p); 880 (a)

Eight unique endmembers were extracted from the 1st derivative cube (Figure 6.7d).

The values of their diagnostic spectral features were extracted by analysis of the 1st deriva-

tive endmembers, and compared to reference reflectance spectra of minerals and synthetic

colorants (Appendix A). The following materials were identified based on their character-

istic absorption, maxima, and inflection features (detailed in Table 6.1): hematite-rich red

ochre, yellow ochre (goethite), green earth (celadonite mineral), and Egyptian blue. From

the tonalities of various hues produced in the painting, lighter tones were produced in ad-

mixtures with a white pigment and darker tones with a black pigment. XRF spectroscopy

of the white pigment indicated characteristic X-ray emissions of Ca suggesting the presence

of calcium carbonate (CaCO3), the most common white pigment used in Cypriot Hellenistic

and Roman wall paintings (references). The black pigment was carbon black.
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The skin tones were mapped by endmembers 4, 5, and 12, representing mixtures with

different relative concentrations of goethite and hematite-rich red ochre, with calcium car-

bonate white. This was determined by the shifts in the inflection points, peak maxima

values, and near-infrared absorptions. Endmembers 4 and 12, of the light yellow flesh tones,

show absorptions shortward of 550 nm (6A1g(
6S)→ 4T 2g(

4G)), indicative of the presence of

goethite. Endmember 5 is a pink flesh tone with strong absorption shortward of ∼ 577

nm, and absorptions at ∼ 662 nm and ∼ 857 nm, characteristic of hematite. However, the

peak maxima at 766 nm corresponds to that of goethite. The background stripes of light

purple (endmember 6) and dark purple (endmember 11) were produced with hematite-rich

red ochre, as was the brown hair with subtle yellow strands (endmember 1). The differences

in the spectra between the purple and brown hues are due to the different pigment mixtures.

The green wreath leaves were painted with celadonite mineral (endmember 8), and Egyptian

blue (endmember 3) was used in the head piece of the figure and the outline of the face.

These outlines were first seen in the forensic image in Chapter 2 (Figure 2.28). Here, the

endmember was not able to robustly map the outlines, applied as a blue wash, or its presence

in the flesh tone mixtures, as visualized in the luminescence photography; the concentration

of Egyptian blue in these applications was not sufficient to be detected by the instrument

employed.

The luminescence data cube collected by the Specim IQ camera was able to overcome

this challenge. The luminescence endmember extracted (Figure 6.8a) produced a chemical

map of Egyptian blue application throughout the image scene in the field of view (Figure

6.8b), owing to the strong luminescence quantum yield of the pigment (φE = 10.5% [6]).

Similar to the image produced in Figure 2.28, the map here confirms that Egyptian blue was

used in the flesh tones and to outline the face and neck. Luminescence imaging spectroscopy

using an HSI system thus serves as a powerful diagnostic tool for the identification and

quantitative spectral mapping of luminescent pigments with high luminescence quantum

yields like Egyptian blue, conventionally mapped by their luminescence glow in forensic

photography.
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Figure 6.8: (a) The emission endmember extracted from the luminescence data cube (peak
location ∼ 935 nm). (b) The chemical map of Egyptian blue over the figurative painting
E9 confirms the forensic photograph captured of the same scene in Figure 2.28. Lumines-
cence imaging spectroscopy is a robust alternative to forensic photography by employing
quantitative spectral mapping of the diagnostic emission peak.

SWIR analyses of the SRS data cube identified the use of a polyvinyl acetate (PVA)

material for the consolidation of the painting. Furthermore, MNF analyses of the J, H,

K-simulated wide infrared bands produced an MNF eigenimage clearly identifying the green

leaves in the black regions (Figure 6.9), due to the triplet signature of celadonite from 2250-

2350 nm corresponding to vibrations of OH-combination bands. This demonstrates again

that SWIR MNF analyses can provide a better chemical map for materials whose VNIR

reflectance signatures are more challenging to visualize through spectral angle mapping due

to low concentration or masking effects.
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Figure 6.9: (a) RGB image of figurative painting E9. (b) The third MNF eigenimage
produced from the J, H, K bands in the SWIR. The intense black regions correspond to the
green earth-painted wreath.

The analysis of the data from these investigations show that when the hyperspectral

Specim IQ camera and the SRS system are used in tandem, they provide complementary

information necessary for the identification of materials and an understanding of the technical

practices of the ancient artists, mainly on the application of pigments and their function. 3D

data cubes provide a new avenue to identify and deconstruct the pigment mixtures applied

by ancient artists, and facilitate chemical mapping of the painting applications. Additionally,

novel processing methods allowed various signatures to be probed that were challenging to

identify in the original reflectance profiles.

6.2.2 Tomb Roma 2

Forensic photography and luminescence imaging spectroscopy using an HSI system was ap-

plied in Tomb Roma 2 to recover concealed decoration. A stone slab in Tomb Roma 2 sealing

a loculus (Figure 6.10) features two layers of different decorative schemes. In the lower left

region of the slab, a layer of heavy gypsum salt encrustation, identified by FORS, covers the

decoration (Figure 6.11a,c). Red light excitation (∼ 600 nm) was applied to the surface of
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the slab and the cameras (a modified Fujifilm DSLR and the Specim IQ) were filtered with

PECA NIR filters to capture luminescence from ∼ 900–1000 nm. An IQ luminescence data

cube was collected of the region marked in red. Extraction and mapping of the emission

endmember produced the map in Figure 6.11b.

Figure 6.10: The decorated limestone slab of Tomb Roma 2.
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Figure 6.11: The red (a) and blue (c) dotted regions of interest from Figure 6.10. (b) and
(d) are the visible-induced NIR images produced from LIS and forensic photography studies,
respectively.

The style of imagery is presently indistinguishable but the intensity and distribution

suggest a non-geometric motif, and the shape of the decoration is inconsistent with the

remaining visible decoration in the rest of the slab. It should be noted that the brightest

region towards the bottom of the image corresponds to a removal of the gypsum crust layer,

but there is no visible indication of pigments (only present in trace quantities identified

by photomicrography). Forensic photography produced the NIR luminescence photograph
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in Figure 6.11d. There is a clear pattern of dots running along the bottom of the slab

and two dots are visible next to a vertical solid line. Though these regions of the slab

covered with salt crust feature barely-to-no visible hints of any decoration, the luminescence

imagery has provided a new visualization and understanding of the hidden painting for

future interpretation by archaeologists, and the maps will provide conservators with a guide

for their intervention protocol to protect the slab.

6.3 Byzantine Cypriot Paintings

6.3.1 The Church of St. Paraskevi

The five-domed basilica church of St. Paraskevi (Figure 6.12a) is located in the village of

Yeroskipou in the district of Paphos, Cyprus. It is one of the oldest churches in Cyprus,

dated to the eighth century AD. This has been suggested for two reasons: (1) a reddish-

brown apotropaic (ability to ward off evil) cross painted directly on the stone foundation of

the church, which was typical of eighth and ninth century early Christian churches and have

been seen in the Eastern Mediterranean [95]; (2) a decorated cross in the eastern-most dome

along the nave of the church is also typical of Early Christian churches and comparisons with

contemporary churches at the time with similar iconography suggests an eighth century origin

[183]. Since its construction, the church of St. Paraskevi has undergone multiple repainting.

In 1974–1977, conservation work undertaken by the Department of Antiquities of Cyprus

revealed older wall painting phases, and it appears that there are four phases of repainting,

dated to the tenth, twelfth, fourteenth and fifteenth centuries [95, 1].
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Figure 6.12: (a) The church of St. Paraskevi. (b) The wall painting above the north aisle’s
arcade. (c) Close-up image of the paintings. The Virgin Mary dates to the twelfth century
painting program, while the figure to her proper left, a Roman soldier, belongs to the fifteenth
century painting program. (d–e) The SRS system, on top of the scaffolding, scanning the
face of the Roman soldier.
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Until now, no material analysis has been performed on the church’s wall paintings. This

is the first scientific study of the wall paintings, providing the new technical insight into the

painting materials used. Details of two wall painting programs, overlaying each other with

the twelfth century program painted below the fifteenth century one, were analyzed. These

are located on the north aisle wall above the arcade on the tympanum (Figure 6.12b). The

SRS system (Figure 6.12d–e) was applied to collect data cubes of two figures’ faces: the

Virgin Mary, from the twelfth century program, and a Roman soldier, immediately adjacent

to the proper right of the Virgin Mary, from the fifteenth century program (Figure 6.12c).

As the paintings were painted high on the wall, the SRS system had to be placed upon a

scaffolding to scan the figures.

6.3.1.1 The Virgin Mary (twelfth century phase)

The scan of the twelfth century painting presents the scene of the Dormition of the Virgin,

with Mary lying on her bier, surrounded by figures in mourning that are now difficult to

discern. Mary wears a dark brownish-purple mantle and has a dark yellow halo surrounding

her head. Thin white lines detail her mantle as well as lines on her face. On her mantle and

halo parts of the painting have broken off, and small areas of chipped-away painting can be

seen throughout the painting. In the scan scene, the bright red bier can be seen towards the

right as part of the background, as well as part of the beard of a mourner (Figure 6.13a).
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Figure 6.13: (a) RGB image of the Virgin Mary. (b) The spectral angle map using the 1st
derivative endmembers (d). (c) are the equivalent reflectance endmembers.

Five unique endmembers were extracted from the VNIR range of the 1st derivative cube

that was calculated from the original reflectance dataset. The face of the Virgin was mapped

by endmember ND4, which represents yellow ochre mixed with a white pigment because the

profile shows increased reflectance intensity and a less saturated spectral profile compared

to that of a yellow ochre sample (Appendix A.3.2). The fine white lines on her mantle and

face (endmember 4) are most likely made by a calcium carbonate white (CaCO3) deriving

from the carbonation of calcium hydroxide (Ca(OH)2), commonly used in fresco application

Byzantine wall paintings [205]. The bier is painted with cinnabar (HgS) (endmember 5).

The bright red hue and the inflection point with a sharp transition in the spectral profile is

due to the bandgap of cinnabar at ∼ 2 eV (∼ 597 nm). Endmember 5 is not a pure cinnabar
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Table 6.2: The 1st derivative endmembers from the scan of the Virgin Mary and their
corresponding application and identification

Endmember Region Hue Materials

ND4 Face Light yellow Yellow ochre

ND5 Bier Red Cinnabar

3 Halo Dark yellow Yellow ochre

4 Facial features, mantle White Calcium carbonate

13 Facial features, mantle Brown Red ochre

sample, as subtle traits of an ochre spectral profile are present, though this would need to

be confirmed by XRF measurements to identify Fe. The application of cinnabar here is

significant; because it was an expensive pigment and selectively used, its application for the

Virgin’s bier shows the significance of the scene to warrant its use. The eyes and the mantle

of the Virgin are mapped by endmember 13, which is a red ochre pigment. Endmember 3

maps the dark yellow halo of the Virgin. While the endmember matches relatively closely to

goethite (Appendix A.1.2), the inflection is shifted to 565–570 nm. The shift in the inflection

and the darker yellow hue suggests that perhaps some umber (Fe2O3/MnO2) may have been

a part of this pigment. This may be confirmed by further XRF analyses.

6.3.1.2 Roman soldier (fifteenth century phase)

The second figure scanned, from the fifteenth century painting phase, is part of the large scale

Crucifixion scene covering the wall. The figure is a Roman soldier (Figure 6.14a), tasked

with crucifying Christ. He wears a gold-tone body armor with floral decoration, suggesting

this depiction was intended to emulate gilding. His brown hair shows yellow streak tones,

and his hand, as well as the arm on his proper right side, has a light yellow flesh tone, with

bright white highlights on the fingertips. The collar of the soldier’s shirt armor and the

sleeve of the hand to his proper right have the same light blue tone. The hands, the soldier’s

facial features and his hair curls are outlined with sharp black lines. To his proper left is the

older painting phase with the Virgin Mary. The broken painting outline of the later phase
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Table 6.3: The 1st derivative endmembers extracted from the scan of the Roman soldier and
their corresponding application and identification.

Endmember Region Hue Material(s) ID

1 Background Yellow Yellow ochre

2 Bier (12th C) Bright red Cinnabar, ochre

4 Flesh highlight White-yellow Yellow ochre, calcium carbonate

5 Chlamys Bright red Cinnabar, red ochre

12 Halo (12th C) Orange-yellow Yellow ochre, red ochre

17 Flesh shading Yellow-green Green earth, yellow ochre

20 Sleeve, collar Light blue-green Green earth

Y2 Mantle (12th C) Purple Red ochre

HP1 Hair Brown Red ochre, yellow ochre

14 Flesh shading, Light yellow Yellow ochre
hair highlights

25 Armor Gold-yellow Yellow ochre

is clearly visible. The soldier’s face appears somewhat discolored, but shading effects along

the cheek are clearly visible. The background scene is a yellow color.

The surface of the wall painting was uneven. The reconstructed data cube features a

dark region of low signal, caused by the change in distance between the fiber optic cable

and painting surface. This dark region, along with the plaster, was masked in the extraction

process to remove bad pixels. Due to the fine details in the image scene and the uneven

surface of the painting, influencing the spot size captured, the cubes were re-sized in ENVI

by upsampling the pixels by a factor of 9 using a cubic convolution interpolation function. A

1st derivative calculation was performed on the resized cube and extracted for endmembers.

The upsampling procedure seemed to improve the results of the extraction process compared

to the original-sized 1st derivative cube.

Eleven endmembers were selected to characterize the painting materials in the scan scene

and used for material mapping (Figure 6.14d, Table 6.3). Endmember 1 maps to the yellow

background, painted with yellow ochre. Endmember 4 corresponds to the brighter flesh
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tones in the fingers, forehead, and along the nose, which consisted of a mixture of yellow

ochre and white, most likely a calcium carbonate-white pigment. The yellow flesh tones and

hair highlights were applied with yellow ochre. The bright red tone in the later painting

phase (endmember 5) used cinnabar, similar to the red in the older phase (endmember 2

in this dataset). Endmembers 12 and Y2 also represent the older layers (halo and mantle,

respectively), matching the endmembers identified in the previous section.

A green earth pigment was applied in the painting for different functions. It was mixed

with white and applied as the colorant of the sleeve and collar. It was also used for facial

shading of the face, such as along the cheek and neck (endmember 17). The endmember

shows a convolution of green earth and yellow ochre. The materials identified with the

selective application indicates the use of a proplasmos, a dark base layer such as green earth

used to outline the face, which was subsequently covered by flesh tones containing red and

yellow ochre to produce the effect of darker-toned shading around facial features [147]. The

build-up green earth and flesh tones produces a complex stratigraphy that was often found in

the Byzantine Cypriot wall paintings, and this technique is similar to the verdaccio technique

employed in Italian Medieval and Renaissance painting [37].

The brown hair (endmember HP1) is probably made from a mixture of hematite-rich

red ochre and goethite. The gold tone on the armor, in a semi-transparent application,

was produced with an iron oxyhydroxide pigment. The spectral features for this pigment

are 445 nm (shoulder), 540 nm (inflection), 775 nm (local peak maxima), and 880-900 nm

(absorption).

The SRS data cubes were able to provide quantitative in-depth characterization of pig-

ments in the first scientific study of the wall paintings in the Church of St. Paraskevi.

Though limited in scope due to the scan region, this novel imaging spectroscopy technique

has provided insight into technical applications by the artists and established a preliminary

list of pigments used in the twelfth century and fifteenth century-phase paintings. For exam-

ple, the use of a proplasmos with green earth was identified in the fifteenth century phase,

though on the Virgin Mary the only forms of dark shading were the same brownish-purple
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Figure 6.14: (a) RGB image of the Roman soldier. (b) The chemical map produced from
mapping the 1st derivative endmembers (d). (c) The reflectance equivalent of the 1st
derivative endmembers.
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pigment applied to her mantle. Additionally, cinnabar was identified as the bright red hue

in the chlamys (a short cloak) in the later painting as well as in the Virgin Mary’s bier.

Furthermore, the seemingly blue tone was actually a mixture of green earth and white.

6.3.2 The Crucifixion of Christ, the Enkleistra of St. Neophytos

Hyperspectral imaging studies using the Specim IQ camera were performed in the Enkleistra

(“place of reclusion”) of St. Neophytos (Figure 6.15a), presented previously in Chapter 3.

The case study here is a part of the scene of the Crucifixion of Christ, painted in the Cell of

St. Neophytos, located over the mantle of the doorway to the Cell (Figure 6.15c). The Cell,

along with the Bema and Naos, was one of the original carved out rooms in the Enkleistra

(Figure 6.15b). St. Neophytos slept and worked in this space, as indicated by the presence

of a stone couch and table. The small alcoves which stored his books served as his library,

and the recess in the Cell became his tomb when St. Neophytos died.

The Enkleistra was recorded in his writings to have been painted in 1182 AD. In the Cell,

however, there are two painting phases separated by a thin layer of lead white whitewash

[111]. Stylistic comparison to paintings in the Bema [133] indicated that the neoclassical

paintings styles between the two rooms were very similar. An artist’s signature in the Bema

by Theodore Apseudes was also dated to 1182/83. The Naos appears to have been painted

at a different time, as the style is more monastic and has been given a date of execution for

approximately ten years later. Thus, it is believed that the original painting phase in the

Cell was not referenced by St. Neophytos in his writings and was performed at an earlier

date, but probably not of high quality since it was eventually concealed and never discussed

[133].

The region of interest imaged by the Specim IQ camera, designated by the red outline

(Figure 6.15c), focused on Christ’s feet, as well as a foot from the first painting phase that

is most likely a previous depiction of the Crucifixion. Both painting phases have suffered

extensive deterioration, as evidenced by the appearance of plaster due to paint loss. The

painting also features craquelure patterns. The second painting phase, which dominates the
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Figure 6.15: (a) The Enkleistra of St. Neophytos. (b) A top-view schematic of the Enkleis-
tra. (c) The Crucifixion painting in the Cell, above the doorway. The red box indicates the
scan scene.

scan scene, features a grey wall in the background with two slits featuring two different tones

of green and blue-green. The cross is made up of several different hues ranging from light

brown to black, representing the three different pieces of wood used to make the cross [133].

The feet of Christ have bright red blood dripping down onto the cross from the nail wounds.

The flesh tones of the feet feature a gradient of hues ranging from yellow-green to a light

yellow. To the proper left of the cross is St. John, in mourning. The edge of his red chlamys

appears as a vertical red band in the scene. Finally, blue-green decoration from the first

painting phase is also apparent on the proper right side of the cross, due to the excessive

flaking of the second painting phase.

Seventeen endmembers were extracted from the 1st derivative cube and mapped (Figure
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6.16b). The reflectance and 1st derivative endmembers can be found in Figures 6.16c-d, and

their interpretation in Table 6.4. The flesh tones in this scene are represented by endmembers

ND4 and EM22. ND4 is a mixture of red and yellow ochre, which mapped to the foot in

the first painting phase, as well as the yellow tones on Christ’s feet. The yellow-green flesh

shading on Christ’s feet was produced from the build-up of green (the proplasmos) and flesh-

colored tones, indicated by the identification of green earth and yellow ochre spectral features.

Green earth was also identified in the original green coloration of the slits in the wall, the

region of green at the bottom of the wall (perhaps representing grass), as well as in the first

painting phase’s green hue. The green pigments identified in the two phases are mapped by

two different endmembers (endmembers EM15 and HP6, respectively). Endmember EM15

has a local maximum at 566 nm, while HP6 has a maximum at 547 nm. These are both red-

shifted with respect to the reference value for the Cypriot celadonite mineral in Appendix

A.3.4. The remaining spectral features of endmember 15 correspond closely to green earth.

The reflectance peak for endmember HP6 appears shifted to ∼ 845 nm. It also features a

more significant absorption at 670 nm, compared to a more subtle absorption by endmember

EM15 at 647 nm. The other blue-green and grey-blue tones on the building in the background

are due to restoration in-fills of viridian green (Cr2O3· 2H2O) (endmembers ND1 and ND5).
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Figure 6.16: (a) RGB image of the scan scene in the Cell. (b) The SAM map of the scene,
using the 1st derivative endmembers in (d). (c) The reflectance equivalent endmembers of
(d).
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Table 6.4: The 1st derivative endmembers extracted from the scan of Christ’s feet and their
corresponding application and identification

Endmember Region Hue Materials

ND1 Building slits Blue-green Viridian green (restoration)

ND2 Chlamys (cloak) edge Dark red Red ochre

ND4 Feet Yellow Yellow ochre, red ochre

ND5 Building Grey-blue Viridian green (restoration)

ND6 Chlamys Light red Red ochre

ND8 Blood on feet Bright red Cinnabar

EM5 Cross Black –

EM9 – – Plaster/ Deterioration

EM15 Older layer Green-blue Green earth

EM22 Feet shading Yellow-green Green earth, yellow ochre

EM24 Cross Yellow-brown Yellow ochre

HP1
Feet outline
(later and older layers)

Dark brown-red Red ochre

HP3 Cross Light brown Yellow ochre

HP4
Blood on cross
(brown area)

Red (faint) Cinnabar

HP5
Blood on cross
(black area)

Red (faint) Cinnabar

HP6 Ground region Green Green earth

Various red tones appear throughout the scene. The red blood flowing from the wounds of

Christ has different intensities due to its application over a light flesh tone (bright red), and

then over the darker hues of the cross (darker red). These regions are mapped by endmembers

ND8, HP4, and HP5. Each endmember clearly identifies the presence of cinnabar. The latter

two have subtle ochre characteristics to their spectral profiles, due to the background paint.

The selective application of cinnabar for the blood is symbolically significant – the bright red

hue and the valuable nature of this pigment highlights the important religious nature of the

scene. Different red ochre pigment mixtures were also applied to the chlamys (endmembers
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ND2 and ND6) of St. John (the folds and edge were painted with a more intense hue -

endmember ND2). Red ochre was also used in the first painting phase, surrounding the

single foot (endmember HP1). Endmember HP1 also appears to map to the dark outlines

of Christ’s toes on the altar. Endmembers EM5, EM24, and HP3 correspond to the black,

yellow-brown, and light brown hues of the cross. The black pigment (endmember EM5)

was not identified by the reflectance spectrum; this would require another technique such

as XRF, which would be able to identify the use of umber, if present. The brown tones of

the cross were made primarily by yellow ochre, as indicated by the inflection point and NIR

absorption, but the local maxima of the endmembers appear at ∼ 745–750 nm, thus these

are not pure applications of goethite.

These results demonstrate the importance of chemical mapping in the Enkleistra to

identify and interpret the pigment use. The case studies performed in the church of St.

Paraskevi and in the Enkleistra are the first examples of imaging spectroscopy applied in

Cyprus to analyze the valuable historical wall paintings that are part of the island’s rich

artistic traditions.

6.4 Challenges and limitations for IQ and SRS applications

The case studies presented here clearly demonstrated the imaging systems’ powerful charac-

terization capabilities and the ability to provide insight into ancient and Byzantine painting

materials, technical artistic choices, and the pigments’ spectral responses in mixtures and

layers. However, these systems also have their limitations.

Due to the set fixture of the fiber-optic cable in the SRS system’s fiber-optic mount, non-

uniformity in the surface of the painting changed the spatial resolution of the pixels. While

this would be true for all cameras in this situation, the effect is much larger for the SRS

system, as the pixel sizes are ∼ 4 mm each, and increasing the distance would increase the

amount of information a pixel is collecting, reducing the spatial resolution and introducing

mixtures of reflectance signatures of separate yet adjacent pigment applications. In the
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case of the Roman soldier, the fine details were already difficult to resolve at this spatial

resolution. Furthermore, as the system’s collection configuration relies on close proximity

to the wall paintings, sloping surfaces cause regions of poor signal, either due to lack of

light as the painting is too close for the right illumination projection, or the fiber-optic cable

is too far to collect a proper signal from the painting. Fortunately, the tripod ball head

accounted for most of the sloped wall painting surfaces, and the scene size is small enough

that relatively flat (2D) scenes can be scanned with minimal issue. However, even subtle

changes in the distance between the fiber-optic cable and the painting surface can cause

spectral artifacts in the data (∼ 600–615 nm) due to the order-sorting filter, meant to filter

higher order diffracted beams from the internal diffraction grating before reaching the sensor

in the ASD Fieldspec 3. Most appearances of this artifact have been relatively small, thus

overall not disruptive to the characterization of the reflectance spectra.

The Specim IQ camera, while featuring a much higher spatial resolution, contains a

limited analytical range and a lower SNR, preventing a more thorough characterization

of the pigments, especially for subtle changes in the values of diagnostic spectral features

and lacking additional characteristic absorptions in the SWIR. Additionally, the ability to

manipulate data collection parameters is not practical. The focusing function by the lens

of the camera is rough; the scene visualized by the RGB viewfinder does not correspond

exactly to the scene scanned by the spectrometer (which is especially problematic for close-

up HSI captures of small scale scenes and objects); and the integration time is the only

other parameter that can be adjusted, which can only be increased up to 500 ms, impacting

luminescence cube measurements. Unlike the live view of the ASD Fieldspec 3’s collection

software, RS3, it is difficult to get clear, instant feedback of the spectral quality on the small

IQ display. The spectral response is also somewhat limiting. The reflectance data cubes

often feature a sharp increase in reflectance below ∼ 430 nm, which is a significant deterrent

for the identification of spectral features close to this wavelength, such as jarosite’s diagnostic

absorption at 433–435 nm (Appendix A.3.3). The camera is also sensitive to atmospheric

effects and features higher noise level above 800 nm. However, as demonstrated by the case
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studies presented in this thesis, it has operated as a robust field instrument with the ability

to provide preliminary characterization of painting materials and their distribution on wall

paintings, the results of which can guide further advanced investigations.
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CHAPTER 7

3D modeling with integrated VNIR luminescence

imaging

7.1 Motivation

Cameras operating at spectral ranges beyond the visible region of the electromagnetic spec-

trum have demonstrated the ability to document, characterize, and reveal obscured and

invisible-to-the-naked-eye decoration of polychrome works of art including wall paintings,

architectural surfaces and three-dimensional reliefs and sculptures [200, 113, 29]. The data

output of these technologies, as reflectance and/or luminescence images or chemical maps,

provide essential information on an object’s history, materials and technique, and condi-

tion. However, the format of viewing these data traditionally remains two-dimensional

even for three-dimensional objects; in other words, evaluation of chemical imagery in a

three-dimensional (3D) space is still overwhelmingly lacking. More so in the field of digital

humanities that is a relatively new inter- and multidisciplinary field, concerned with the

application of computational and digital tools and methods to humanistic and social science

established disciplines like art history, archaeology and conservation (of cultural heritage

materials). The application of 3D modeling in these disciplines has been established as an

integral method of evaluation of objects of cultural significance. By its inherent nature of

storing data on object geometry, topography, color, and structure, 3D modeling serves an

important role in data content management and documentation, especially in the survey

of excavated archaeological sites, object conservation, and classification and recording of

looted, falsified, and widely dispersed artifacts [150, 165]. 3D models of important artifacts
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and monuments facilitate accurate reproductions and working models, allowing safe, hands-

on interactions with the target, which is especially important for proper handling practices

and guiding conservation interventions. In the form of a unique visual data repository, a

3D model is a highly important tool for sharing data, performing secondary research, and

educational outreach [177, 157].

In this research, the focus is to extend visualizations beyond the traditional 3D format by

incorporating luminescence data that can provide diagnostic fingerprinting of materials, us-

ing an improved method to mitigate previous challenges of integrating chemical data into 3D

models. This was achieved by looking at current computational and technological method-

ologies utilized by digital humanities researchers and targeting weaknesses in 3D modeling

pipelines that have perpetuated the gap in scientific 3D model outputs.

7.2 Significance of 3D modeling for polychrome objects

3D modeling plays a valuable role for the study of polychromy [4, 119, 180, 177, 99]. Under-

standing pigmented statuary and other 3D objects is accomplished by studying structure,

the object’s function, and relationships between the structure and the decorations/materials

it features. By visualizing the pigments and decorative scheme of an object in a 3D struc-

ture, the colors are being analyzed in an improved context, reproducing the original setting

in which their function was intended. The distribution of materials is more clearly seen and

understood compared to 2D images. However, weathering, mishandling, and past conserva-

tion interventions may have caused loss or concealment of pigmented decoration, leaving in

many cases only residual traces. This makes simple photorealistic reconstructions limiting

in their capabilities to provide a better understanding of the object.

This challenge can be overcome through functional adaptations of existing methods,

by incorporating non-visible radiation datasets illustrating the extent of residual pigments

and/or revealing concealed decoration in the constructed 3D models. Integrating scientific

data into 3D models provides a platform to visualize data conventionally analyzed in a 2D
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context from techniques such as portable spectroscopy (i.e. XRF or FORS) and photo-

luminescence imaging. Just as identifying colors in context is extremely important for a

more holistic understanding of an object, observing chemical data in 3D, also provides an

additional perspective for accessibility and interpretation. As demonstrated in the previous

chapters, forensic photography, reflectance imaging spectroscopy (RIS), and luminescence

imaging spectroscopy (LIS) have proven to be extremely valuable for macroscale analyses in

object characterization by progressing from spot collection to 2D chemical maps (on a single

plane). The next step is to transition from 2D chemical maps to distribution of chemical

maps in a 3D space (volume), by taking advantage of principles of multi- and hyperspectral

imagery.

In the past 10 years, researchers have been actively exploring methods of developing 3D

models that contain imagery acquired at different wavelengths or spectral bands to feature

chemical maps. This research can be categorized by the following lines of inquiry: (1)

how to generate 3D content; and (2) how to incorporate additional data into pre-existing

3D mesh structures. The former focuses on technologies and computational modeling that

produce photorealistic 3D virtual models. The latter explores how to integrate additional

data, i.e. 2D imagery not associated with the original 3D mesh, into the final model. Lerma

et al. (2011) combined near-infrared imagery with thermography and RGB photography in

different bands for false-color analysis of the monumental structures of Petra, particularly

examining the condition and deterioration mechanisms found on the stones [128]. Terrestrial

laser scanning was used to build the mesh of the monument and imagery acquired from the

different photographic approaches were used to ‘drape’ over the 3D mesh.

Brusco et al. (2006), Mara et al. (2009), and Pelagotti et al. (2009) developed several

of the earliest 3D multispectral imaging (MSI) systems for cultural heritage [33, 136, 151].

Brusco et al. (2006) emphasized the value of 3D modeling and MSI for building with wall

paintings, as it helped to revive faded imagery, reveal decoration and trace materials, pro-

viding valuable new insight into the relationship between the architecture and the painting.

Mara et al. (2009) demonstrated examples of 3D scans of wall paintings from the ultraviolet
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to infrared. The 3DIS system by Kim et al. (2012), one of the first 3D HSI systems used in

cultural heritage, featured a time-intensive process of approximately 96 hours, from scan to

reconstruction, to complete the build of the 3D model [116].

Other researchers have applied novel methods for reconstructions of high-relief objects

featuring MSI texture. Kotoula et al. (2015) used a Reflectance Transformation Imaging

(RTI)-based approach to get pseudo 3D reconstructions of high-relief surfaces with integrated

imagery from UV and IR wavelength ranges [118]. Van der Perre et al. (2018) developed an

LED illumination dome that can reconstruct surfaces of objects with multiband data using

a modified DSLR camera [154]. A custom software package and viewer was built to collect

and visualize the data.

Thus far, only a few groups have documented 3D reconstructions of ancient polychromy

or wall paintings clearly identifying UV-induced or Egyptian blue luminescence [126, 97, 197,

137]. A collaboration between Ny Carlsberg Glyptotek and the [HUMlab] at Copenhagen

University produced the first reported 3D model in the literature featuring Egyptian blue

luminescence [97]. The photorealistic 3D model was produced from a capture of 400 images.

The luminescence images were aligned with the RGB images and projected onto the mesh

of the model. Regions of fluorescence were filled in with a blue color in attempts to replicate

the original figurine’s decoration. Details of this approach are a bit unclear on how the

luminescence was laid onto the mesh or how many luminescence images were utilized and

from which angles, though it appears the image collection process was different for the

RGB and luminescence captures. Lanteri et al. (2019) also reported constructions of UV

fluorescence and Egyptian blue luminescence models [126]. The former model was produced

by keeping the camera and UV excitation source in fixed positions while the object was

rotated for image capture. However, it is unclear how many images were captured, nor

were screenshots of the model provided to demonstrate the final visualization. Similarly, for

the model featuring Egyptian blue, no details on the image dataset were provided, or how

exactly the final model was produced with the luminescence, thus making their methodology

non-reproducible and inaccessible.
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The dearth of multispectral and luminescence-textured 3D models in cultural heritage

appears to mainly be a function of the lack of a methodology that is accessible and adapt-

able technologically. The main challenge of performing multispectral 3D modeling, especially

for imagery featuring trace luminescence as seen in the forensic photography and LIS data

throughout this thesis, using the same routine as photorealistic RGB modeling is the lack of

common tie points between images. A practice in luminescence imaging to get a background

context for the material distribution over an object is the allowance of light leakage during

capture, and comparisons are usually made between the relative intensity of the luminescent

pigment and the background [197]. This is not scientifically robust and provides non-trivial

interference with interpretation of the imaging data. Additionally, as shown, the few 3D mod-

els reported in the literature do not provide a reliable methodology with sufficient details to

promote their approaches to other laboratories and museums. Much of current research in

the area of MSI and 3D modeling are continuous adaptations to 3D computational platform

or developments of imaging setups specific to the developer, laboratory, or museum. Few

research efforts produce both a pipeline and results with intention of dissemination for a

widely accessible approach and applicability to collections with multiple objects for compar-

ison. Research in object digitization and 2D to 3D transformations for integration of MSI

data into a 3D framework explore relatively advanced algorithms [151, 177, 176, 116], which

can limit potential users. Furthermore, systems are often custom designed to a laboratory or

museum setting and use non-commercial software, making the system difficult for transport,

adaptation, and expensive, as well as user specific.

The objectives of this research were therefore two-fold: (1) to demonstrate multiband

analytical/forensic 3D imaging producing multispectral data texture from the UV to NIR,

targeting faithful reconstructions of objects with luminescent materials (pigments, binders,

adhesives, restoration materials), and (2) develop a simple scientific protocol based on a

photogrammetric approach that is accessible by virtually any conservation, archaeological,

or scientific laboratory. The methodology proposed integrates chemical data as the source

structure of the model, avoiding the requirement for a computational projection of 2D mul-
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tispectral texture onto a 3D mesh. It also addresses the challenge of building 3D structures

that lack tie points between adjacent images. A practical, streamlined methodology was

designed to: be reproducible and adaptable amongst different laboratories using common,

commercial technologies; feature relatively rapid acquisition, as the use of portable instru-

ments and the limited access to objects necessitate this; and provide instant feedback of

the quality of the imagery. The following case study was used as proof of concept for the

proposed method.

7.3 Case study: Canosa funerary vase

A polychrome Canosa terracotta funerary head vase, previously referenced in the case study

in Chapter 2.1, from the J. Paul Getty Museum (accession number 81.AE.157) (Figure 7.1)

was selected for the 3D modeling exploratory research. In the forensic photography and

spectroscopic investigation [113], the pink and blue pigmentation that covered the diadem,

the robe of the figurine, and decorated the facial features as well as the surrounding leaves

were identified as madder lake and Egyptian blue, respectively. Furthermore, the object has

undergone conservation treatment. As such, the Canosa vase served as an excellent case

study for demonstrating 3D reconstructions of a polychrome object with multispectral data

texture.

7.3.1 Data collection

The workflow developed considers the size and shape of the object under study and the

constituent materials used to create the object; in this case, the pink (madder lake) and blue

(Egyptian blue) with characteristic VNIR luminescence emissions decorating the Canosa

vase. Using the taxonomy structure developed by Pintus et al. (2016) [157], the digiti-

zation methodology applied here is classified as a global geometric analysis focused on the

reconstruction of one single object to serve various cultural heritage applications (novel visu-

alizations and interpretations of the object, conservation studies and approaches, monitoring,
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Figure 7.1: RGB images of the Canosa vase (A.N. 81.AE.157).

and large collection analyses, i.e. database collections).

Image data was collected to produce three separate 3D models: (1) photorealistic (RGB),

(2) visible-induced photoluminescence of ancient pigments Egyptian blue and madder lake

and (3) UV-induced visible fluorescence. This was achieved applying the photogrammetric

approach ‘structure-from-motion’ (SFM) using RGB photography and forensic photography

principles described in Chapter 2. SFM photogrammetry requires multiple images to be

acquired at numerous angles with significant overlap between them and coverage over the

object to provide multiple common tie points between adjacent images (Figure 7.2). This

minimizes the gaps within the 3D mesh and facilitates reliable feature extraction in a 3D

reconstruction algorithm [204].
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Figure 7.2: Schematic demonstrating the implementation of the ‘structure-from-motion’
imaging approach to achieve sufficient coverage over the object to build a complete 3D mesh
[204].

Image acquisition utilized both systematic imaging at set degree intervals and free-hand

acquisition for high relief surfaces on the top and bottom of the figurine to ensure full

photographic coverage in the SFM approach. Both image acquisition methods utilized a

Nikon D90 12.3-megapixel digital single-lens reflex (DSLR) modified camera (internal hot

filter removed) with a 60 mm lens. For the systematic imaging, the figurine was placed upon

a PAMCO VR1040 360 photography turntable and photographed at 15-degree intervals.

Four sets of twenty four raw data (.NEF) images (visible, Egyptian blue capture, madder

lake capture, UV-induced visible fluorescence) from the systematic imaging and ten RGB

images from free-hand acquisition were taken to create the three 3D models. The camera,

vase, and turntable were kept in the exact same location for each set of images.

First, the RGB image set was collected using the Nikon D90 modified camera and a visible

filter (λ = 400–700 nm; PECA 916) (f-stop 16, exposure time 1
4

s), This dataset served two

purposes: to create the RGB model and to provide a background context to increase the

number of common tie points in the visible (Vis)-induced luminescence model construction.
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Second, analytical forensic photography was applied to acquire the scientific imagery

integrated into the UV and visible-induced luminescence 3D models. A Mini-Crimescope

MCS-400® from SPEX Forensics was used for photoexcitation of luminescent materials on

the surface of the object. Coupled with the modified Nikon D90 camera and the appropriate

bandpass filters on the camera lens, the photoluminescence of Egyptian blue and madder

lake were acquired separately in consecutive image sets. The photoluminescence of Egyptian

blue was acquired with photoexcitation λex,max = 600 nm and emission capture between

∼ 900–1000 nm (f-stop 8, exposure time 2 s) using a Peca 910 filter. For madder lake,

photoexcitation was achieved with λex,max = 535 nm and emission capture between ∼ 580–

700 nm using a red filter plate (f-stop 10, exposure time 1 s). Finally, for the UV-induced

visible luminescence model, to capture the luminescence of potential binder materials and

past conservation treatments, photoexcitation occurred in the UV (λex = 300–400 nm) and

emission was captured in the visible with a PECA 916 filter (f-stop 8, exposure time 4 s). A

Spectralon® SRM-99 diffuse reflectance standard and X-Rite Color Checker Passport was

photographed with the object as a calibration target for image pre-processing. Further tech-

nical specifications of the Mini-Crimescope MCS-400® and the filters used for luminescence

excitation and capture are detailed in [113].

7.3.2 Model construction

The model construction process required two steps: image pre-processing for color correction

and necessary image overlay, and model assembly, using Agisoft Photoscan Professional, a

commercial SFM Dense Multi-View 3D reconstruction (SFM-DMVR) software.

7.3.2.1 Image pre-processing

The raw (.NEF) images were converted to .DNG files using the Adobe DNG converter pro-

gram and imported into Adobe Photoshop. In Camera Raw, the visible images were color

corrected, the only requirement for the RGB model. For the visible-induced luminescence

model, at each capture angle, corresponding images of madder lake luminescence (Figure
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7.3a) and Egyptian blue luminescence (Figure 7.3b) were inserted into R and B channels,

respectively, of a single image (a black image was inserted into the G channel). This compos-

ite image was overlaid onto gray-scaled images from the visible dataset of the Canosa vase

(Figure 7.3c) to create a set of 2D false-color photoluminescence images mapping the distri-

bution of the pigments at each angle (Figure 7.3d). The UV-induced luminescence images

were not processed beyond slight brightness/contrast adjustments. This was a test for the

UV-induced luminescence model to see if the fluorescence images had sufficient context from

the object’s overall fluorescence to produce a complete 3D model. Thus, they were not over-

laid onto the gray-scaled images. These final three image sets were used as the source data

for the RGB, the visible-induced luminescence, and the UV-induced luminescence models.

Figure 7.3: (a) Madder lake photoluminescence resulting from excitation at 535 nm and
capture between ∼ 580 – 700 nm. (b) Egyptian blue photoluminescence, excited at 600 nm
and captured between ∼ 900 – 1000 nm. (a) and (b) were combined in Adobe Photoshop
and overlaid onto gray-scaled images of the vase (c), resulting in the final visible-induced
luminescence composite image (d).

7.3.2.2 Model assembly

Each model was constructed separately within Agisoft Photoscan Professional at the UCLA

Technology Sandbox. Images from the data collection were imported into Agisoft Photo-

scan Professional, a commercial SFM Dense Multi-View 3D reconstruction (SFM-DMVR)

program. This powerful software allows extraction of features acquired at different images

depths to form a 3D mesh of non-uniform density [120]. This is extremely advantageous when
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working in non-laboratory settings as free-hand photography becomes a viable approach for

data collection and input into the reconstruction algorithm; additionally, regardless of envi-

ronment, it facilitates rapid data acquisition, significantly speeding up the imaging process

and therefore the overall 3D modeling time frame.

The RGB model was the first construction, followed by the visible-induced and UV-

induced luminescence models. Each image in the RGB set was masked within Photoscan

to remove the background in the model construction. To expedite the removal background

process in subsequent constructions, the masks were saved and applied to the image data for

luminescence-texture 3D models, which was possible due to maintaining the same capture

angles between the image sets. After masking, the images underwent automatic alignment,

using the highest accuracy settings. Some minor, yet straightforward manual alignments were

also necessary in the RGB and visible-induced luminescence models – these corresponded to

the regions of freehand photography at the top of the Canosa vase.

Next, the highest quality dense point cloud was formed (an example of the visible-induced

luminescence model progression can be seen in Figure 7.4a), which facilitated the mesh con-

struction (the largest polygon/face count was selected) (Figure 7.4b). Lastly, the texture was

applied (Figure 7.4c), culminating in the final form of the 3D models. It is important to note

that in the visible-induced and UV-induced luminescence models the luminescence texture

was inherent in the source imagery, and therefore no additional images or manipulation of

the texture were necessary in this stage of the construction.

Table 7.1 summarizes the camera parameters for image capture, the number of images

used in the model construction, and the number of points in the dense point cloud used to

form the 3D models’ meshes.
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Table 7.1: Summary of image acquisition details and the number of points in the dense point
cloud per model.

Model Images Capture details Points in dense cloud

RGB 34 f/16; 1/4 sec 4,189,776

Vis-induced luminescence 33 – 4,026,872
Madder lake capture 33 f/10; 1 sec

Egyptian blue capture 33 f/8; 2 sec

UV-induced visible luminescence 24 f/8; 4 sec 11,614,184

Figure 7.4: (a) The dense cloud formed in Agisoft Photoscan Professional of the visible-
induced luminescence model. (b) The model after mesh construction. (c) After application
of texture; the final form of the 3D model. The small flags on the model correspond to the
points of manual alignment.

7.3.3 Results and discussion

Three models were produced from the image collection and model assembly process: the

RGB, visible-induced and UV-induced luminescence models. 2D captures of each 3D model

from the front, side, and back are shown in Figures 7.5-7.7. The RGB model (Figure 7.5)

provides a realistic reconstruction of the Canosa vase in its present state. It provides a tool

for recording and monitoring the condition of the vase. Future documentation of the vase,

whether it be 2D images or a new 3D model, can be compared to the current model.
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Figure 7.5: The final photorealistic (RGB) model, shown from the front, side, and back.

The visible-induced luminescence model (Figure 7.6) shows the distribution of two pig-

ments, madder lake and Egyptian blue, whose luminescence were collected separately but

integrated into a single model. The areas appearing in blue correspond to Egyptian blue,

as assigned in the false-color composite images. Egyptian blue was used to decorate the

disks on the diadem of the vase, as well as the leaves on either side of the head. A faint

luminescence also appears on the wreath of the small figurine located on the handle of the

vase. The application of madder lake, appearing in red, extends much further over the vase.

It was applied liberally on the other half of the feathers by the face, the diadem, and the robe

of the small figurine on the handle. The forensic imagery also detected trace applications

on the disk decoration on the top of the handle, as well as her proper right eye, forehead, in

her hair, and on the back of the handle.
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Figure 7.6: The final integrated visible-induced madder lake and Egyptian blue luminescence
model, shown from the front, side, and back.

In the UV-induced visible luminescence model (Figure 7.7), a faint red luminescence

appears over the pink regions of the diadem, feathers, and the robe of the small figure on the

handle. A white-blue luminescence is present in the eyes of the face, more so in her proper

right eye, as well as in her hair above her eye. This luminescence also appears along her

neck, along her forehead between the diadem, and in the feathers. A bright region is present

on the back of the handle.
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Figure 7.7: The final UV-induced visible luminescence model, shown from the front, side,
and back.

Using the models as complementary 3D documentation is also extremely informative.

For example, the UV-induced visible luminescence model is an important resource for con-

servators to identify past interventions and to document new treatments, because glues,

adhesives, and other consolidants tend to absorb in the UV and emit in the visible. How-

ever, due to the lack of spectral data in this type of imaging (i.e. using a DSLR camera),

the UV-induced visible luminescence model alone cannot confidently identify madder lake,

which also absorbs in the UV and emits in the visible, similar to those other organic lu-

minescent materials in the object. The visible-induced luminescence model on the other

hand, targets madder lake based on its characteristic structured double absorption in the

green region of the visible spectrum. Therefore, based on its visible-induced visible lumi-

nescence, madder lake can be mapped. However, other red lake pigments used in antiquity

such as cochineal and lac with similar absorption and emission behaviors may also be re-

sponsible for this luminescence [66, 122, 182, 135]. Additional non-invasive characterization
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by FORS, or minimally-invasive analyses by surface-enhanced Raman spectroscopy (SERS)

or high performance liquid chromatography (HPLC) can confidently identify the organic red

colorant.

In the proper right eye of the vase, the bright white-blue luminescence in the UV-induced

visible luminescence model (Figure 7.8a) matches the false-color red luminescence that ap-

pears in the visible-induced luminescence model (Figure 7.8b). This appears the same for

the luminescence in the black hair. The faint red in the UV-induced luminescence model

and the red in the visible-induced luminescence model that appear along the eyebrow and

forehead also correspond to similar regions. This suggests that all of these regions contain

madder lake. In the eye, using the RGB model as a reference, it appears that madder lake

was mixed with a white material to dilute the pigment and reduce the intensity of the hue,

hence the difference in luminescence compared to the pink dots that appear red. The black

lines of the eyelash painted over the white background also support that this is not a restora-

tion. However, the soft white luminescence that appears throughout the head (nose, inner

proper right eye, left eye, along the forehead) and the feathers suggest the application of a

conservation or retouching material.

The comparison of the UV-induced visible luminescence and visible-induced luminescence

model also provides important insights into the artistic production and restorations. By

comparing the regions of the red false-color luminescence to the decoration in the RGB

model, it is possible to distinguish between madder lake and other red pigments (such as

hematite-rich red ochre) used to paint the figurine. For example, the red-pink tear drops

in the eyes, the lips, the pink ear decoration on the head, as well as the brick red hair of

the small figurine do not fluoresce in the visible-induced luminescence model. This suggests

that a pigment such as red ochre, which absorbs in both the UV and up to ∼ 550 nm and

quenches the luminescence, was used.

The visible-induced luminescence model also gives insight into how Egyptian blue and

madder lake were used together. In this figurine, it seems that the two pigments were used

completely distinctly. The purple-like tones that appear on the small figurine were therefore
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Figure 7.8: Close-up of the proper right eye of the Canosa vase in the (a) UV-induced visible
luminescence model and the (b) visible-induced luminescence model.

not produced using a mixture of Egyptian blue and madder lake.

The test to construct the UV-induced visible luminescence model without overlaying the

images over a background produced positive results. Examination of the model revealed gaps

at the top of the handle and the inner curve, as well as the very bottom of the vase. The gaps

in the inner handle were due to the extremely dark capture conditions where there was no

luminescence, while the tops and the bottoms of the model corresponded to the regions that

required free-hand photography (only performed for the RGB photographs). However, the

remainder of the model featured no gaps, suggesting that UV-induced visible luminescence

models can be created with even faster processing than the visible-induced luminescence

models featuring ancient pigments, which do require a background context.

7.4 Evaluation of the 3D luminescence imaging methodology

The applied methodology and resulting models will be evaluated by parameters in the criteria

framework developed by Pavlidis et al. (2007) [150]. The adaptability of this methodology
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is also considered.

Accessibility of technology

The methodology aimed to utilize instruments and software common within scientific and

conservation laboratories, such as Adobe Photoshop, regular and modified DSLR cameras,

UV and visible light sources, as well as filters for visible and infrared capture. If necessary,

low-cost motorized 360-degree photography turntables are available. In this research, Agisoft

PhotoScan was available through UCLA Technology Sandbox. However, an accessibly-priced

node-locked license may be purchased for the SFM-DMVR software. Additionally, free, open-

source 3D modeling packages with the ability to build models from imported photographs can

potentially be utilized, as the luminescence texture is inherent to the images and no advanced

post-processing is necessary. Image datasets can be pre-masked in Adobe Photoshop, in this

case. Computer system requirements to build the models can vary on the complexity of

the target object. For small scale models (< 100 photos) built under the highest quality

settings in PhotoScan, 8 GB should be the minimum system memory, which is relatively

standard amongst laboratory computers. Note that these models used less than 35 photos

in their construction. In consideration of working hours, the time required to acquire the

data, pre-process the images, and produce a single 3D model was under two days.

Material of the target object

The Canosa vase was constructed with pigments common for ancient polychrome statuary.

Forensic photography was an ideal approach to identify and map the diagnostic photolu-

minescence [201], as well as conservation treatments. Visible-induced near-infrared (NIR)

luminescence imaging is often applied on wall paintings and polychrome sculptures from an-

tiquity to identify the presence of Egyptian blue, as the use of this special pigment was quite

widespread in the Old World [109]. Museum and archaeological collections would benefit

greatly from 3D chemical mapping to identify Egyptian blue, madder lake, and other pho-

toluminescent materials. However, other materials and signatures can be probed by varying
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the illumination and capture configurations (this is an advantage of using an alternate light

source (ALS)).

Size of the target object

The size and weight of the Canosa vase allowed it to be placed on the photography turntable.

It must be noted here that care should be taken to select a turntable with a sufficient load

capacity. However, if an object is immovable, too large or too heavy to be placed on a

rotational stage, this methodology can be adapted to mobile image collection. In moving

around the object, RGB, UV-induced luminescence, and visible-induced luminescence im-

agery should be collected at the same vantage point before moving on to the next angle.

The image pre-processing and 3D construction methods remain the same.

Portability of the equipment

All of the instrumentation utilized in the image acquisition are highly portable. For data col-

lection in the field, lighting can be adapted to battery powered sources, or a field-deployable

generator can be used.

Accuracy of system

As a result of the 3D analytical imaging, four high-resolution image datasets were produced.

With this straightforward technique using commercial software packages, it is inevitable that

a small amount of resolution will be lost in the models’ construction. However, the level of

resolution in the reconstructed luminescence models provide a sufficient detail to visualize

the application and distribution of the conservation materials and the pigments.

Minute manual alignment of a few madder lake and Egyptian blue photoluminescence

images were performed in Photoshop in the creation of the false color composites, as the

object and/or turntable seemed to have shifted slightly within the rotation of the turntable

between the different imaging schemes.
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Texture Acquisition

One of the most important advantages of this methodology addresses the challenge of con-

structing 3D models with multispectral texture. Attempts to build a model in Photoscan

from images such as Figure 2a and 2b would be unsuccessful as there is insufficient overlap

and ‘background’ information to build a proper mesh of the figurine; additionally, proper

context is missing for where the luminescence is located. This is demonstrated in Figure 7.9 -

a visible-induced luminescence reconstruction of the masked composite luminescence images

without a gray-scale RGB image as background (i.e. Figures 7.3a + 7.3b only). The re-

sults are quite poor and demonstrate the long-standing difficulty of producing multispectral-

textured models.

Figure 7.9: An alternate visible-induced luminescence 3D model, shown from the front,
side, and back, constructed from masked composite luminescence images but with no over-
lay onto the gray-scaled RGB dataset for a background context. The poor reconstruction
demonstrates the challenge of multispectral texture mapping due to the lack of common tie
points between images.

By using the photoluminescence imagery as the source data of the point cloud, it re-
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moved the requirement to map any additional texture to the mesh, simplifying the model

construction. It was also demonstrated that the masked UV-induced luminescence images

had a relatively sufficient luminescence from various materials to produce an accurate mesh,

not including the gaps at the top and bottom of the model which were extremely dark or

not directly imaged with UV excitation. It would be interesting to perform more tests of

UV-induced luminescence model constructions of different objects to further evaluate the

approach with minimal image processing.

Productivity of technique

The productivity of a technique is a measure of automation and efficiency in the approach.

The simplified construction of the multispectral texture 3D models in Agisoft Photoscan

relies on careful image acquisition and pre-processing. The image pre-processing, including

the manual overlay of the photoluminescence imagery in Adobe Photoshop, is slightly time-

intensive (several hours). However, the reconstruction in Photoscan is relatively fast and

the multispectral 3D constructions take less than two days to produce, from collection to

reconstruction, using the straightforward, repeatable methodology detailed here.

Skill requirements

Another important advantage of this methodology is the removal of the requirement for

in-depth computational knowledge for the digital mapping of luminescence texture on an

object. The aim for this approach was to be accessible by archaeologists, conservators, and

investigators from various specialties by employing standardized laboratory instrumentation

and commercial software with ease of use, using available documentation, without additional

computation. This was successfully achieved and suggests this technique to be viable for use

across many archaeological, cultural heritage, and forensic laboratories.
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Adaptability

This approach can be easily adapted through variation of cameras, filters, and excitation

sources to produce reflectance and emission signatures and subsequent mapping of other

features of interest in 3D. Extending this approach to UV or IR reflectography, or further to

MSI applications with multiple spectral bands will produce valuable models to help with an

object’s interpretation. 2.5–3D artifacts of various sizes can be imaged and modeled, as well.

Furthermore, the imagery produced can be input into other image reconstruction softwares

besides Agisoft Photoscan.

7.5 Summary

Macroscale 3D chemical imaging and the integration of multispectral texture in 3D models

for cultural heritage applications are relatively under-developed at this point in time. In this

exploratory study, two novel luminescence-textured 3D models were successfully produced

utilizing a user-friendly, technologically-accessible approach, developed for 3D luminescence

imaging with diagnostic emission signatures of important ancient pigments and conservation

interventions.
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CHAPTER 8

Conclusion

In this research, different advanced imaging spectroscopy systems and chemical sensing tech-

nologies were tested to characterize archaeological and historical paintings (materials, pro-

duction sequences, condition, etc.) and to demonstrate the effectiveness of these methodolo-

gies in filling the technological gap in scientific fieldwork.

An extensive in situ non-invasive analytical study of ancient and Byzantine Cypriot

wall paintings ranging from macroscale hyperspectral imaging spectroscopy (HSI) to field-

deployable chemical sensing techniques such fiber-optic reflectance spectroscopy (FORS),

X-ray fluorescence spectroscopy (XRF) and forensic photography provided high specificity

analysis leading to unbiased identification of painting materials used in wall painting dec-

oration of domestic and funerary spaces from the ancient city of Nea Paphos and other

Byzantine monuments, and the operational sequences for their production. Pigments iden-

tified for the first time in ancient Cypriot paintings and sites such as red lead, madder

lake and realgar (the latter two identified only as raw pigment pellets), expanded the an-

cient artists’ palette and raised new questions about the function of specific pigment use in

Cyprus during this time. Reflectance and luminescence imaging spectroscopy, not previously

applied for characterization of wall paintings on the island, helped to deconstruct and inter-

pret the stylistic practices of the ancient artists through in-depth materials characterization

of complex pigments mixtures and multi-layered stratigraphy to achieve specific aesthetic

qualities. Derivative spectroscopy proved to be a powerful approach in the extraction of

unique endmembers by distinguishing subtle changes between pigment mixtures and identi-

fying diagnostic spectral features. The materials characterization and mapped distribution

of the various mixtures used to shade and decorate facial features on the figurative paintings
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helped to provide scientific support to the technical styles described in ancient texts.

Using both forensic photography and luminescence imaging spectroscopy (LIS) to identify

Egyptian blue in the ancient paintings provided several important results: it facilitated the

recovery of weathered and concealed decoration in ancient tombs; it identified the presence

of Egyptian blue in mixtures where its signature was masked and unable to be confidently

assigned by reflectance spectroscopy alone; and it revealed artistic applications of Egyptian

blue mixed with white to produce cold tones in the tunics and outline facial features of

figurative paintings, as well as for creating three-dimensionality through shading in the face

and neck. The distinctive application of outlining facial features with washes containing

Egyptian blue in a Cypriot figurative painting, not previously observed in ancient paintings,

establishes a new identifying trait for an artist manner of painting.

The development of a new high spectral resolution scanning reflectance spectroscopy

(SRS) system, using a low-cost robotic arm, transformed a field-deployable spectroradiome-

ter into a powerful scanning system with extended analytical capabilities, through the con-

struction of hyperspectral 3D data cubes in the wavelength range between 350 and 2500

nm. The extended applications of the SRS system for on-site analysis of painted surfaces

decorating subterranean tombs and Byzantine churches and painting fragments in museum

galleries and storerooms attest to its robustness and versatility. The SWIR wavelength range

identified and mapped diagnostic signatures beyond the visible-NIR (VNIR) of mineral and

clay materials used in painting, salts such as gypsum formed through environmentally-linked

effects and organic coatings applied in previous conservation/restoration treatments. Chemi-

cal maps of gypsum provided an important topographic map of the condition of the paintings

and demonstrated the value of the SRS system as a tool for environmental monitoring. Fur-

thermore, the high spectral resolution of the system coupled with derivative analyses allowed

for confident identification of subtle absorptions and individual constituents in material mix-

tures.

The application of this protocol for the study of Cypriot Byzantine wall paintings also

revealed very interesting results on the materials used and their application. Two different
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painting phases were analyzed in the Church of St. Paraskevi. As this was the first scientific

analyses conducted in this church, a preliminary list of pigments was identified and compared

between the two phases. One distinct difference between the two was the lack of proplasmos

in the earlier twelfth century painting phase, a greenish underpainting for the flesh tone com-

monly encountered in the Byzantine painting tradition. HSI analyses were also conducted

in the historically-significant Enkleistra of St. Neophytos, where two overlapping painting

phases were analyzed in the Cell of St. Neophytos. The diversity of the pigment palette

was exemplified in the endmember list produced by derivative analyses, and the significance

of material use was identified by mapping, such as the assignment of cinnabar to the blood

flow from Christ’s feet. A proplasmos was identified in the later twelfth century phase, but

not in the earlier painting phase.

An important outcome of this research are the insightful complementary results obtained

from the application of both the Specim IQ camera and the SRS system. The extended

analytical range of the high spectral resolution SRS system coupled with the high spatial

resolution of the IQ camera facilitate a thorough materials characterization of the painting’s

decoration with high spatial chemical mapping, providing a deeper understanding of the

painting’s execution. Though adaptations cannot be made to the hardware of the Specim

IQ to improve system performance, the SRS system can be further modified to improve its

spatial resolution. Driving the fiber-optic cable closer to the painting surface (where possible)

and smaller step sizes in the Axidraw scanner can produce a higher spatial resolution in

the data cubes. This would require a light source with a longer lifetime, which can be

feasible with a small bulb driven by an external battery pack. Additionally, the system can

theoretically be converted into luminescence mode by adapting the mount to hold a filter in

front of the fiber-optic cable and used a colorful bulb to excite the surface of the painting.

Another important collection of paintings was analyzed using forensic photography,

FORS, XRF, and HSI analyses: the Greco-Roman funerary portraits produced in Egypt

from the first to fourth centuries AD. While the portraits exhibited a diverse set of individu-

als and artistic skill, the material use in the portraits followed interesting trends, such as the
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use of copper carboxylate as a green pigment, jarosite mixed with white to produce warm

tones in the flesh and white tunics, and madder lake for clothing decoration and enhancing

flesh tones. Egyptian blue was also used in flesh tones and in mixtures of white to produce a

colder hue, which was a technical practice for producing similar hues in the ancient Cypriot

paintings, indicating a possible knowledge transfer amongst artists.

Madder lake and Egyptian blue were mapped over the surface of the portraits using

forensic photography and luminescence imaging spectroscopy (LIS). Through quantitative

spectral mapping, LIS could produce a simultaneous collection and visualization of these

ancient pigments’ emission, especially in regions of low pigment concentration inaccessible by

reflectance spectroscopy. Applications of LIS for the characterization of ancient Cypriot and

Greco-Roman paintings have demonstrated the immense potential of the system to detect

and map the presence of ancient luminescence pigments across the surface of archaeological

paintings. Preliminary studies in Appendix D have begun to characterize the response of

an IS system’s ability to record the emission of Egyptian blue in the presence of dilute and

concealed pigment mixtures.

The last imaging modality employed in this research was direct-detection terahertz (THz)

imaging. Using a novel system architecture adopted from biomedical imaging research, dif-

ferent multi-layered targets representing panel and wall paintings, integrated with various

types of concealed imagery and hidden defects, were imaged. Structural and topographical

details of the targets were enhanced by this contrast sensing-focused modality; hidden pig-

ments and air gaps between layers were identified; and layers of the same material painted

and dried at different times could be discriminated in the THz image, which would be less

feasible in time-domain imaging. One of the most promising advantages of this system was

its ability to penetrate strong signal scatters such as lead white and chalk. This suggests that

the system would be able to penetrate thin concealing layers of plaster on wall paintings,

or, in the specific case of the Enkleistra of St. Neophytos, the layer of lead white whitewash

in the Cell to identify features and/or decoration in the older painting. Next stages in this

research should involve adaptation of the imaging optics on the system to scan over a surface
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to achieve this and the system structure for field robustness, as well as a mechanism to tune

with high precision the position of the optics to improve control of the THz signal’s focus

location.

The chemical maps of painting materials produced from forensic photography, reflectance

imaging spectroscopy and luminescence imaging spectroscopy motivated the exploratory

study of producing 3D models of polychrome objects with multispectral texture employ-

ing a streamlined, technologically-accessible approach. Two successful 3D reconstructions

of a polychrome Canosa terracotta vase were produced featuring chemical maps of: 1) the

two luminescent pigments Egyptian blue and madder lake through visible-induced NIR and

visible-induced visible luminescence imaging, respectively and 2) conservation materials vi-

sualized through UV-induced visible fluorescence imaging. This methodology integrated in-

dividual luminescence from separate image captures into a false-color composite image with

high resolution detail; by overlaying the composite onto a gray-scaled image, two things were

accomplished: (1) the luminescence imagery quality was not sacrificed by letting in residual

light to produce a background context, which would otherwise interfere with an accurate

interpretation of the luminescence; and (2) using the ‘layered’ luminescence composite im-

age as the camera source data in the reconstruction software mitigated the challenges of

having a low number of tie points to construct an accurate mesh or using an advanced post-

processing technique to ‘drape’ the luminescence over the RGB model. It should be noted

that the UV-induced fluorescence model did not require a layered image, as the luminescence

from the object throughout provided a sufficient context to build the model, simplifying the

image post-processing even further. While the image acquisition methodology in this study

used instruments commonly found in conservation and research laboratories with minimal

computational processing, more advanced imaging tools can be used following a similar

protocol reproduce multispectral-textured models. 3D luminescence imaging is a necessary

progression from 2D chemical maps to visualize materials, whether ancient or modern, in the

context for which they were originally applied in and understand their true function. This

will play an especially important role in archaeological forensics as the interpretation of the
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model and the model itself will provide key trace evidence in investigations of undocumented

artifacts, addressing questions of authenticity and provenance.

The research presented in this thesis has demonstrated how imaging and spectroscopic

techniques have advanced archaeological understanding of ancient paintings through sophis-

ticated chemical characterization and mapping methods to visualize materials distribution.

The novel imaging spectroscopy and chemical sensing modalities as well as data process-

ing/visualization approaches, developed and applied in this research for the study of ancient

polychromy in archaeological and Byzantine artifacts, represent a step forward in archaeo-

metric studies establishing a new paradigm in scientific protocols in archaeological materials

science and archaeological forensics. It should be noted that while the complexity of tech-

nical study presented by ancient painting motivated the experimental and data analysis

approaches and therefore the select case studies, this work has only thus far applied this

methodology to a specific subset of cultural heritage, i.e. a certain group of painting materi-

als, artists, technical styles, and monuments. However, this research has demonstrated how

the versatility and analytical capabilities of these commercial and custom spectroscopy sys-

tems can be broadened to address other demanding questions, objects, and sites in cultural

heritage. These methodologies are, in fact, necessary to broach historical and conservation

questions arising from subsequent periods of history where rapid developments in artists’ ma-

terials, technical artistic styles, and monumental works, along with the societal contexts in

which they were manifested and exist within today, present new analytical and preservation

challenges that must be addressed by advanced, non-invasive scientific technologies.
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APPENDIX A

Spectral characteristics of natural minerals and

pigments

Reference reflectance spectra in the visible to near-infrared (VNIR) wavelength range and

their respective 1st derivative profiles for common minerals and synthetic colorants found

in the paintings are provided here. The spectra were acquired from the USGS spectral

database, as well as from commercial pigments and Cypriot rock samples. Data collection

from the last two groups were taken with the UCLA Molecular and Nano Archaeology Lab-

oratory’s spectroradiometer, the ASD Fieldspec 3. Diagnostic spectral features for material

characterization were extracted from the plots. Additional details on spectral features can

be found in [cite sources].

A.1 USGS

A.1.1 Hematite (Fe2O3)

Table A.1: Spectral features (in nm) of hematite due to spin-forbidden ligand field (i.e.
crystal field) transitions. (i) – inflection; (m) – peak maximum; (a) – absorption.

6A1g(
6S) → 4T 2g(

4G) 6A1g(
6S) → 4T 1g(

4G)

586 (i), 660 (a) 749 (m), 871 (a)
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Figure A.1: (a) Reflectance spectrum of hematite (source: USGS database). (b) 1st deriva-
tive of the reflectance spectrum.

A.1.2 Goethite (FeO(OH))

Table A.2: Spectral features (in nm) of goethite due to spin-forbidden ligand field (i.e. crystal
field) transitions. (i) – inflection; (m) – peak maximum; (a) – absorption; (s) – shoulder.

6A1g(
6S) → 4A1g,

4Eg(
4G) 6A1g(

6S) → 4T 2g(
4G) 6A1g(

6S) → 4T 1g(
4G)

445 (s) 553 (i), 670 (a) 765 (m), 924 (a)

Figure A.2: (a) Reflectance spectrum of goethite (source: USGS database). (b) 1st deriva-
tive of the reflectance spectrum.
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A.1.3 Jarosite ((K,Na)Fe 3+
3 (OH)6(SO4)2)

Table A.3: Spectral features (in nm) of jarosite due to spin-forbidden ligand field (i.e. crys-
tal field) transitions. The substitution of Na for K (natrojarosite) results in a subtle hyp-
sochromic shift of the 6A1g(

6S) transition absorption by a few nm. (i) – inflection; (m) –
peak maximum; (a) – absorption; (s) – shoulder.

6A1g(
6S) → 4A1g,

4Eg(
4G) 6A1g(

6S) → 4T 2g(
4G) 6A1g(

6S) → 4T 1g(
4G)

436 (a) 577 (s), 648 (a) 712 (m), 941 (a)

Figure A.3: (a) Reflectance spectrum of jarosite (source: USGS database). (b) 1st derivative
of the reflectance spectrum.

A.1.4 Cinnabar (HgS)

The sharp transition of cinnabar is due to the band gap of S. The band gap energy is

traditionally reported as 2.1 eV [89], with a conduction band inflection in the reflectance

spectrum at ∼ 590 nm [7]. In this reference spectra (Figure A.4, the inflection point is at

612 nm, corresponding to a band gap energy of 2.03 eV (E = hc
λ

).
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Figure A.4: (a) Reflectance spectrum of cinnabar (source: USGS database). (b) 1st deriva-
tive of the reflectance spectrum.

A.2 Commercial

A.2.1 Egyptian blue (CaCuSi4O10)

Table A.4: Spectral features (in nm) of Egyptian blue due to d → d electronic transitions.
(a) – absorption.

2A1g → 2B1g
2Eg → 2B1g

2B2g → 2B1g

560 (a) 630 (a) 790 (a)
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Figure A.5: (a) Reflectance spectrum of Egyptian blue (source: Kremer Pigments). (b) 1st
derivative of the reflectance spectrum.

A.2.2 Madder lake

The reflectance spectrum (Figure A.6) of madder lake features the structured double ab-

sorption band at 510 and 545 nm due to the presence of Al(III)- 1,2,4 HAQ (purpurin).

Figure A.6: (a) Reflectance spectrum of madder lake (source: Kremer Pigments). (b) 1st
derivative of the reflectance spectrum.
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A.2.3 Red lead (Pb3O4)

Red lead is a semiconductor pigment with an inflection point in the transition curve at 572

nm, corresponding to a band gap energy of 2.17 eV (Pb(II)(6s) → Pb(IV)(6s)). Impurities

in the red lead such as lead oxide (PbO) modify the band gap energy, hence the variability

of the inflection point in the reflectance spectrum.

Figure A.7: (a) Reflectance spectrum of red lead (source: Kremer). (b) 1st derivative of
the reflectance spectrum.

A.3 Cyprus

A.3.1 Red ochre

The spectral features of this rock sample from Cyprus (Table A.5, Figure A.8) contains a

small shoulder at 450 nm, similar to what is seen in goethite. This shows the impurity of

the sample, though it primarily consists of hematite.

Table A.5: Spectral features (in nm) of a red ochre sample due to spin-forbidden ligand field
(i.e. crystal field) transitions. (i) – inflection; (m) – peak maximum; (a) – absorption.

6A1g(
6S) → 4T 2g(

4G) 6A1g(
6S) → 4T 1g(

4G)

577 (i), 670 (a) 749 (m), 885 (a)
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Figure A.8: (a) Reflectance spectrum of a red ochre rock sample (source: Cyprus). (b) 1st
derivative of the reflectance spectrum.

A.3.2 Yellow ochre

Table A.6: Spectral features (in nm) of a yellow ochre sample due to spin-forbidden ligand
field (i.e. crystal field) transitions. (i) – inflection; (m) – peak maximum; (a) – absorption;
(s) – shoulder.

6A1g(
6S) → 4A1g,

4Eg(
4G) 6A1g(

6S) → 4T 2g(
4G) 6A1g(

6S) → 4T 1g(
4G)

450 (s) 553 (i), 665 (a) 762 (m), 922 (a)
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Figure A.9: (a) Reflectance spectrum of a yellow ochre rock sample (source: Cyprus). The
reflectance spectra matches closely to the USGS goethite reference. (b) 1st derivative of the
reflectance spectrum.

A.3.3 Jarosite ((K,Na)Fe 3+
3 (OH)6(SO4)2)

Table A.7: Spectral features (in nm) of jarosite due to spin-forbidden ligand field (i.e. crystal
field) transitions. (i) – inflection; (m) – peak maximum; (a) – absorption; (s) – shoulder.

6A1g(
6S) → 4A1g,

4Eg(
4G) 6A1g(

6S) → 4T 2g(
4G) 6A1g(

6S) → 4T 1g(
4G)

435 (a) 576 (s), 644 (a) 711 (m), 917 (a)
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Figure A.10: (a) Reflectance spectrum of a jarosite rock sample (source: Cyprus). (b) 1st
derivative of the reflectance spectrum.

A.3.4 Celadonite-rich green earth ((K(Mg,Fe2+)(Fe3+,Al)[Si4O10](OH)2))

Table A.8: Spectral features (in nm) of a celadonite-rich green earth due to spin-forbidden
ligand field (i.e. crystal field) transitions (top table) and OH combination bands due to
different cations in the short-wave infrared (SWIR) in the celadonite mineral. (i) – inflection;
(m) – peak maximum; (a) – absorption; (s) – shoulder.

6A1g(
6S) → 4A1g,

4Eg(
4G) 6A1g(

6S) → 4T 2g(
4G) 6A1g(

6S) → 4T 1g(
4G)

485 (s) 537 (m) 749 (a), 835 (m), 1043 (a)

Table A.9: Spectral features (in nm) of a celadonite-rich green earth caused by OH combi-
nation bands due to different cations in the short-wave infrared (SWIR) of the celadonite
mineral. (a) – absorption.

AlFe3+ Fe3+Fe3+ MgMgMg

2257 (a) 2302 (a) 2348 (a)
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Figure A.11: (a) Reflectance spectrum of a celadonite-rich green earth rock sample (source:
Cyprus). (b) 1st derivative of the reflectance spectrum. (c) Short-wave infrared from ∼
2100 - 2500 nm showing the triplet feature of celadonite due to OH-combination bands.
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APPENDIX B

Ancient Cypriot paintings’ pigment tables

The following tables detail the hues, colorants, and application found in the ancient Cypriot

paintings as a result of XRF, FORS, and forensic photography.

240



B.1 Egyptian blue

Table B.1: Detailed list of the identification and application methodology of Egyptian blue
in the Cypriot wall paintings.

Painting Hue Main colorant(s) Other phases Application Location/function

A1 Blue Egyptian blue Green earth Applied over plaster Decorative feature

A2 Blue Egyptian blue Green earth Applied over yellow ochre N/A

B3 Blue Egyptian blue N/A Applied over plaster N/A

E2 Sky blue Egyptian blue N/A N/A Background

E2 Pinkish blue Egyptian blue N/A N/A
Background shading;
applied over light blue wash

E5 Light blue-purple Egyptian blue Red ochre N/A Background

E5 Light white-blue Egyptian blue N/A Applied over plaster Background; tunic

E6 Light white-blue Egyptian blue N/A Applied over plaster Background

E6 Light blue Egyptian blue N/A
Applied over light blue background
wash and red head decoration

Head decoration

E6 Grey-blue Mn-compounds Egyptian blue Applied over yellow Tunic shading

E8 Light blue Egyptian blue N/A Applied over plaster Background

E9 Light blue Egyptian blue N/A Applied over tunic Tunic decoration

E9 Faded blue Egyptian blue N/A Applied over tunic Tunic decoration

E10 Light blue Egyptian blue N/A Applied over plaster Background

F1 Light blue Egyptian blue N/A N/A Dado level

F1 Hazy white Egyptian blue N/A Applied over red pigment Inner arch; flower decoration

G Blue Egyptian blue N/A Applied over plaster Floral decoration

H3 Blue Egyptian blue N/A Applied over green Leaf

H3 Dark blue Egyptian blue N/A Applied over plaster Dot decoration

H3 Light blue Egyptian blue N/A Applied over plaster Line

I Blue Egyptian blue N/A Applied over plaster Aedicule; chiton

J Light blue Egyptian blue N/A Applied over red dot Dot decoration on bird’s tail

J Dark grey-blue Egyptian blue N/A Applied over plaster Small bird

K Blue Egyptian blue N/A
Applied over plaster;
concealed by encrustation

Dot decoration

L1 Blue Egyptian blue N/A Layered over red/yellow Oval decoration

L2 Blue Egyptian blue N/A Applied over plaster Floral decoration

N1 Blue Egyptian blue N/A Applied over plaster Triangle

N2 Blue Egyptian blue N/A Applied over plaster Leaf

N3 Blue Egyptian blue N/A Applied over plaster Geometric pattern
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B.2 Green earth

Table B.2: Detailed list of the identification and application methodology of green earth in
the Cypriot wall paintings.

Painting Hue Main colorant(s) Other phases Application Location/function

A1 Green-blue Green Earth Egyptian blue Applied over yellow ochre on plaster Band

B1 Light blue-green Green Earth
Few particles of
Egyptian blue

Undercoat for Egyptian blue;
applied over black, then over yellow
ochre on plaster

N/A

B1 Dark blue-green Green Earth N/A Applied over black on plaster N/A

B1 Olive green Green Earth Yellow ochre Applied over plaster N/A

C4 Green Green Earth N/A N/A
Older paint layer
(mostly concealed)

E5 Light green Green earth
Yellow ochre;
Cu-compounds

Applied over hair and background Wreath leaf

E5 Dark olive green Green earth
Yellow ochre; Cu and
Mn-compounds

Applied over white tunic
(containing Egyptian blue)

Tunic shading

E6 Light blue-green Green earth Mn-compounds Applied over dark purple N/A

E9 Light green Green earth Cu-compounds Applied over red hair Wreath leaf

G Green Green Earth N/A Applied over plaster Floral decoration

H3 Green Green Earth N/A Applied over plaster Floral decoration

H3 Green (weathered) Green Earth N/A Applied over plaster Floral decoration

I Faint green Egyptian blue Green earth Applied over plaster Garland, 2nd slab.

J Green Green earth N/A N/A Arch and floral decoration

K Green (weathered) Green earth N/A N/A N/A

L1/L2 Green Green earth Egyptian blue Applied over plaster Floral decoration

L2 Green Green earth N/A Applied over plaster Floral decoration

N1 Olive green Green earth Yellow ochre Applied over plaster Floral decoration

N2 Olive green Green earth Yellow ochre Applied over plaster Stem

N2 Dark blue-green Green earth Egyptian blue Applied over yellow ochre Triangle band

N3 Green Green earth N/A Applied over plaster Plant decoration
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B.3 Red pigments

Table B.3: Detailed list of the identification and application methodology of red pigments
in the Cypriot wall paintings

Painting Hue Main colorants Other phases Application Location/function

A1 Orange Red Lead N/A
Applied over white layer
with blue particles

Band

A1 Red Red Ochre N/A Applied over plaster N/A

B1 Red Red Ochre N/A Applied over yellow ochre Band

B2 Bright pink-red Cinnabar
Red ochre;
Pb- compounds

Applied over pink plaster N/A

B3 Orange-red Cinnabar
Red ochre;
Pb- compounds

Applied over plaster N/A

B3 Red Cinnabar
Red ochre;
Pb- compounds

N/A N/A

C1 Red Red Ochre N/A Applied over plaster N/A

C2 Red Red Ochre N/A Applied over plaster N/A

C3 Red Red Ochre N/A Applied over plaster Older paint layer; N/A

C4 Red Red Ochre N/A Applied over plaster Older paint layers; N/A

D Red Red Ochre N/A N/A Bands; Uniform wall decoration

E1 Orange-red Red ochre N/A Applied over flesh Eye crease shading

E1 Purple Red ochre N/A Applied over flesh Tunic

E1 Light purple Red ochre N/A Applied over purple Tunic lightening

E1 Reddish purple Red ochre N/A N/A Band

E3 Brown-red Red ochre N/A N/A N/A

E3 Flesh Red ochre N/A N/A Cheek

E3 Dark brown Red ochre N/A
Touches of yellow paint above;
applied over brown-red

Hair layering

E5 Red Red ochre N/A N/A Band

E6 Cream Red ochre N/A Facial toning Cheek

E5 Orange-red Red ochre N/A N/A Cape

E5 Purple Red ochre Egyptian blue
Layered shading with
Mn-based black pigment

Tunic

E5 Dark purple Red ochre N/A
Micrograph shows mixture with
black and blue pigments

Shoulder

E5 Light purple Red ochre Egyptian blue N/A Background bands

E6 Dark purple Red ochre N/A N/A Tunic

E6 Red Red ochre N/A N/A Hair layering

E6 Reddish pink Red ochre N/A Facial toning Cheek

E6 Light pink Red ochre N/A N/A Neck

E8 Purple Red ochre N/A N/A N/A

E9 Dark purple Red ochre N/A layering Garment

E9 Light orange-red Red ochre N/A N/A Background

E9 Light purple Red ochre N/A N/A Background

E9 Red Red ochre N/A N/A Garment

E9 Flesh Red ochre N/A N/A Cheek
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Table B.3: Cont.

Painting Hue Main colorants Other phases Application Location/function

E10 Light purple Red ochre Egyptian blue N/A N/A

E10 Red Red ochre N/A N/A Band

E10 Light pink Red ochre Egyptian blue N/A N/A

G Red Red Ochre N/A Applied over plaster Band

H3 Reddish Orange Red Ochre Yellow ochre Applied over plaster Band

H3 Red Red Ochre N/A Applied over plaster Bands/lines

H3 Pink Red Ochre N/A Applied over plaster Floral decoration

I Dark Red Red Ochre N/A N/A Shoe

I Dark Pink-red Red Ochre N/A N/A Himation

I Light Pink Red Ochre N/A N/A Neck

I Pink Red Ochre N/A N/A Garlands

I Flesh Red ochre N/A Shading - light wash over plaster Arm

J Red Red Ochre N/A Applied over plaster Dog

J Red Red Ochre Pb-compounds Applied over plaster Arch decoration

J Pink Red Ochre N/A Applied over plaster Chair

J Purple Red Ochre N/A Applied over plaster / pink chair Outline of chair

K Red Red Ochre N/A Applied over plaster Band

K Pink Red Ochre N/A Applied over plaster Marble imitation

L1 Red Red Ochre N/A Applied over plaster lines

L2 Pink Red Ochre N/A Applied over plaster Floral decoration

L2 Red Red Ochre N/A Applied over plaster N/A

N1 Red Red Ochre Pb-compounds Applied over plaster Line

N1 Pink Red Ochre N/A Applied over plaster N/A

N2 Dark red Red Ochre N/A Applied over plaster Wave pattern

N2 Pink Red Ochre N/A Applied over plaster Marble imitation

N2 Red Red Ochre Pb-compounds Applied over plaster Marble imitation

N3 Red Red Ochre N/A Applied over plaster Square border

N3 Pink Red Ochre N/A Applied over plaster Triangles

O Red Red Ochre N/A Applied over plaster Band
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B.4 Yellow ochre

Table B.4: Detailed list of the identification and application methodology of yellow ochre in
the Cypriot wall paintings.

Painting Hue Main Colorant(s) Other Phases Application Location/Function

B1 Yellow Yellow ochre N/A Uniform N/A

C3 Yellow Yellow ochre N/A Applied over plaster N/A

C4 Yellow Yellow ochre N/A Applied over plaster Top layer

D Yellow Yellow ochre N/A Applied over plaster N/A

E1 Dark yellow Yellow Ochre N/A N/A N/A

E1 Light yellow Yellow ochre N/A N/A N/A

E2 Yellow Yellow ochre N/A Over blue background of Egyptian blue N/A

E3 Yellow Yellow ochre N/A N/A N/A

E5 Yellow Yellow ochre N/A N/A Cape

E5 Cream Yellow ochre N/A Facial toning Forehead

E6 Dark yellow Red ochre Yellow ochre N/A Belt

E6 Light Yellow Yellow ochre N/A N/A Tunic, background

E9 Light Yellow Yellow ochre N/A N/A Belt

E9 Yellow Yellow ochre N/A Applied over red Mantle

E10 Light yellow-white Yellow ochre Red ochre N/A Cheek

E10 Dark yellow Yellow ochre N/A N/A Hair

G Reddish Yellow Yellow ochre Red ochre N/A Floral decoration

G Yellow Yellow ochre N/A Applied over plaster Floral decoration

H3 Orange-Yellow Yellow ochre Red ochre N/A Decorative fragment

H3 Yellow Yellow ochre N/A Applied over plaster Decorative fragment

I Reddish Yellow Yellow ochre Red ochre Shading Skirt

J Reddish Yellow Yellow ochre N/A Preparation layer for red pigment Floral decoration

K Yellow Yellow ochre Red ochre Applied over plaster N/A

L Yellow Yellow ochre N/A Applied over plaster Line

N1 Yellow (discolored) Yellow Ochre N/A N/A N/A

N2 Yellow Yellow Ochre N/A Applied over plaster Band

N3 Yellow Yellow Ochre N/A N/A Floral decoration

N3 Yellow Yellow Ochre N/A Applied over plaster Band

O Yellow Yellow Ochre N/A Applied over plaster Window
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APPENDIX C

Near-infrared luminescence images of ancient Cypriot

wall paintings

This appendix is a compilation of additional images produced by forensic photography and

luminescence imaging spectroscopy (LIS) applications on the ancient paintings in Paphos,

Cyprus to identify the presence and map the distribution of Egyptian blue. The site map

and list for the domestic and funerary sites can be referenced in Figure 2.8 and Table 2.1.

The regions of white in the near-infrared (NIR) luminescence images correspond to emission

of Egyptian blue.

The RGB image and NIR luminescnece images are shown side by side, followed by an

overlay of the NIR luminescence image over the RGB to map the distribution of Egyptian

blue.

C.1 House of Aion

Ten figurative paintings were excavated from room 7 in the House of Aion [54]. Imaging

results from forensic photography and LIS studies of painting E9 were presented in Chapter

2 (Figure 2.28) and Chapter 7 (Figure 6.8).
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Figurative painting 1

Figurative painting 2
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Figurative painting 3

Figurative painting 4
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Figurative painting 5

Figurative painting 6
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Figurative painting 7

Figurative painting 8
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Figurative painting 9

The following image is a close-up view of the tunic to see the faint blue patterns.
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Figurative painting 10
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C.2 Tomb at Glyky Nero

The use of Egyptian blue was sparsely seen on the paintings in the tomb at Glyky Nero

(which were highly degraded). It was identified as accent tones on the flowers on the inner

arches of the arcosolia, and one residual pattern on the dado level was recovered.
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C.3 Tomb Annabelle 47

A large-sized painting fragment recovered from Tomb Annabelle 47.

C.4 Tomb at Costis Palamas square

Two painted faces were recovered from the tomb at Costis Palamas square. The first image

was presented in Chapter 2 (Figure 2.27).
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C.5 Tomb 3510

A rare full-scale funerary figurative painting was excavated from Tomb 3510 near the Tomb

of the Kings. The top and bottom halves were imaged separately.

C.6 Tombs Roma 1

Several depictions in Egyptian blue were identified on the dado level of the central arcosolium

in Tomb Roma 1. These were presented in Chapter 2 (Figures 2.29, 2.30).
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C.7 Tomb Roma 2

Decoration with Egyptian blue were identified under the salt crusts of the large stone slab

in Tomb Roma 2. These were presented in Chapters 2 and 6 (Figures 2.31, 6.11).

C.8 Tomb 3882

Egyptian blue was identified in the northwest and southeast arcosolia in Tomb 3882. Results

from LIS imaging and forensic imaging from an imitation marble pattern in one of the lozenge

shapes from the southeast arcosolium were presented in Chapter 4 (Figure 4.18) (next page).
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The dado level of the southeast arcosolium:
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The painting on the tympanum of the southeast arcosolium:
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The painting on the tympanum of the northwest arcosolium:
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APPENDIX D

Preliminary luminescence imaging spectroscopy study

of Egyptian blue in pigment mixtures

A preliminary study on the application of luminescence imaging spectroscopy (LIS) for the

capture of Egyptian blue luminescence was performed on a test panel featuring unique pig-

ment mixtures with Egyptian blue, motivated by those identified from the materials char-

acterization of the ancient Cypriot paintings (Figure D.1). Five pigment mixtures using

commercial pigments were painted with an acrylic binder in squares on a gesso-prepared

panel - A: Egyptian blue (EB) with calcium carbonate (CaCO3); B: Egyptian blue with red

ochre; C: Egyptian blue with green earth; D: Egyptian blue with carbon black; E: Egyptian

blue with red ochre, yellow ochre, and calcium carbonate. A pure application of Egyptian

blue was also painted for reference (F). These pure and mixed pigments were also concealed

by calcium carbonate to test the penetration of Egyptian blue’s luminescence through con-

cealing layers and the IS system’s ability to record the signal. One row of the pigment grid

was concealed by one semi-transparent layer of calcium carbonate (bottom row, Figure D.1).

Another row was painted with two layers of calcium carbonate to appear visibly opaque

(middle row, Figure D.1).

The National Gallery of Art (Washington D.C.) Surface Optics hyperspectral camera was

used for this imaging study. The panel was illuminated with a 430–540 nm excitation light,

and the luminescence was captured from 540–1072 nm at a 300 ms integration time.
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Figure D.1: Schematic of the test panel painted with different pigment mixtures containing
Egyptian blue.

The imaging results can be found in Figure D.2. In Figure D.2a is an RGB reference

image of the panel. The luminescence image of the test panel, extracted at 896 nm (the

peak location for emission bands in the luminescence data cube). The pure application of

Egyptian blue (F) and its mixture with calcium carbonate (A) luminescence the greatest

amount. The pigment squares with carbon black (D) show no luminescence. When the

mixtures are concealed with one semi-transparent layer of calcium carbonate, the emission

can still be detected. However, concealment by two layers of calcium carbonate prevented

a visible identification of the luminescence (the bright outline around the squares are due

to the exposure of the original layer at the edges). Figure D.2c is another representation of

the luminescence from the test panel by summing the emission bands in the data cube from

800–1000 nm, meant to imitate the use of a modified camera filtered by a NIR filter. There

was not much difference in the visible intensity – only a very slight increase noticeable by

eye.

261



Figure D.2: (a) RGB image of test panel. (b) Luminescence image at 896 nm spectral
band. (c) Luminescence image of bands summed from 800 – 1000 nm. The brightness for
each luminescence image was increased by the same amount to show the luminescence more
clearly.

The emission profiles were then examined. Figure D.1 shows for each pigment application

(A to F) their respective emissions from the uncovered and covered squares. The most intense

emissions came from the pure Egyptian blue application (F) and from the mixture containing

calcium carbonate (A).
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Figure D.3: Luminescence spectra from each pigment application. (a) to (f) corresponds
linearly with samples A to F.

From the unconcealed and one-layer concealment, the emission peaks showed a consistent

peak value from 896–899 nm. This is lower than the reported literature values for Egyptian

blue luminescence [6, 159]. The emission signature from the two-layer concealment were

inconsistent and asymmetric, but peaks attributable to Egyptian blue were visible. More

analyses need to be done to see best method for extraction, but signal is visible in some

areas of the covered squares. The carbon black pigment squares (Figure D.1d) did not

show a reliable, consistent signature; however, in the unconcealed pigment square, peaks did

appear at ∼ 896–899 nm.

The Egyptian blue emission does not appear to shift whether concealed or in the presence

of different pigment pictures. This is expected, as the emission peak should theoretically

only be affected by changes in the chemical environment, such as the presence of impurities

or other changes in the chemical environment that would affect the electrostatic field around

the Cu2+ ion, or another material in the mixtures that luminesce at ∼ 910–930 nm (cite

263



Pozza and the other papers). Furthermore, the spectral data was able to reveal the presence

of Egyptian blue where the visible images could not, which is a powerful indicator for the

use of luminescence imaging spectroscopy for the identification of trace or partially-masked

luminescent signatures on wall paintings and polychrome decoration.

It should be noted that there is a significant response in the luminescence data set at ∼

590–600 nm which increases as the layering is increased. In the case where this signal appears

as a sharp rise, this suggests a potential light leak as the increase in CaCO3 produces more

reflection. However, in some regions, including the panel background (a gesso preparation),

the emission peak shifts more towards 600 nm and broadens. This is most likely due to the

fluorescence of an organic material like a binder, as the unconcealed carbon black sample

shows a small fluorescence peak. On the black and white Spectralon standards recorded in

the image scene, an emission signal is present at these wavelengths, but the spectral response

is not uniform in shape or intensity. Further tests need to be conducted to test the cause

of this signal in the spectral data and to adapt the testing method to remove the signal if

possible. However, this spectral feature does not seem to impact the NIR luminescence.

Comparative analyses will also need to be done with other IS cameras (such as with the

Specim IQ, which has less spectral resolution than the Surface Optics system) as well as with

modified digital single-lens reflex (DSLR) cameras to compare visible responses. Also, the

excitation can be swept to different wavelengths to observe the emission responses. Under-

standing system performances and their spectral responses, along with adapting excitation

and capture conditions based on the test panel performances, will improve interpretation of

complex, archaeological paintings.
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