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� An uncovered Byzantine icon is
assessed by spectroscopy, imaging
and diffraction.
� Non-invasive portable to aimed
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� Diverse gilding methods highlighted

including mosaic gold, orpiment and
silver.
� Rare identification of the chalcone

dye, safflower, as a painting pigment.
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The restoration of a panel painting depicting a Madonna and Child listed as an unknown Tuscan artist of
the nineteenth century, permitted the hidden original version, a XIII century Medieval icon to be uncov-
ered. It is discovery provided the opportunity for an extensive in situ campaign of non-invasive analytical
investigations by portable imaging and spectroscopic techniques (infrared, X-ray fluorescence and dif-
fraction, UV–Vis absorption and emission), followed by aimed micro-destructive investigations (Raman
and SEM–EDS). This approach permitted characterization of the original ground and paint layers by com-
plementary techniques. Furthermore, this protocol allowed supplementary particularities of great inter-
est to be highlighted. Namely, numerous original gilding techniques have been accentuated in diverse
areas and include the use of surrogate gold (disulphur tin), orpiment as a further false gold and an area
with an original silver rich layer. Moreover, pigments including azurite mixed with indigo have been non-
invasively identified. Micro-invasive analyses also allowed the diagnosis of organic colorants, namely, an
animal anthraquinone lake, kermes and an unusual vegetal chalcone pigment, possibly safflower. The
identification of the latter is extremely rare as a painting pigment and has been identified using an inno-
vative adaption to surface enhanced Raman techniques on a cross-section. The resulting data contributes
new hypotheses to the historic and artistic knowledge of materials and techniques utilized in XIII century
icon paintings and ultimately provides scientific technical support of the recent restoration.
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Introduction

A hidden Medieval icon of exceptional technical quality, repre-
senting a Theotòkos Odigitria, a mother and child has been brought
to light during a complex restorative campaign. The painting of
undefined origin, belonging to the Istituto Santa Caterina in Arezzo,
(Italy), underwent in the course of the centuries at least three
major interventions of varying quality. It has been dated by the
restorer to the second half of the XIII century given its many sim-
ilarities to the Pisa icons of Santi Cosma e Damiano or Ugolino di
Tedice [1]. The uncovered painting provided the ideal opportunity
for an in-depth scientific study so as to permit the hidden paint-
ing’s original features to be characterized, namely its constituent
materials and the original artist’s execution technique. For this,
an in situ campaign of analytical investigations by means of porta-
ble spectroscopic techniques has been implemented followed by
aimed micro-destructive investigations. This multi-technique
approach has been routinely adapted in cultural heritage studies
over recent years coinciding with advancements in the develop-
ment of in situ non-invasive analytical methods and practices
[2,3]. The use of miniaturized portable instrumentations with tech-
nical features and performances comparable to larger laboratory
equipment allows to maintain the artwork’s integrity since the
investigations do not require any contact with the surface. A vast
toolbox of complementary spectroscopic techniques have proven
to be fundamental for the exhaustive study of complex historical,
contemporary and archaeological art objects ranging from monu-
ments, ceramics, murals, textiles as demonstrated by the multiple
successful applications on paintings in literature. In the present
work, imaging investigations were carried out first off on the art-
work permitting the identification of areas of foremost interest
through techniques including visible, infrared, UV-induced visible
fluorescence and IR in False Color (IRFC) [4]. Subsequently, unlim-
ited punctual analyses have permitted the acquisition of a large
volume of data for a representation of the entire original painted
surface by combining X-ray fluorescence spectroscopy, mid-infra-
red reflection spectroscopy, X-ray diffraction and UV–Vis reflection
and emission spectroscopy. These techniques afforded necessary
information regarding the elemental, molecular and electronic
composition of the organic and inorganic pigments, binders and
products of alteration. To further investigate open hypotheses,
selected micro-samples were collected and studied by SEM–EDS
microanalysis and advanced Raman techniques to elucidate details
regarding the employed dyes. The resulting data contributes to the
historic and artistic knowledge of materials and techniques uti-
lized in XIII century icon paintings and provides technical support
of the recent restoration.

Materials and methods

Imaging techniques

Digital images have been collected by means a Fujifilm FinePix
S3PRO equipped with a Super CCD detector and modified to extend
the sensible range at 1100 nm. Two halogen lights (300 W) have
been used to acquire images in the visible and infrared ranges of
the spectrum and two wood lights with Schott DUG11 filter (peak
wave length 365 nm) for the UV-induced luminescence imaging.
For visible reflected images a IDAS-UIBAR filter, for infrared-
reflected images a Schott filter RG830 and for UV-induced lumines-
cence images a Schott filter kV 418 were respectively used. A
50 mm f/1.4 D AF NIKKOR from Nikon was employed. The camera
was managed with Hyper-Utility2 program which also permits
the resolution of images to be selected. The focus was operated
manually. The 99% spectralon diffuse reflectance standards and
Macbeth Color Checker for image calibration were used.
X-ray fluorescence

The portable XRF instrument consists of an X-ray tube equipped
with a Rh target, and a Peltier cooled Si drift XFlash

�
detector hav-

ing a resolution of 130 eV FWHM at 5.9 keV. The source was oper-
ated at 40 kV and 0.030 mA, with a data acquisition time of 120 s.
This instrumental setup allows for the analysis of elements with
atomic number (Z) greater than 10. The X-rays emitted by the tube
are collimated on the analyzed surface with a spot diameter of
4 mm. The spectra, corrected for the efficiency of the detector,
were expressed as counts per second (cps).

Mid-FTIR spectroscopy

Reflection mid-FTIR spectra were recorded using a compact por-
table Bruker Optics ALPHA-R spectrophotometer equipped with a
Globar infrared radiation source, a Michelson interferometer
(RockSolid(TM)) and a DLaTGS detector modified to work in any
environmental condition and spatial orientation. External reflec-
tion mode consents an angle of incidence at approximately 20�.
The instrument weighs 7 kg, and has dimensions of 20 � 30 � 12
cm3. It is equipped with a USB high resolution video camera which
permits the exact point of analysis to be visualized and monitored.
In this work spectra were recorded using 186 interferograms
across the range 7500–375 cm�1 observing a spectral resolution
of 4 cm�1. The correction of background absorption was carried
out with a reflection spectrum of a reference gold surface. Exam-
ined areas observed dimensions of 28 mm2.

Portable XRD–XRF

XRD patterns of powders and model paint samples were carried
out by means of a Duetto XRF/XRD device developed by InXitu, Inc.
(Campbell, California) [T]. A small custom micro-focused X-ray
source (Cu, k = 1.54056 Å) operating at 30 KV with a current of
300 lA is combined with miniature slits to produce a low diver-
gence beam illuminating the sample at a 10� incidence angle with
a spot of 1 � 0.4 mm2. A nickel foil mounted on a solenoid motor is
placed in the direct beam to remove most of the Kb radiation of the
X-ray source spectrum and facilitate the interpretation of XRD
data. A custom Peltier cooled CCD camera developed with Andor™
Technology collects the XRD signal over a range of 20–50� 2h. Sec-
tions of diffraction rings are collected in 2D images. XRF data are
obtained with the same CCD camera exposed directly to the X-
ray signal and operated in single photon counting mode. The
XRD resolution is 0.3� while the XRF one is about 250 eV. All com-
ponents are in fixed position relative to each other to guarantee a
stable geometry and a rugged design for field applications. The
analyses are performed in a non contact manner, maintaining the
instrument 2 mm away from the sample surface and using a laser
beam for alignment. Phase identification was determined with
search-match program with the help of the ICDD-PDF2 database.

UV–Vis absorption and emission spectroscopy

The portable prototype, developed within the European FP7
CHARISMA project, permits to work either in the time-domain or
in the frequency-domain and to collect spectra of the same point
of investigation within different excitation wavelength ranges, by
means of several sources/detectors and a multi-furcated fiber optic
cables system [5].

The excitation sources are: a Deuterium-Halogen lamp (Ava-
light-DHc) for reflectance measurements; three ultra-compact
diode laser sources (Toptica Photonics AG, DE; excitation wave-
lengths 375, 445 and 640 nm) for steady-state fluorescence mea-
surements; three pulsed diode laser sources (Horiba) with
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suitable wavelengths (375, 458 and 635 nm) in the picosecond time
scale for time-resolved fluorescence experiments.

A CCD spectrometer (Avaspec 2048 USB2, 200–1100 nm range,
spectral resolution 8 nm) is used for reflectance measurements.
High sensitivity CCD spectrometers, Avaspec-ULS2048 XL-RS-
USB2 (300–1150 nm range, spectral resolution 8 nm) and
AvaSpec-NIR256-1.7TEC (950–1600 nm range) detects the
steady-state fluorescence. A high sensitive photocathode detector
(Horiba TBX, spectral sensitivity 350–850 nm) collects the time-
resolved luminescence signal.

A fiber optic system by Avantes directs all the excitation sources
to the same surface point to be examined and, at the same time,
collects both the reflected and emitted light, bringing them to
the specific detectors. The size of the whole probe is less than 2
mm2, which allows for the same spatial resolution obtained for
the measurements on the analyzed surface. A photographic tripod
permits an easy positioning and a compact rack on wheels
mechanically holds the whole system.

SEM–EDS

SEM–EDS analyses have been carried out using a Philips 505
electronic microscopy equipped with a tungsten filament. Working
conditions included a 20 mA saturation current and 25 kV voltage.
The EDS spectrometer, EDAX system micro-analysis, equipped
with a silicon (Li) crystal CDU-SUTW Shappire detector with an
area of 10 mm2, a resolution 132 eV on the Mn Ka line with time
constants of 100 ls, a ratio peak: base of 20.000:1 has been used.

Raman spectroscopy

A Jasco NRS-3100 bench-top in a confocal arrangement with
laser excitation at 488 nm was employed in this work. The laser
power was maintained between 1–10 mW, using a 1200 l/mm
grating across the range from 200–2000 cm�1. Samples were
inserted into the sample chamber and examined by magnification
at 50–100�. The spectral resolution resulted less than 2 cm�1 and
the instrument was calibrated automatically and manually with a
silicon standard.

Surface enhanced Raman spectroscopy (SERS) measurements
were carried out utilising silver colloids. Citrate-reduced colloids
were prepared according to a modified Lee and Meisel procedure
[6] by the reduction of silver nitrate with sodium citrate. The result-
ing colloid presented an absorption maximum at 426 nm and
FWHM of 110 nm, as measured with a Hewlett Packard 8453 photo-
diode array UV–vis spectrometer (following a 1:9 dilution with
ultrapure water to observe maximum absorbance within the instru-
mental range). The micro-sample was pre-treated with the HF
hydrolysis method as presented in literature [7] and the strati-
graphic cross-section embedded in an acrylic resin was similarly
pre-treated with a longer exposition time to the acid. SERS measure-
ments could be carried out on adding a 10-ll drop of colloid aggre-
gated with magnesium sulfate [8] directly onto the pre-treated
samples. Spectra could be obtained between 4 and 8 min and
remained constant in quality until complete evaporation of the drop.
Results and discussion

In Fig. 1 it is possible to appreciate images of the painting dur-
ing successive phases of restoration, namely in Fig. 1a, before res-
toration, Fig. 1b, an intermediate phase during the removal of
varnish and overpaintings and Fig. 1c the final phase of overpaint
removal. In close collaboration with the restorer it was feasible
to aim the non-invasive campaign towards areas of particular
interest which were also noted during the restoration operation.
The results obtained from the non-invasive approach carried
out in situ on this artwork afforded a characterization of the origi-
nal ground highlighting the use of gypsum, anhydrite and calcite
together with the proteiniceous binder, animal glue. The overpaint
layers resulted to have been laid in a lipidic oil binder which had
widely penetrated and became incorporated in the underlying ori-
ginal layers. Moreover, in all the investigated paint surfaces, mid-
FTIR analyses also revealed the presence of oxalates (probably cal-
cium oxalate) a common degradation product of organic materials
[9]. However, the main focus in this contribution, refer to the ori-
ginal decorative gilding techniques and the implementation of
diverse organic dyes.

Gilding techniques

One of the intriguing aspects of this icon is the evidence of vary-
ing gilding techniques employed. The distinct widespread use of
silver located by elementary XRF analyses under the paint layers
presupposes the direct use of a silver foil embossing on the ground
layer. Such technique was commonly found in Medieval iconogra-
phy [10]. The Virgin’s halo was tooled with a further utilized tech-
nique, with patterned and incised punches, a more cost effective
method, for tracing the design, leaving a series of dense silver dots
in the background (Fig. 2 area 1) as revealed by XRF (Fig. 2(1)).

In correspondence to the extreme border area of the Madonna’s
veil (Fig. 2 area 2), further XRF analyses evidenced the presence of
arsenic hypothesising the use of orpiment as false gold, also named
fool’s gold. (Fig. 2(2)) [11].

Still in the area of the veil, it is possible in Fig. 2 area 3, to note
further fine details where evidence of another gilding technique
was highlighted by the restorer. Specifically, small, square, gray
and iridescent particles were observed and by XRF analyses indi-
cating notably the presence of tin. XRD measurements carried
out in this area (Fig. 2(3)) identified the presence of calcite, quartz,
minium, calcium sulfate and some further weak peaks probably
ascribable to the presence of disulphur tin. This compound indi-
cates the use of mosaic gold, one of the most important gold surro-
gates. Synonyms and orthographic variants for mosaic gold include
porporino, purpurino, purpurinus, color purpurinus, aurum musivum,
aurum mosaicum, or musif, musivgold where historical fonts cite Ko
Hung (c. 300 AD) as making stannic sulfide, stipulating however
that this technique was developed in China before this date [12].
In Europe this pigment was developed much later and has been
identified in various manuscripts and paintings from the four-
teenth and fifteenth centuries [13–18].

7On the internal border of the veil, a reddish area is noted (Fig. 2
area 4) and is suggestive of the intention for the gold nuance (even
visible under the area of mosaic gold (Fig. 2 area 4)). By UV–Vis
absorption, the presence of an iron based pigment has been evi-
denced together with the detection of a further characteristic emis-
sion at 630 nm which may be suggestive of a red lake (Fig. 2(4)) [19].

Peculiarities of the organic pigment palette

Distinctive features of this icon are found in the meticulous
employment of organic pigments and in their application. Initiat-
ing with imaging investigations in IRFC, it was possible to note a
red coloration together with a further dark component in corre-
spondence to the Madonna’s veil (Fig. 3a) which may be character-
istically attributed to the presence of indigo and azurite
respectively [4]. XRF analyses here evidenced the consistent pres-
ence of copper, and mid-FTIR spectra identified the presence of
azurite, reported in Fig. 3b, where distinct modes of vibration are
located at 2500 and 2555 cm�1 and can be attributed to the
m1 + m3 (CO3

2�) combination band and bands at 3433, 4247 and
4380 cm�1 are ascribable to the m (OH), combination band of



Fig. 1. Digital images of the phases of restoration (a) before, (b) during and (c) after.

Fig. 2. Gilding techniques: images (by R. Cavigli) on different magnifications of the Madonna’s halo and veil (a) detail (b) 50� and (c) 200� with highlighted non-invasive
areas of investigation (1) XRF spectrum of area 1 indicating the ‘‘punch’’ use of silver in specific correspondence to the halo, (2) XRF spectrum of yellow area 2, rich in arsenic,
(3) XRD spectrum of highlighted area 3 with (c) calcite (C), quartz (Qz), minium (M), calcium sulfate (CS) and disulphur tin and (4) UV–Vis emission spectrum of red area 4.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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m(OH) + d(OH) and the 3m3 (CO3
2�) overtone band respectively [20].

Concerning the diagnostic presence of indigo, UV–Vis emission
measurements have revealed its characteristic band centred at
745 nm (Fig. 3c) [21]. Furthermore, in-depth SEM examinations
on a corresponding cross-section have evidenced the use of indigo
mixed with lead white located under the azurite (Fig. 3d) where
the relative EDX map reveals the corresponding presence of lead
and copper (Fig. 3e and f respectively). It is likely that the indigo
and lead white layer were used as a preparative layer so as to save
on the amount of azurite blue necessary in the successive layer
[16].

On the light colored border of the Madonna’s veil, near the left
temple of the Madonna, it was possible to observe under UV light
(and only in this specific area) a characteristic orange fluorescence,
typical of an organic dye (Fig. 4a highlight). UV–Vis emission spec-
troscopy investigations showed an emission band centred at
580 nm (Fig. 4b) ascribable to a red vegetal lake [19,22]. The nature
of this organic pigment was investigated by UV optical microscopy
applied to the cross-section (Fig. 4c).

All surface enhanced Raman spectroscopic measurements were
done following HF pre-treatment of the section. The resulting SER
spectrum (Fig. 4d(i)) appeared to present many of the features of
chalcone dyes, although accurate HPLC measurements would be
considered necessary to unequivocally confirm this finding. Such
indications hypothesise a possible mixture of safflower red and
yellow (Fig. 4d(ii–iii) show SER spectra of safflower red and saf-
flower petals [containing red and yellow components] respec-
tively) given by the main bands at 1159 cm�1, 1277 cm�1,



Fig. 3. (a) Image in IRFC highlighting different colorations of the veil, (b) mid-FTIR of (i) original and (ii) overpaint layer, (c) UV–Vis emission distinguishing indigo, (d) SEM
image of cross-section highlighting the blue layers, (e) SEM–EDS map of lead distribution and (f) SEM–EDS map of copper distribution. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Particulars of Madonna’s veil (a) digital UV image with highlighted fluorescent area, (b) UV–Vis emission spectrum (kexc. 375 nm), (c) cross-section under UV light
(365–385 nm exc. band) and (d) SER spectra of HF pre-treated (i) orange area of cross-section (* indicates colloid interference), (ii) safflower red and (iii) safflower petals. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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1348 cm�1 and 1579 cm�1 due to the m(CAOH), d(CAOH) and
m(CAO), respectively [23]. It is noted that the petals contain a red
and yellow dye in undetermined quantities and given their known
low-lightfast properties, it is possible that the spectrum (Fig. 4d(i))
could be of an altered conservation state of the original pigment.
This would benefit from an in-depth investigation of such pigment
to affirm this possibility [24]. Furthermore, recent findings by Cle-
menti et al. [22] indicate the possibility that the yellow component
may not be completely removed on extraction of the petals as
reported in historical recipes for production of the red dye. If this
is so, their co-presence may be feasible as demonstrated by the
results obtained for this sample. Historically originating from
southern Asia, safflower (Carthamus tinctorius) has been known
since prehistoric times. It was during the Middle Ages that it was
cultivated in Italy, France and Spain where it was mostly used as
a dyestuff or pigment, for cosmetics, and painting. Importantly ref-
erences are also made to the use of safflower in gilding prepara-
tion, which may be its usage here [25]. It is given that, to the
best of our knowledge, scientific literature has not yet reported
the finding of safflower pigments in paintings. Furthermore, in
the studied icon, the possible safflower has been used directly on
the preparation layer, only on the left hand border of the veil so
as to possibly create, as suggested by the restorer, a particular
effect of shadowing.

Further results concerning the presence of widespread use of a
recurring red organic lake located on the Madonna and child have
been obtained by means of UV–Vis spectroscopy. In particular, on
the Madonna’s sleeve, the resulting absorption profile (Fig. 5a)
shows a structured band at 530 and 570 nm and the time resolved
luminescence measurements (Fig. 5b) evidence a bi-exponential
decay.

(s1 � 0.5 ns; s2 � 2.5 ns) imputable to the possible presence of
an animal origin red lake. Coupled with colloidal SERS of a
micro-sample on HF pre-treatment, the spectrum in correspon-
dence to this area diagnosed a red dye with an anthraquinone
chromophore. It is given too that this dye is of an animal nature



Fig. 5. Red organic lake used on the Madonna’s sleeve, (a) UV–Vis absorptions profile, (b) time resolved luminescence measurements and (c) SER spectra of HF pre-treated (i)
micro-sample, (ii) reference kermes and (iii) reference cochineal. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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where from Fig. 5c in the present experimental conditions, it is
possible to compare this spectrum (Fig. 5c(i)) with a reference ker-
mes or cochineal (Fig. 5c(ii–iii)) respectively. It is given that they
all present rather similar spectra (although spectral differentiation
of lac lake can permit its exclusion) with bands at approximately
470 cm�1, 659 cm�1 due to the m(CAC) mode, 1296 cm�1 attrib-
uted to m(CAC), 1434 cm�1 given by the m(C@O) and 1568 cm�1

due to d(CAOH) and d(CAH) [26]. According to historical data, it
is noted that kermes, derived from various species of Coccoidea
scale insects, was an important dye from II century BC and its
use in Europe was much reduced when the New World cochineal
became available in the 1500s AD ultimately making kermes the
probable choice in this painting [25].
Conclusions

This contribution evidences the efficacy of a non-invasive ana-
lytical approach adapted in the cultural heritage field for the inves-
tigation of a recently uncovered Medieval icon. Methods of
analyses permitted the ground and paint layers to be character-
ized. Main highlights and peculiarities of this icon included the
use of diverse gilding techniques for the production of false gold
through the implementation of mosaic gold and orpiment, as well
as the use of a silver foil. The use of azurite on an indigo and lead
white preparative layer was successfully diagnosed.

Information given by the non-invasive analyses interestingly
indicated the presence of organic pigments. Results facilitated
the aimed micro-sampling of a limited number of samples which
on investigation by surface enhanced Raman spectroscopy permit-
ted the diagnosis of kermes and safflower to be identified. The pos-
sible presence of the chalcone pigment is significant, particularly
as this has not before been found in paintings as a pigment. Finally,
it has to be underlined that a synergic cooperation between cons-
ervators, restorers and scientists allows a thorough investigation of
an artwork where acquired knowledge of the painting materials
and techniques can aid in a correct critical and methodological
approach for restoration.
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