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Abstract: Macroscopic X-ray fluorescence analysis (MA-XRF) is a non-destructive analytical tech-
nique that allows for the rapid and thorough investigation of paintings; therefore, it is nowadays
increasingly involved in relevant studies. In the present work, a state-of-the-art MA-XRF set-up is
utilized to identify the painting materials and techniques and document the state of preservation
of an early 19th-century AD Greek religious panel painting (“icon”). The artifact in consideration
has received extensive restoration interventions in the past and is considerably decayed; for these
reasons, the interpretation of the relevant MA-XRF elemental intensity distribution maps is challeng-
ing. In this framework, it is demonstrated how the elemental distribution maps can be explored
and interpreted to lead to a thorough investigation of the painting in consideration. In particular,
the MA-XRF data interpretation allowed for the identification of the original palette that includes
the rather rarely employed–in icon painting-yellow lead-antimonate pigment, led to the spotting of
an invisible inscription, to the documentation of the preparation/gesso layer and the preliminary
drawing. Additionally, it was possible to discriminate between the original painting and the later
interventions, while the collected data revealed that the painting originally had two cross-bars at-
tached to its back. Ultimately, the presented case study can be utilized as a guide for the proper
interpretation of MA-XRF data from decayed and altered icons.

Keywords: macro X-ray fluorescence imaging; elemental maps; Compton scattering; pigment; gilding;
conservation; restoration

1. Introduction

X-ray fluorescence spectroscopy (XRF) has found wide application in the investigation
of tangible cultural heritage items because it allows for a rapid, accurate, and absolutely
non-invasive elemental characterization [1]. Moreover, X-rays penetrate significantly deeper
into the matter compared to visible light photons; therefore, XRF analysis may often extract
information that pertains not only to the (visible) surface but to the invisible substrate(s) as
well. In case of paintings, the radiation penetration depth depends on various factors such as
the paint layer composition, the radiation photon energy, incident photon direction, etc. [2];
however, X-rays penetrate significantly deeper into paint layers (up to tens of microns) in
comparison to visible light photons (nanometers) (see Section 3.2.1.

Advances in the field have led to the development of macroscopic XRF setups (MA-
XRF) that are able to collect and process multiple successive spectra in a pre-defined x–y
matrix; based on this data, one may extract the intensities of particular elemental peaks and
plot them in 2-D element distribution maps. The 2-D graphic representation of elemental
distributions can be utilized as an extremely powerful tool for extracting information
pertaining to the materials and manufacturing techniques of the studied artifacts, for MA-
XRF analysis has found wide application in the field of paintings’ investigation. Besides,
MA-XRF allows us to detect the elemental profile in areas at high spatial resolution (for a
macroscopic technique) and to plot the local distribution of individual elements, depending
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on their cross-section and stratigraphy of application. On this basis, it is apparent that
MA-XRF offers invaluable data that, although they may not lead to a straightforward
identification of a given inorganic component, do provide strong hints as to the nature
of the employed compounds. Therefore, numerous studies have included MA-XRF in
order to retrieve information about pigments and other painting materials, as well as
to document previous interventions and the state of preservation of old paintings and
relevant artifacts [3–15]. However, despite the rather wide application of this technique in
the analysis of paintings, there exist only a couple of published MA-XRF studies of post-
Byzantine portable icons (i.e., post-1453 A.D. Eastern Orthodox Christian religious panel
paintings) [6,16]. Additionally, most of the post-Byzantine icons have been manufactured
by employing a rather standardized technique [17–20]; therefore, through the meticulous
interpretation of MA-XRF data, one can retrieve extremely valuable data pertaining to
icons’ painting materials and techniques, as well as to their state of preservation.

Here, it shall be noted that the practice of icon painting is a very old tradition; in
fact, it is thought to have emerged shortly after the birth of Christianity, and one view
relates its infancy to the contemporary tradition of Egyptian funerary portraits [21]. Note,
however, that although in terms of materials and techniques–and to some extent style
too-icons certainly share a common background with some funerary portraits [22], it
appears that they represent a distinct artistic creation [23]. In any case, it seems that icon
painting was established after the declaration of Christianity as the official religion in
Roman Empire (380 A.D., Emperor Theodosius I) and was gradually spread in most of
the territories where Christians lived. Indeed, icon painting was practiced in a vast area
spanning from Egypt and Ethiopia to Russia, as well as from Italy to Asia Minor and the
region of Caucasus [21,24].

Interestingly, in the region of modern-day Greece, icons are continuously manufac-
tured during at least the last fifteen centuries, a time framework that includes a prolonged
period of conquest by the Ottoman Turks (~1450–1830 AD), the so-called post-Byzantine
period [25]. From the perspective of their materiality, icons have been persistently man-
ufactured by following (occasionally slightly modified) versions of medieval painting
techniques, i.e., they were painted on gessoed wooden panels by using egg yolk tempera,
they incorporated gilded decorations, etc. [17–20,26,27]. Note that the persistent use of
traditional materials and techniques shall be considered in comparison to the contempo-
rary trends of Western European painting, where painters gradually abandoned medieval
practices and adopted oil painting on fabric supports.

Being veneration objects that played a major role in the everyday ritual life of Ortho-
dox Christians, icons were often subjected to decay and alterations. Therefore, it was a
common practice to treat them in order to restore their integrity. Such treatments were often
limited to overpainting, yet in some instances, craftsmen were performing substantially
more complex interventions, including the impregnation of rotten panels with glue (“con-
solidation”), the removal of surface contamination and oxidized varnishes using alkaline
or alcoholic solutions (“cleaning”), the integration of gesso and paint losses (“retouching”),
regilding, etc. In fact, recipes dictating such practices are included in several 18th- and
19th-century Greek painting manuals, and most of them include warnings of the potential
dangers of careless application of the described practices [28]. Unfortunately, interventions
of this type were often executed by non-specialized craftsmen and without taking the
needed precautions, often thus resulting in severe alteration/losses of the original painting,
commonly treated by overpainting.

Icons that have passed through (often multiple) older interventions are occasionally
the subject of modern analytical investigations that aim at distinguishing the original
from the latter elements. Due to complexity, this type of investigation often requires
sampling and samples cross-section analysis. However, collecting samples from antique
paintings/veneration objects is not always possible, and in such cases, extracting the
desired information through non-invasive analytical protocols is imperative.
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In the current work, authors demonstrate the potentialities of MA-XRF analysis
through the investigation of a heavily altered early 19th-century icon, i.e., a Greek Or-
thodox Christian religious panel painting (Figure 1). This artifact was selected as an ideal
case study because it has undergone severe decay resulting in extensive paint and gesso
losses and has received extensive later interventions; through MA-XRF analysis authors
aimed to resolve issues pertaining to the distinction between the authentic elements and
later interventions. Moreover, the rather small dimensions of the artifact allowed for its
handy manipulation in the framework of laboratory analysis, while its very rare icono-
graphic theme (see next) was inspiring as well. Apart from MA-XRF, and in order to further
exploit technological features, the painting was also examined by X-ray radiography (XRR),
a method very commonly employed in the field of painting investigation [29,30].
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Figure 1. The recto and verso of the studied icon (left and right respectively).

The artifact in consideration belongs to a private collection and depicts two saints,
namely St. John the Forerunner on the left and a Hierarch on the right (Figure 1). The
painting is severely altered and bears no signature or other elements revealing its au-
thorship. However, it does show stylistic features that are reminiscent of those seen on
contemporary icons that originate from Western Greece and the Ionian Islands, therefore a
relevant provenance seems probable. A characteristic example is the posture of St. John,
whose right hand is extended towards the right in a blessing gesture, whilst his head is
slightly inclined and turned towards the opposite direction (Figure 1). This posture is more
vivid in comparison to the typical, rather stiff post-Byzantine representations of St John the
Forerunner (see e.g., icons 233 in [31], 6 in [32], 9 in [33] and several examples in [21,34]).
Note also that, although in the framework of Greek religious painting there do exist several
icons that depict St John either alone or as part of larger syntheses (see for instance the
iconographic type of “Deesis” where St John is portrayed with Jesus Christ and the Virgin
Mary, e.g. icons, 11 and 105 in [33] and 55 and 116 in [34]), it is very uncommon to spot
icons representing St John in full length standing next to another Saint. A relevant example
is an 18th-century icon of St John and St Nikolaos that presumably originates from Greek
islands and is kept in a Swiss private collection [32]. Art historians have claimed that
such icons reflect patrons’ preferences, who occasionally asked painters to depict specific
saints in the icons they ordered (see e.g., icons 41 in [32] and 143 in [34]); the relevant items
were often meant to be used for private worship [32]. On this basis, it is assumed that
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the icon in consideration was produced in the same framework, and its rather small size
(18.2 × 13.5 cm2) corroborates the assumption that it was worshiped in private.

2. Materials and Methods

For the purposes of the current study, an early 19th-century Greek icon was investi-
gated. The studied artifact measures 18.2 × 13.5 × 2.0 cm3 (height × width × thickness)
and depicts Saint John the forerunner and a Hierarch, both in full length standing on
greenish ground (Figure 1, left). The icon was preliminarily investigated through spot
XRF analysis conducted by using a milliprobe XRF spectrometer and, subsequently, macro-
XRF (MA-XRF) and X-ray radiography (XRR); additionally, the artifact was examined and
photographed through a stereoscope.

2.1. Spot XRF

The milliprobe XRF spectrometer (spot size: ~2.5 mm2) is equipped with an Rh-anode
X-ray tube (50 W, 50 kV, 75 µm Be window) and a Si-PiN detector (XR-100CR, Amptek
Inc., Bedford, MA, USA) with a 500-µm nominal crystal thickness (resolution: 165 eV
FWHM at Mn Kα). Several spots on the icon were examined by using the aforementioned
spectrometer operating in a 40 kV voltage and varying current (90–120 µA, adapted to
achieve high count rate).

2.2. MA-XRF

The MA-XRF analysis of the icon was conducted by using the M6-Jetstream scanner
(Bruker Nano GmbH, Berlin, Germany), which is equipped with a 30 W Rhodium anode
X-ray tube (maximum high voltage: 50 kV) with polycapillary optics and a silicon drift
detector (active area: 30 mm2). The polycapillary full lens focuses the emitted X-ray
radiation from the tube on the target. From the initial power of 30 W, the estimated
radiation power hitting the target is about 10 µW [35]. For the analysis of the icon’s recto
(painting), the X-ray tube was operated in a voltage and current setting of 50 kV and
600 µA, respectively. The beam spot size was set to a diameter of 100 µm and the scanning
step/pixel size to 200 µm (no filter), while the dwell time was set to 20 ms. These parameters
resulted in an overall scanning time of 4 h and 8 min and in collecting 612,000 individual
spectra from the painted area. For scanning the wooden support sides and verso, the X-ray
beam spot size was again set to 100 µm and the scanning step/pixel size to 300 µm (dwell
time: 10 ms). In all the cases, the collected spectra were processed and visualized (i.e.,
transformed into elemental distribution maps) using the built-in M6-Jetstream software.

2.3. XRR

For the X-ray radiography, a Polydoros SX 50 (Siemens, equipped with an Opti
150/30/50/C X-ray tube) generator was used in 40 kVp and 3 mAs conditions during
the irradiation of the icon; a single radiograph was acquired, and the resolution of the
corresponding image was 1524 × 2032 pixels. The digital radiograph was processed using
the DIRECTVIEW CR Elite (Kodak, New York, NY, USA) system.

2.4. Stereoscope

Details of the icon were examined and photographed by attaching a digital camera on
the eyepiece of a Leica Wild M3B stereoscope able to provide magnifications of 6.4×, 16×
and 40× (with field of view values equal to 27.5 mm, 9.8 mm, and 4.8 mm, respectively).

3. Results and Discussion
3.1. Preliminary Considerations

Prior to creating the elemental intensity maps, the elements were detected on the MA-
XRF sum spectrum (i.e., the sum of the individual spectra collected during the scan) and
the maximum pixel spectrum (the maximum pixel spectrum is constructed by selecting the
maximum pixel intensity value within each X-ray energy channel, ignoring the remaining
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pixels). For example, in the case of the icon’s recto, the detected elements include Si, P, S,
K, Ca, Ti, Ba, Cr, Mn, Fe, Cu, Zn, Au, Hg, and Pb (Figure 2, left-(a)). However, particular
attention should be paid to detecting minor or trace elements. Their detection is highly
challenging if their characteristic energies are in energy regions where the spectrometer’s
detection efficiency is low and/or superimposed with high-intensity spectral lines of major
elements. A characteristic example that emerged during the current study concerns the
detection of Sb. The Sb Kα transition energy at 26.4 keV corresponds to an energy region
at which the M6-Jetstream spectrometer’s detection efficiency is very low. Moreover, the
Sb Lα transition line at 3.605 keV overlaps with the high intensity of Ca Kα transitions at
3.691 keV. Consequently, in the case of Sb traces in a small number of pixels, its detection
is a highly complex task without preliminary information for its appearance, as the Sb
characteristic lines are not observed either at the sum (Figure 2, left-(a)) or at the maximum
pixel spectra. On this basis, it is evident that this element might have gone unnoticed if
not for its detection during the preliminary spot milliprobe XRF analysis (Figure 2, left-(b)).
Note, however, that the existence of Sb can also be revealed solely on the basis of the M6
XRF data, through the examination of sum spectra from the corresponding areas of the
work. In particular, Figure 2 (middle) shows the sum XRF spectrum of the whole icon
versus the spectra from the left wing and the book cover in the energy range of the Ca
K X-rays; the spectra were normalized to the peak position of the Ca Kα (3.691 keV). In
the sum spectrum of the whole icon, the Sb Lα (3.605 keV) and Lβ (3.843 keV) transitions
are not distinguished. However, in the case of the wing and book cover areas, the Sb Lα
appears clearly as broadening on the low energy side of the Ca Kα, while the Sb Lβ creates
a bump between the Ca Kα and Kβ transitions. Consequently, the Sb L transitions can be
separated from the Ca K transitions in the wing and the book cover areas. This elaborate
analysis leads to the Sb spatial detection in the yellowish highlights of St John’s wings, the
book’s cover held by the Hierarch, and part of the greenish ground (Figure 2, right). This
case highlights the need to perform a careful and assiduous evaluation of the MA-XRF data
while searching for the presence of elements in the sum and maximum pixel spectra.
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Additionally, another critical parameter in deciding upon the creation of elemental dis-
tribution maps is whether the maps will be displayed in grayscale or in color. Although the
former option is adopted by most scholars working in the field (see, e.g., [5,8,9]), the current
authors opt for the latter [16]. Besides, by using an RGB scale that ranges from black (zero
counts) through selected tones of blue and light blue (50% of maximum intensity/counts)
to yellow and hot red (maximum intensity/counts), one can more precisely reveal slight
variations in elemental peak intensities. A characteristic example is shown in Figure 3,
where the Pb elemental distribution map of the bottom side of the icon in grayscale and
RGB is demonstrated. Comparing the corresponding maps shows that some areas appear
uniform in intensity in the grayscale map yet show considerable variation when displayed
in RGB. For this reason, the RGB mode will be used throughout the current work.
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Figure 3. Bottom side of the icon: the elemental distribution map of lead (Pb-Lα) in grayscale (up)
and in RGB (bottom).

3.2. The Recto of the Icon (Painting)

For reasons of convenience, the presentation of the complex MA-XRF data that pertain
to the recto of the icon is presented following a “stratigraphic” sequence, i.e., the data
that relate to the substrate/ground of the painting are presented first and then follow the
presentation of the data that pertain to the gilding and the paint layers.

3.2.1. The Ground/Preparatory Layer

Ca is detected in a major part of the icon but appears intensified in areas where paint
layers have been lost, revealing the painting substrate, such as, for example, the background
between the two Saints and the lower part of the artifact (Figure 4). Moreover, the intensity
of Ca is inversely related to the intensities of various pigment-related elements, such as Fe,
Au, Pb and Hg, as Ca faints where these elements show up (see e.g., Figure 4). The latter is
due to the rather low energy of the Ca Kα photons (3.68 keV) that are attenuated by the
paint layers containing high-Z elements. An indicative diagram of the penetration depth as
a function of the photon energy in selective painting materials is shown in Figure 5 [36].
On this basis, it is concluded that Ca is primarily associated with the painting substrate,
namely the gesso/preparatory ground layer that is almost always applied on the wooden
panel prior to painting in the framework of post-Byzantine iconography [18,20]. It is worth
noting that the primary purpose of the ground is to provide a homogeneous—in terms
of both texture and properties (absorbance, texture, and color)—layer that is adequate for
painting; in other words, the ground is applied in order to overcome the adverse effect(s)
of wood grain/texture on the properties of the wooden substrate. In the current case, most
of the Ca appears strongly related to S (Figure 4), thus indicating the employment of a
calcium sulfate compound in the ground; such compounds were very commonly used in
southern Europe, while calcium carbonate was far more popular in central and northern
European painting [18,37]. Interestingly, the lower part of the icon shows very intense
Ca elemental peaks yet no S, highlighting thus that there has been employed a calcium
carbonate compound to compensate for the extensive gesso losses in this area (Ca map,
Figure 4). Finally, it is noted that Sr (Figure 4) is distributed relatively homogenously on the
painting but in the area of the later filler on the lower part of the icon and the areas where
high-Z elements, such as Pb and Hg, show high intensities (Figure 6). Note that the mean
penetration depth for the Sr Kα transition photons (14.17 keV) is more than 10 microns
in paint layers that contain lead white (Pb) or cinnabar (Hg) (Figure 5). On this basis, it
is inferred that Sr pertains primarily to the original ground layer (Ca-S compound), and
presumably reflects the presence of minor celestine (strontium sulfate), a mineral associated
with calcium sulfate compounds and often spotted as a minor admixture in the grounds of
post-Byzantine icons and other paintings [18,38].
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Figure 4. From upper left to bottom right: a photograph of the studied icon and the elemental
distribution maps of Ca (Kα), S (Kα), Sr (Kα), Au (Lα), Si (Kα), Ti (Kα), Fe (Kα), and Mn (Kα).
Elemental peak intensities are represented in a multicolor scale (pixels with the maximum intensity
for a given elemental peak are colored red, while blackish pixels correspond to zero counts). On the
Au map, the maximum observable gold leaf width is marked with an arrow.
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3.2.2. The Gilded Decorations

Au is detected on the gilded campus/background of the painting and elsewhere,
such as in details of the vestment and the spine of the book kept by the Hierarch. The
corresponding MA-XRF elemental distribution map is shown in Figure 4 and reveals the
extensive losses of the gold leaves from the icon’s background. In order to determine
the composition of the employed gold leaves, the sum spectra of two defined rectangular
areas on them (“1” and “2” on the Au map, Figure 4) were thoroughly studied. Except
for the Au L X-ray transitions, the Cu K transition was observed in both spectra, while
Ag K or L transitions were not detected. The intensity ratio of the Cu Kα to the Au
Lα was 11.4% and 11.7% for the areas “1” and “2”, respectively. The foil’s composition
in Au and Cu was determined from the measured intensity ratio, by applying the XRF
fundamental parameters method. Specifically, the XMI-MSIM simulation code [39,40] was
executed, using as input the X-ray excitation spectrum, the spectrometer’s geometry, and
the detector’s characteristics of the M6 spectrometer. For gilding thickness in the range of
0.1–1.0 µm (which is the typical thickness range for post-Byzantine gold leaves, [19]), the
extracted Au weight composition is about 92% w/w; therefore, it is deduced that the gilding
was performed by using high-purity gold leaves.

It shall be noted that the gold leaves do not interfere considerably with the painted areas,
and this indicates that the painter cut the leaves taking care to fit as precisely as possible
the areas to be gilded in order to reduce the consumption of this costly painting material.
Moreover, it is observed that the maximum width of the leaves reaches about 5.4 cm (see
the arrow on the Au map, Figure 4); therefore, it is assumed that the leaves used deviate
substantially from the European medieval and Greek Byzantine equivalents. The latter were
mostly distributed in the form of rectangle leaves with sides measuring between 6.0 and
7.5 cm [41,42]. Additionally, recent research on a considerable corpus of Greek icons has
highlighted the existence of several Greek, late post-Byzantine (i.e., from 18th c. onwards)
icons that bear rather small (in terms of surface area) gold leaves too [43], therefore, the finding
of the current study corroborates the assumption that the Au-leaves’ size was gradually
reduced during the period in consideration. It is worth noting that the gold leaves used by
post-Byzantine painters were extremely thin; their thickness has been found to be in the range
of 0.1 to 1.0 µm [19,44]. Additionally, it is interesting to comment on the traces of Au that
are spotted in the waist of St John, where gilding seems irrelevant at first sight. The circular
shape of these Au-remnants, along with the posture of Saint John’s left hand and the details
of the preliminary drawing revealed in this particular area (see Section 4), indicates that the
original painting portrayed a circular dish bearing the head of St John at this very point, an
iconographic element often seen in other representations of St John.

The Au-bearing areas show in addition Si, Ti, and Fe. These elements presumably per-
tain to the gold leaves’ gluing agent; especially for Ti it shall be noted that it is often detected
as a minor admixture in clayey poliments used as gilding substrates [19,45]. Therefore,
these aforementioned elements indicate the employment of a fine iron-rich clayey material,
probably a bole-like substance [19,46], which upon stereoscopic investigation turned out to
be of a rather yellowish-orangish tint (Figure 7a). Indeed, according to the traditional post-
Byzantine painting techniques, the background/campus gold leaves were almost always
applied on red or yellow clayey substrates/poliments that were covering the bare gesso
grounds [19,20]. Finally, it is worth noting that, in the gilded areas, the poliment-related
elements Fe, Ti, and Si expand beyond gold-covered areas (Figures 4 and 7a), highlighting
thus the fragility of the extremely thin gold leaves (see above) that are very easily worn-out
upon careless treatment of gilded surfaces.
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3.2.3. The Paint Layers

Apart from the gilded areas where the detected Fe is due to the presence of the gold
leaves’ gluing agent/poliment (bole), Fe is also detected in the yellow-colored wings of
St. John, the flesh parts, the remnants of St John’s greenish vestment and on the olive-
green ground (Fe map, Figure 4). In the case of the wings, the high Fe hints towards the
employment of yellow ochre, yet these areas show Mn too; hence, the pigment should be
rather characterized as sienna-type ochre [46,47]. Mn accompanies Fe in the dark-colored
flesh areas, too; therefore, an umber brown earth pigment is deduced for rendering these
areas [46,47]. Finally, the Fe detected in the greenish areas indicates the use of green
earth, as the pertinent pigments are known to contain considerable iron (often in the range
between 15 wt% and 25 wt%, [26]).

Pb shows high intensity in all the representations of flesh (especially on highlights), in
the off-white/whitish lower part of St John’s wings and on his inner bluish vestment, as
well as on the Hierarch’s pallium (Figure 6), suggesting the extensive use of lead white [48].
Significant Pb is also detected in many other (non-whitish) areas, such as in the greenish
ground and the bright red vestment of the Hierarch, and this indicates that lead-based
pigments (presumably lead white and minium) were intermixed with other pigments to
render specific hues in this painting [49]; besides, the mixing of various pigments was very
frequently practiced by post-byzantine painters [20]. However, of particular interest is the
detection of Pb on the yellowish highlights of St John’s wings, where Sb is also detected
(Figure 2), thus indicating the employment of lead-antimony (or Naples) yellow [49]. This
possibility is fascinating, as Naples yellow has rarely been identified in Greek icons [27].

On the other hand, Hg shows high intensity on the Hierarch’s red vestment and the
red margin line on the periphery of the painting (Figure 6), reflecting the employment of
mercury sulfide/vermilion [27,47,50]. Minor Hg is also detected on flesh parts; indeed, a
bit of vermilion was customarily intermixed with pigments used to render flesh midtones
in order to impart a warm tint [20]. Most importantly, the elemental distribution map of
Hg (vermilion) revealed that on the upper part of the painting, there exist remnants of an
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inscription that are currently invisible to the naked eye (Figure 7b). Three letters appearing
above and on the right of the Hierarch’s head read AN∆ or AI∆ and might be used as a
hint for identifying the name of the unknown Hierarch.

Interestingly, a small part of an inscription with the Greek letters “ιωA” (standing
for Iωάννης-Ioannis/John) appears just above the head of St John the Forerunner in the
elemental distribution map of Zn (Figure 6); in addition, Zn is detected on the red margins
of the painting, on the Saints’ haloes outlines and on scattered spots on the Hierarch’s red
vestment (Figure 7). The fact that the Zn-based red margin covers the later re-gessoing on
the bottom of the painting (see Section 3.2.1 and Figures 4 and 6) clearly indicates that the
Zn-rich areas pertain to later retouching interventions that compensated for losses on the
red pictorial elements such as the margin, the red vestment, the inscription, etc. It is worth
noting that Zn may not be directly related to a specific red pigment, yet it might reflect the
presence of zinc white (ZnO) [47,51]. This substance was often intermixed with various
synthetic organic pigments and occasionally used as a substrate for manufacturing red and
other lake pigments.

Additionally, some of the Zn-bearing spots also show intense Ba (Figure 6). Therefore,
the use of lithopone in these areas is inferred. Lithopone, a mixture of barium sulfate
(BaSO4) and zinc sulfide (ZnS), started circulating among painters after 1874 AD [52], hence
its detection gives a terminus post quem for the execution of the retouching intervention
on the Hierarch’s vestment. Nevertheless, Ba elemental peaks (not accompanied by Zn)
show considerable intensity all over the aforementioned red vestment, and this indicates
that a pigment (presumably red lake) containing BaSO4 as a filler or substrate [47,53] was
applied in this area. In fact, it has been well documented that post-Byzantine painters often
used red lakes to impart specific hues when rendering red vestments (see, e.g., [27,54]).

Moreover, areas containing Cr and Cu appear scattered over the recto of the icon
(Figure 6). In particular, high-intensity Cr peaks appear in the spectra collected from the
upper left corner, the re-gessoing at the bottom, and in various spots all over the painting
(green, yellow, and red spots in Figure 6, Cr map); in all these cases, Cr is accompanied
by Ba (Figure 6). As the Cr-Ba spots abound on the surface of the calcium carbonate
re-gessoing material, it is inferred that these elements shall be attributed to a pigment
mixture used in the frame of a later intervention. On the contrary, traces of Cr are detected
in other areas of the original painting (pale blue areas in Figure 6, Cr map), particularly in
the yellow highlights of St John’s wings, on the cover of the book held by the Hierarch and
in the greenish ground; considering that these areas show the characteristic presence of Sb
(Figure 2) as well as high Pb, it is assumed that Cr reflects employment of the yellow lead
chromate pigment (PbCrO4). This pigment was first synthesized around 1800 AD, just after
the discovery of Cr by the French chemist Louis Nicholas Vauquelin in 1797 AD [55], and a
recent study has shown that it was very soon adopted in a rather large scale by Greek icon
painters [29].

Finally, the MA-XRF investigation of the painting revealed that a small area on the
upper left corner of the icon and a few spots on the vestment of the Hierarch and elsewhere
show high Cu along with Zn (Figure 6). In all these cases, the Cu/Zn-rich phases appear
on areas that were initially gilded, while through stereoscopic inspection, they were found
to show a characteristic flake-like appearance (Figure 7c). Therefore, it is concluded that
these areas correspond to later retouching interventions executed in order to compensate
for losses of the gilding. Besides, bronze powders (and leaves) were often used from the
19th century onwards for retouching decayed gilded areas or producing low-cost gilding
imitations [27,56].

3.3. The Verso of the Icon (Wooden Panel)

The MA-XRF investigation of the verso of the icon yielded interesting data that reveal
much information about the history of the painting. The elemental distribution map of Ca
(Figure 8) highlights the existence of multiple later interventions that aimed at filling voids
in the wooden support. The use of gypsum plus skin glue filler for the treatment of decayed
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wooden supports is described in the early 18th century “Hermeneia of the art of painting”,
the renowned textbook that was compiled by the hieromonk and icon painter Dionysius of
Fourna [20,28]. In the case of the icon in consideration, the detected Ca (that highlights the
presence of fillers) shows a correlation with S (Figure 8) indicating thus the employment of
gypsum. Nevertheless, Zn and Ba accompany Ca in some of these areas and this suggests
the use of a mixed filler (presumably gypsum or chalk mixed with lithopone) in these cases.
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Figure 8. From upper left to bottom right: elemental distribution maps of Ca (Kα), S (Kα), Zn (Kα),
Ba (Lα), and Fe (Kα) and a photograph of the verso of the icon.

Of particular interest is the distribution of Fe on the verso of the painting. The relevant
MA-XRF elemental distribution map is dominated by the presence of a nail that was
probably attached for hanging purposes (Figure 8). However, there appear five other
Fe-rich spots on the back of the icon, three laying over the nail and two laying close to the
bottom of the icon. The uppermost Fe-bearing spot (just above the nail in Figure 8) most
probably pertains to an older hanging nail replaced by the current one. On the contrary,
the other four spots coincide with areas where the Ca-S filler has been applied, and this
indicates that they correspond to nails that were at some time removed, and then their
holes were treated with a filler. Given the symmetrical placement of these four spots and
their position in pairs on the upper and bottom parts of the icon, it is inferred that they
correspond to the nails used to attach a pair of cross-bars on the back of the icon. Besides,
cross-bars are often found in panel paintings and sometimes need to be removed in the
framework of conservation interventions to preserve the wooden panel [57].

Finally, the investigation of the current icon through X-ray radiography (XRR) yielded-
even after proper digital photographic processing of the relevant file—an image of relatively
low contrast due to the presence of the partially inserted on the back of the icon iron nail
(Figure 9 left). This metallic element acts as the major obstacle on the X-rays pathway and,
hence, appears as the area of maximum brightness, minimizing thus the potentiality to
discriminate subtle contrast differences between the various pictorial elements. Moreover,
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the dense iron nail reacts with the incoming X-ray beam, acting as a secondary radiation
source that considerably obscures its surroundings (Figure 9 left).
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4. Discussion

The MA-XRF analysis allowed for the identification of the materials and techniques
used in the original painting: a calcium sulfate ground received a painting executed in lead
white, vermilion, umber, and sienna-type ochres, possibly Naples yellow, lead chromate,
green earth, a red (?) organic lake, and gold leaves, while the employment of indigo blue
pigment is inferred (no detection of any characteristic elements such as Fe, Cu, Co, etc. in
the bluish vestment of St John). As for the latter, it is mentioned that it is regarded as the
most widely used blue pigment in the framework of post-Byzantine Greek painting [26].
The inclusion of lead chromate in the original palette of the painting verifies the stylistic
dating of the artifact to the early 19th century.

Moreover, based on the MA-XRF analysis results, it is obvious that the item in con-
sideration has received interventions for purpose of compensating for extensive paint and
gesso losses. In particular, the notable gesso loss on the bottom of the item has been filled
by using a Ca-based filler (Figure 4). At the same time, the various gaps on the verso of
the icon (wooden panel) were treated by using two distinct materials, namely a calcium
sulfate compound and a mixed filler containing Ca, Ba, and Zn compounds (see Figure 8
and Section 3.3). Note that the employment of two fillers in the back of the icon clearly
indicates that the item has received at least two distinct restoration interventions. On the
other side of the panel (recto), the analysis revealed that a Zn-bearing red pigment had
been used for retouching losses on the bright red areas (Figure 6), and a few losses of the
gilding have been treated by using brass powder. At the same time, the use of yellow lead
chromate for retouching purposes is also documented by the MA-XRF data (see Figure 6
and Section 3.2.3). Based on the identified pigments and fillers, it is inferred that at least
some interventions were executed after 1874 AD when lithopone was first produced on a
large scale.

As for the XRR, it has already been mentioned that the dense iron nail that is inserted
on the back of the icon is the major obstacle of the X-ray beam and reacts with the latter
creating secondary radiation that negatively affects the quality of the acquired radiograph
(Figure 9 left). Therefore, not much information regarding the painting materials and tech-
niques of the icon could be gained through XRR in this case. Nevertheless, the radiograph
reveals indeed one particularly interesting detail that is not clearly visible on the MA-XRF
elemental distribution maps: throughout the surface of the painting there do exist tens
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of small pinholes that mostly pierce through cracks of the gesso (Figure 9 middle). These
holes were probably generated during a past consolidation intervention that employed the
injection of a liquid consolidant through the gesso cracks; such interventions were indeed
once practiced, and their detrimental side effects are occasionally spotted in paintings [58].
Moreover, XRR pictures the grain of the wooden support very clearly, which shows a
gradually changing texture from left to right since the panel is part of a tangential cut (see
also Figure 3 BW vs. multicolor maps). Note that the wood grain appears in the MA-XRF
map that demonstrates changes in the intensity of Compton scatter, as the latter is partially
affected by the composition of the analyte (and, hence, the wood grain) (Figure 9 right).
In particular, the Compton intensity is inversely proportional to the total mass absorption
coefficient [59], which is the sum of the incoming primary beam mass absorption coefficient
for the Rh Kα photons (20.2 keV) and the Compton Rh Kα scattered photons (18.8 keV). The
mass absorption coefficient is an increasing function of the atomic number of the elements
that the primary and scattered radiation encounters in its path [36]. Consequently, the
Compton intensity decreases as the mean atomic number of the irradiated area increases.
This explains the low Compton intensity in the regions of high Z elements, like Pb- and
Hg-based pigments. Conversely, the maximum Compton intensity is observed in areas
where pigment layers have been removed, while the preparatory layer is either thin or
absent. Consequently, the study of the Rh Kα Compton intensity distribution per pixel
provides complementary information to the XRR method. Compton allows single-side
mapping of the mean atomic number distribution at the same time as the elemental map-
ping measurement. As XRR requires access on both sides of the painting [12], the Compton
intensity mapping is an exciting alternative in case this is not feasible.

Finally, it is worth highlighting the potential to track the incised preparatory drawing
of the painting. Although the drawing does not show up clearly in the XRR for the reasons
mentioned above, it does appear in many of the MA-XRF elemental distribution maps
(Figure 10). For instance, in the case of the calcium map, the drawing is very clearly seen
in areas where bare or almost bare gesso exists simply because the incised lines are in fact
areas where less Ca is detected; this is graphically demonstrated in the waist of St John
where the incised facial characteristics of the head on the dish appear (see also the relevant
discussion about Au in Section 3.2.2). Further details of the preliminary drawing show up
in other elemental distribution maps, two characteristic examples being the maps of Fe
and Pb shown in Figure 10. In both these cases, relevant pigments (ochre and lead white)
have settled within the incision of the drawing resulting thus in higher elemental peak
intensities on the corresponding MA-XRF maps. Therefore, it is inferred that, through the
examination of multiple MA-XRF maps, it is possible to gain a complete and thorough view
of the preliminary/preparatory drawing as well, a possibility that does not however reduce
the importance of other techniques (e.g., infrared reflectography) able to reveal preliminary
drawings [60].
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5. Conclusions

A thorough examination of the complex MA-XRF data collected from the analysis of a
heavily altered post-Byzantine Greek icon led to the identification of the original painting
materials and techniques and the discrimination of at least two distinct later interventions.
The inclusion of lead chromate in the original palette corroborates the stylistic dating
of the icon to the early 19th century. At the same time, the identification of lithopone-
base substances in later interventions suggests that some were executed after 1874 AD.
Significant findings include the spotting of remnants of an original inscription and the
tracing of the preparatory drawing, while the MA-XRF data indicate the possible use
of Naples yellow, a pigment rarely identified in Greek icons. Additionally, XRR indeed
provided interesting results, yet it is demonstrated that it can by no means stand alone as
an analytical tool for identifying easel painting with complex restoration history as the one
in consideration. Moreover, we have demonstrated that the Compton scattering provides
complementary information to the XRR method, allowing single-side mapping of the mean
atomic number distribution. Finally, the fact that the weak Sb intensity was hard to be
determined upon data processing suggests that the scholars dealing with the MA-XRF
investigation of paintings should scrutinize the pertinent data before proceeding to the
creation of elemental distribution maps.
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