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ARTICLE INFO ABSTRACT

Keywords The present study aims to set-up an investigation integrated methodology to identify pigments and binders pre-
Wooden statues sent in the original layers and the subsequent repainted layers that characterize two polychrome wooden statues
Pigments dated to the fifteenth century. In particular a multi-analytical approach has been applied on two Ligurian Christs,
Binders

the first one from San Bartolomeo parish in Zuccarello, the second from Borghetto San Niccolo (placed in Liguria
XRF region, Noethern Italy) both repainted many times during the centuries. By comparing the results of XRF analysis

g;;[REDS performed with portable instrumentation on the surfaces and on the stratigraphic sequences coming from differ-
Ram-an ent areas of the works of art, with the data obtained by SEM-EDS and corroborated with p-FTIR and portable

Raman spectroscopy findings, the pigments present in the different layers were identified. By p-FTIR spectroscopy
and thanks to the application of some staining tests (with Oil red and Amido black) the chemical nature of the or-
ganic binders employed was disclosed. Thanks to the presence of specific pigments, such as Prussian blue, barium
sulphate, titanium oxide and some organic colorants, linked to specific historical periods, it was possible to date
the layers and to reconstruct the history of the two examined statues. These detailed investigations on complex
stratigraphic cross sections have been carried out as part of a conservation project and the results obtained have
provided restorers with important information useful for the intervention on these statues and for their conserva-

tion.

1. Introduction

The polychrome wooden sculpture is a complex artefact because of
the presence of different materials and techniques. During centuries, due
to changes in style or decay, works of art such as Christ statues closely
related to the cult, were often repainted. It often happened that these
statues were completely repainted rather than integrated into the areas
where the colour had fallen, as instead it is done today in the common
practice of restoration. Repainting to renew the underlying layers could
be motivated simply by a change of taste and style and this happened
in particular in the case of devotional artefacts, such as the two Christ
wooden statues studied in the present paper. In particular the objects
of this study are two fifteenth-century Ligurian (Northern Italy) Christs,
namely Christ of Zuccarello and Christ of Borghetto San Nicolo, both
characterized by heavy alterations.

Our aim was to set up an analytical protocol to identify pigments
and binders of the original layers and the subsequent overpaintings that
characterize these polychrome wooden sculptures. The acquisition of
these data could be a support not only to the activity of the restorers,
who frequently have to face the removal of the over layers, but also al-
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lows to deepen the knowledge of the historical artistic context of these
works of art.

The combined set of analyses applied in this paper consisted of
preliminary non-invasive techniques such as portable X-ray fluores-
cence spectroscopy (XRF) followed by the characterisation of cross-sec-
tions, prepared for selected samples, by means of Scanning Electron Mi-
croscopy coupled with Energy Dispersive Spectroscopy (SEM-EDS) and
micro Fourier Transform Infrared spectroscopy (p-FTIR). Furthermore,
in order to preliminary identify the organic binders employed, some in-
vestigations were carried out with optical microscopy using UV radia-
tion and specific staining tests, such as Oil red and Amido black, were
used to identify the chemical nature of the binders (oils or proteins). A
confirmation of the nature of the binders was also obtained by p-FTIR.
Finally, portable Raman spectroscopy has been used to highlight the
presence of some pigments.

It is worth to notice that the application of a multi-analytic proto-
col is certainly a winning strategy in the case of the identification of the
chemical nature of substances, both organic and inorganic [1-9].

In this study the integrated use of all these methodologies has al-
lowed to set up a protocol that can be applied to the study of com-
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plex stratigraphies and multi-layers paintings such as those typical of
the statues here examined and, more in general, in the case of heav-
ily repainted wooden statues. In fact knowledge of the stratigraphic se-
quence of these heterogeneous layers is fundamental for understanding
the artist’s painting technique and for conservation issues.

To our knowledge in the scientific literature the papers dedicated to
the studies of wooden sculptures [10-13] are significantly less numer-
ous than works concerning the analysis of other types of works of art
such as for example canvases or wooden tables.

The presence on the two examined statues of numerous over-paint-
ings represents an analytical challenge.

Scanning electron microscopy generally employed for morphologi-
cal surface investigation for example of mortars, pigments and stones,
if equipped with EDS can provide elemental analysis [14]. The use of
portable X-ray fluorescence spectroscopy has recently become one of
the most widely employed analytical techniques in the in-situ scientific
examination of works of art and certainly it is very useful in case of
very complex stratigraphies [15]. XRF is commonly used for major and
trace elemental analysis for pigments, stones and mortars [14,16]. Both
SEM-EDS and XRF should be combined with spectroscopic techniques
such as FT-IR or Raman spectroscopy in order to carry out a molecu-
lar speciation [14,17]. Furthermore FT-IR is often employed to identify
the chemical composition and structure of organic pigments and binders
[3,9,14]. p-FTIR spectroscopy has been also successfully applied for the
study of cross-sections [2,18,19]. Similarly a great quantity of studies
has been published on the application of Raman spectroscopy for the
identification of pigments and dyes [9,14].

The study carried out on the two Christs statues has also allowed a
new possibility of comparison, based on the analytical data, in the clas-
sification system of the “selva dei Cristi feriti liguri quattrocenteschi nel Po-
nente”, of which these two works are part, proposed in the text “La Sacra
Selva. Scultura lignea in Liguria tra XII e XVI secolo” [20,21].
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2. Materials and analytical methods
2.1. The two studied sculptures

The two statues here examined are two fifteenth-century wooden
polychrome sculptures from the Ligurian area of Ponente: the Deposi-
tion of Christ of Zuccarello (SV, Savona) and the Crucified Christ of
Borghetto San Nicolo (IM, Imperia).

The Christ of Zuccarello (Fig. 1a), preserved in the parish church
dedicated to San Bartolomeo in the small town of Zuccarello (Liguria,
Northern Italy) and dated to 1440-1460, is a sculpture of almost mon-
umental dimensions, 167 X 42 X 26 cm, and represents a dead Christ.
With a strong devotional value for the community of Zuccarello, the
statue has been repainted several times, so much to hinder its reading
and to render the plasticity of the original carving not very appreciable.
The conservation and restoration intervention recently started, allowed
the recovery of the first repainting of the work datable to the second half
of the sixteenth century.

The Christ of Borghetto (Fig. 1b), coming from the homonymous
village in the province of Imperia (Liguria, Northern Italy) is smaller
and currently is preserved in the headquarters of the Superintendence of
Genoa and the provinces of Imperia, La Spezia and Savona, in Palazzo
Balbi in Genoa; the statue presents a compromised conservative state
of the oldest polychromies. The dimensions are 90 X 77 X 19 cm. The
work can also be dated to the fifteenth century and has been so re-
painted to completely alter the original carving technique.

As for the Christ of Zuccarello, 7 samples of the pictorial film (as in-
dicated in Fig. 1a and in table 1) were taken; in this way the different
parts of the statue (skin, thong, crown, hairs) and the total succession
of the layers, from the original preparation to the outermost repainting,
have been sampled.

In the case of the Christ of Borghetto, because of the smaller di-
mensions of the statue, it was possible to withdraw, in order to have
the complete stratigraphy and to sample the different areas (skin,

Fig. 1. The two examined wooden statues: a) Christ from Zuccarello; b) Christ from Borghetto San Nicolo.
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Table 1
Analysed samples collected from the two statues.

Christ of Zuccarello Christ of Borghetto San Nicold

Sample Description Sample Description

1 skin, right foot I 11,12 skin, right side
2 skin, left arm

3 skin (see point 3 in Fig. 1)

4 right shoulder

5,5.1 thong, left flap P: P1, P2 thong

6 crown of thorns

7 hairs C:C1,C2,C3,C4 hairs

thong and hairs), only 3 samples (Fig. 1b and table 1). For both statues
it was taken the maximum numbers of samples allowed by the superin-
tendence. The problem of layers decohesion, especially the older ones,
made it practically impossible to take a single sample that presents the
complete succession of the layers and for this reason in some cases more
than one fragment was taken for each sample (table 1).

2.2. Analytical methods

2.2.1. Optical microscopy observations

In order to prepare the cross-sections, the samples were embedded in
Technovit ® 4004 thermosetting resin, by Kulzer company, inside sili-
cone sample containers resistant to the resin dilution solvent.

The observations carried out on the stratigraphic cross-sections of the
samples taken from the Christ of Zuccarello and the Christ of Borghetto,
were performed with an optical microscope (Nikon Labophot) at 40, 100
and 200 enlargements, in reflected visible light and in UV light (Mer-
cury Lamp- Power Supply — HBO 50).

2.2.2. Oil red and Amido black tests

0Oil red and Amido black tests were used in order to carry out a pre-
liminary identification of the nature of the binders [22-25]. Oil red is
a lysochrome diazo-dye (also known as Oil Red O) used for staining of
neutral triglycerides and lipids while Amdio black (also known as acid
blackl) is also a diazo-dye and is a protein-staining reagent commonly
used for the enhancement of proteins. The method is based on the pref-
erential absorption of a dye by a given substrate due to a chemical affin-
ity between them. The procedure consists in applying, for a certain time,
the specific dye for the substance to be detected on the sample cross-sec-
tion [22]. Then a washing step follows (using demineralized water and
30% ethanol) to eliminate the excess of the dye that has infiltrated but
not fixed. Since the dye Oil red should be fixed to the substrate only
in the presence of particular acid groups typical of oils and resins, giv-
ing a red color, it would allow to highlight the presence of this kind of
binders. Amido black is a general protein stain since it reacts with pro-
teins resulting in a dark blue to black staining.

In addition to the presence of oil, colouring with Oil red could pro-
vide data on its aging and distribution in the sample. The aging process
of the oils in fact is faster on the surface where the binder is exposed to
the air, and is therefore subject to greater oxidation, while it is slower
in depth where it is protected by the upper layers. Therefore, if within
the stratigraphy it is found a colour graduation that turns from pink to
a more intense red, this should be an indication of the drying process
of the oil that started from the surface, where there is a less marked re-
sponse to colouring, and is not yet completed in depth.

2.2.3. XRF analysis
The instrument used for the analysis was a Spectro xXSORT portable
XRF spectrometer. Measurement parameters were as follow: current in-
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tensity: 50pA; voltage: 40 KV; acquisition time: 60 s; spot diameter:
9 mm.

Measurements were carried out following what is specified by UNI-
Normal 10705 “Analisi per la fluorescenza a raggi X con strumentazione
portatile” (May 2007) and 10945 “Beni Culturali: caratterizzazione degli
strati pittorici. Generalita sulle tecniche analitiche impiegate”.

2.2.4. Fourier transform infrared spectroscopy (FT-IR)

The analyses were carried out by p-ATR FT-IR system using a Nico-
let iN10 MX instrument equipped with an infrared microscope, from
Thermo Scientific. 128 scans were applied for the spectra acquisition
and the investigated range was 400-4000 cm™.

2.2.5. Scanning electron microscopy coupled with energy dispersive X-ray
analysis

The samples were analysed by SEM-EDS to obtain qualitative/
semi-quantitative information on the chemical composition according to
procedures already set-up [26]. The instrument was a Hitachi TM1000
equipped with an energy dispersive X-ray spectrometer (Oxford Instru-
ments SwiftED). The spectra were directly acquired on the cross-sections
since no metal coating was required in this case to analyze non-conduc-
tive samples.

2.2.6. Raman spectroscopy

Raman spectra were acquired by a BWTek i-Raman EX device,
equipped with a fiber optic probe and a 1064 nm Nd-YAG laser source.
All the measurements were performed directly on the statues surfaces.
A spectral range between 100 and 2500 cm~! was investigated with a
resolution of about 4 cm~!, while the laser power was tuned between 40
and 120 mW according to the sample characteristics. In order to acquire
spectra with a good signal to noise ratio, the latter were obtained as the
sum of 10 or 20 accumulations, depending on the sample response.

3. Results and discussion
3.1. The Christ of Zuccarello: pigments and inerts

As regards Christ of Zuccarello, through the use of a portable XRF in-
strumentation an initial mapping was carried out on the statue surface.
It is worth remarking that, being the penetration depth of X-ray source
of few pm, the analysis will reflect not only the contribution coming
from the outermost layer, but also that from the underling layers includ-
ing the preparatory layer [27].

In particular on the outermost layers lead, titanium, barium, cal-
cium, sulphur and iron were detected (as it is shown in Fig. 1s). These
elements, in agreement with the literature [28-30] could be related to
the use of lead white, titanium dioxide, barium sulphate, calcium sul-
phate and iron oxides.

XRF is not enough specific to guarantee molecular identification and
as a consequence in order to achieve the unambiguous identification of
the species, combined approaches have to be followed. As attested in
numerous studies reported in the literature, SEM- EDS, that in the pre-
sent study has been applied on cross sections samples, permits the iden-
tification of the different components present thanks to the possibility
to carry out analyses on the singles particles allowing to confirm some
hypotheses [30]. In Fig. 1s some example of SEM-EDS single particles
analyses putting in evidence the presence of the species here discussed
are reported. Furthermore XRF and SEM-EDS measurements should be
corroborated with p-FTIR analyses, as reported in different examples in
this text.

Lead white (2PbCO3Pb(OH),) is the most important of all lead pig-
ments historically used and oftenly the presence of lead could be re-
lated to the use of white lead [31]. Titanium dioxide white pigments
are the products of twentieth-century technology [32]. The survey car-
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ried out by XRF suggests with certainty that at least the last repainting
layer was made after 1920, when titanium white was introduced on the
market. In fact during the 1920s many plants were established world-
wide and many types of pigments based on titanium oxide were intro-
duced during this decade [32].

As regards barium sulphate it was first suggested as an artists' pig-
ment about in 1782, but the major introduction of both natural and syn-
thetic materials into commerce probably took place in the period 1810
to 1820 [33].

As already underlined XRF analysis allows the identification of the
elements present in the entire thickness, without distinguishing between
the various levels of repainting. As a consequence the results at this
stage did not prove to be exhaustive.

It was therefore attempted to carry out XRF measurements on un-
covered layers by the opening of some unveiling slots (as shown in Fig.
2 and in particular in Fig. 2g), in order to partially overcome the lim-
its of applicability of this technique. These slots have a widht of 2 cm
and allow, thanks to the pregressive unveiling of the layers (each layer
corresponds to an area of about 2 x 2 cm?), to put in evidende the se-
quence of the repaintings. In this way it is possible to obtain a sequence
of XRF spectra each of them on a deeper layer progressively proceeding
towards the older ones. For example in Fig. 2g the spectrum obtained
on layer 3 (the second on the right side of the slot) shows the presence
of Pb, Ca, S, Fe, Si and Sr. Ca and S are due to gypsum as confirmed by
FT-IR analysis reported in Fig. 2f (see the following discussion on cross
sections analysis). Fe, Si and Sr are probably linked to the presence of
some iron based pigment such as an ochre.

XRF analysis, in some cases, was useful for highlighting some ele-
ments not evidenced by SEM-EDS since XRF was performed on wider ar-
eas. On the other hand, SEM-EDS can be performed also on single parti-
cles (some examples of single particles analyses are reported in Fig. 2s).

In order to investigate the composition of the individual layers and
due to the complex stratigraphy of the samples examined (in some cases
about 20 successive layers were identified in an alternation of prepara-
tory layers and pictorial films), the analysis was carried out, as already
mentioned, using SEM-EDS on the cross sections prepared.

Some of the most interesting results obtained combining the differ-
ent techniques employed are presented and illustrated below and in par-
ticular it is discussed in detail the case of 4 samples from the Christ of
Zuccarello (sample 1 from the skin, samples 5 and 5.1 from the thong,
sample 6 from the crown of thorns and sample 7 from the hairs).

In Fig. 2a-d the cross sections of sample 1, taken from the right foot
of the Christ of Zuccarello, as they have been observed by optical mi-
croscopy, are shown. The stratigraphy is complex and presents numer-
ous heterogeneous layers. An ancient original polychromy is present, co-
eval with the realization of the support, consisting of a preparatory layer
of considerable thickness (2, Fig. 2a) and an extremely thin pictorial
film (3, Fig. 2a), surmounted by a finishing layer (4, Fig. 2a) applied
after the underlying layer had already been cracked, as demonstrated by
the partial penetration of the binder. Then there are different re-paint-
ings. The preparatory layer (2) has a thickness of 165 p-m and, as evi-
denced also by XRF analysis acquired on the slot corresponding to layer
3 (the analysis as we have specified before, includes also the underlying
layer due to the penetration of X-ray radiation, i.e. layer 2), is formed
by a mixture of white lead and gypsum (an XRF spectrum has been ac-
quired also on the slot corresponding to layer 2, in Fig. 2g placed to the
right of the slot corresponding to layer 3, and S, Ca and Pb have been
evidenced for this layer, too). EDS spectrum on layer 3 (Fig. 2e) shows
the signls due to S, Ca and Pb. The presence of Fe in the XRF spectrum
(Fig. 2g), as already discussed, is due to a iron-based pigment, probably
an ochre [34]. In the EDS spectrum registered on layer 3 (Fig. 2e) iron
was not evidenced while its presence was disclosed thanks to single par-
ticles analysis.
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So the original polychromy (layer 3 in Fig. 2e) contains a lead com-
pound (probably white lead) and gypsum, in accordance with the tech-
nique used at the time. The presence of gypsum has been highlighted
also by FT-IR as shown in Fig. 2f, where the spectrum acquired on layer
3 is compared with the spectrum acquired on a reference spectrum of
gypsum. Together with gypsum signals, other peaks are present at 1673,
1543 and 1445 cm™! due to an organic binder of proteinaceous origin.
The first two signals are due to amide I and amide II [35-36] while the
third one by some authors is indicated as amide III [35] even if accord-
ing to other authors it is at slightly lower wavenumbers [37-38].

Coming to the outermost layer 18, SEM-EDS spectrum reported in
Fig. 2e show the signals due to Ba, Pb, S and Ca. However it is remark-
able to underline that on each sample some EDS measurements (at least
3) have been carried out and an average semi-quantitative composition
has been obtained; in case of layer 18 also Ti and Zn (this in very small
quantity), have been disclosed (the average percentage chemical com-
position determined is reported in the inset of Fig. 2e while in Fig. 3s
a spectrum obtained performing a single particle analysis and showing
also the presence of Zn and Ti is shown together with the corresponding
semi-quantitative analysis).

In the literature BaSO4 has been sometimes evidenced on the base
of SEM-EDS analysis [29]. In our case this specie has been confirmed
by FT-IR spectrum (Fig. 2h) where the signals due to BaSO,4 at 1168
and 1076 cm™! are clearly present [39] together with an absorption at
1400 cm™! that can be due to lead white even if calcite could also be
present because of the characteristic feature at 870 cm~! [39,40]. As
mentioned before barium sulphate was introduced in the second half of
the eighteenth century while the presence of titanium white dates to the
last repainting after 1920. White zinc was introduced at the end of the
eighteenth century and spread above starting from 1830.

The signals at 1729 cm’!, 2920 and 2854 cm™! (Fig. 2h) are due to
a binder of oleic nature [35,39] while the signal at 1515 em? could in-
dicate the presence of lead soaps showing at this wavenumber the car-
boxylate anti-symmetric stretching mode [41].

In Fig. 3a and 3c the cross sections of the two samples 5 and 5.1,
taken from the thong of Christ of Zuccarello are reported. Also in these
two cases the stratigraphy is complex and numerous heterogeneous lay-
ers are observable. An ancient layer is present, coeval with the realiza-
tion of the support, consisting of a preparatory layer of considerable
thickness (2, Fig. 3a) (analogous at what observed for sample 1 and
having the same composition) and an extremely thin pictorial film (3,
Fig. 3a), surmounted by a finishing layer (4, Fig. 3a). Some re-paintings
follow including layer 7 and layer 11. In particular layer 7 corresponds
to the first repainting and represents the innermost layer brought to light
after the removal of the most recent layers (Fig. 4a). In this layer Pb,
Ca, S and Cu have been observed by SEM-EDS analysis (not reported).
A copper based pigment has been probably used but the low quality of
the micro FT-IR spectrum didn't allowed to identify it. During the statue
restoration, after the removal of the outermost layers a decoration with
red and green lines appeared as it is shown in Fig. 4a (a copper pigment
was probably used for the green). Some Raman spectra (Fig. 4b) have
been acquired with a portable instrument on the different areas of the
unveiling slot as shown in Fig. 4a. In this way the presence of cinnabar
(signals at 252, 287, 344 cm™! [42]), used for the red lines, has been
highlighet for layer 7 (Fig. 4b). The spectrum acquired on layer 7 shows
also the signal at 1050 cm~! due to hydrocerussite [42,43]. In the same
figure Raman spectrum acquired on layer 11 is reported and the signals
due to hydrocerussite at 1050 cm™! and to gypsum at 1019 cm™! are
present.

By p--FTIR analysis on layer 11 (Fig. 3g) it was possible to iden-
tify the presence of ferric ferrocyanide because of to the characteris-
tic stretching of CN group at about 2083 cm™. Ferric ferrocyanide cor-
responds to the pigment commercially known as Prussian blue [44]



P. Fermo et al.

Microchemical Journal xxx (xxX) XXX-XXX

)

t i L]
(Pl S 1 5% e Cormor 8 0000

. layer 18

Pl Sme 1) 4 Eor e & 000

layer 3

— Sample 1
— (iypsum

.. layer 18
LR
LE
1E

A

et

am
™
amy
amf
am
o)
am

s

B7EH I IR e s Pl | )

5l K-Alpha 1 fr. K-Alpha
Fe, K-Alpha | b L-Alpha 1
Ph. L Alpda 172
Fe. K-Apaa )
He. 1. Vlpha 1
B KAl 1

.I...--f!.l"'-ls::..Lh."._'__' ol i 1 s e

ah e

Fig. 2. Cross section of sample 1 from the Christ of Zuccarello a); Uv fluorescence image b); images of the cross section after the application of Oil red ¢) and Amido black d); EDS spectra
on two selected layers (in the inset it is reported the average chemical composition, obtained examining different areas of layer 18 e); FT-IR spectrum on layer 3f); an unveiling area on
the statue surface and the XRF spectrum acquired on layer 3 g); FT-IR spectrum on layer 18 h). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

that was widely distributed since the early 1700s and was one of the
most commonly used blue pigments until about 1970 [45]. The sig-
nals at 1780, 2925 and 2861 cm™! are due to a binder of oleic nature

[35,39].

Fe, the element confirming the presence of Prussian blue, in this

layer has been clearly highlighted by XRF analysis while in the cor-
responding SEM-EDS spectrum the signal due to Fe was quite weak;
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Fig. 4. An image of Christ of Zuccarello where inner layers have been brought to light after the removal of the most recent repaintings a); Raman spectra acquired on selected spot of the

unveiling area corresponding to layer 7 and layer 11 of the thong.

this is due to the fact that the pigment has a high colouring power and
probably in the areas investigated by SEM-EDS its quantity was lower
(by XRF a larger portion of sample has been investigated).

In Fig. 5a the stratigraphy of sample 6 taken from the crown of
thorns of the Christ of Zuccarello is reported. The original polychrome,
layer 3, appears to consist mainly of gypsum, as confirmed by the FT-IR
spectrum, and a copper based pigment, perhaps malachite (Cu is present
in Fig. 5e) not identified by FT-IR. The presence of chlorine can be due
to atacamite (copper chloride) that often is present together with mala-
chite. The presence of P in the SEM-EDS spectrum could be due a black
based pigment (perhaps charcoal); nevertheless the black colour of the
layer could be associated to the darkening of the copper based pigment.

The chemical analysis of layer 11 (Fig. 5e) reveals magnesium, alu-
minum, silicon, phosphorus, sulfur, chlorine, potassium, calcium, man-
ganese, iron and lead. Because of the presence of all these elements and
the brown colour, a pigment similar to a terra d’ombra could have been
used. It is worht to note that lead in the EDS spectra reported in lay-
ers 7 and 11 has been detected in low concentration but enough to be
revealed by the instrument. This element has been better highlighted
through EDS single particle analysis.

Layer 15 (Fig. 5e) contains aluminum, silicon, sulfur, potassium, cal-
cium, titanium and traces of chromium, not found anywhere else, that
could be attributed to a modern green pigment. The presence of tita-
nium white would postpone this layer after 1920.

3.2. The Christ of Borghetto and the comparison between the two statues:
pigments and inerts

Given the reduced size of the statue and because of the considerable
number of layers present, for the Christ of Borghetto it was not possi-
ble to proceed with the opening of unveiling slots of the dimensions re-
quired by the portable XRF instrument.

Below in the text we discuss the case of two samples from the Christ
of Borghetto (sample P from the thong, Fig. 6; sample C from the hairs,
Fig. 7). As regards the average composition of the preparatory layer of
sample P, it is quite similar to what has been observed for the Christ of
Zuccarello (in both cases white lead and gypsum as attested by SEM-EDS
analyses corroborated with FT-IR data). It is worth to notice that sample
P of Fig. 6a corresponds to fragment P1 of table 1 and the stratigraphy
in this case is not complete but ends with layer 14.

The outermost re-painted layer of the thong has been realized us-
ing a bright dark green (see Fig. 1b) that , from the point of view of
the compositional analysis, has shown the presence of titanium together
with high quantity of chloride (Fig. 4sa). The complete stratigraphy of
the thong has been obtained on fragment P2 (table 1) and is shown
in Fig. 8 where the outermost layer correspond to layer 23. In order
to try to disclose the chemical nature of this green pigment a Raman
spectrum has been acquired (Fig. 8a) by a portable instrument, directly

on a selected area of the thong (evidenced with a red spot in Fig. 8c).
In the Raman spectrum a peak due to barium sulphate is observable at
987 cm™! [43]. Even if barium has not been evidenced in layer 23 by
SEM-EDS, it was disclosed in layer 21 (Fig. 4sb); so the presence of
BaSO, signal could be due to a contamination or to the laser penetra-
tion in the underlying layer. Furthermore numerous peaks that could be
attributed to a synthetic organic colorant are present (and in particular
the bands at 1321, 1394 and 1592 cm™1). Some classes of synthetic col-
orants containing azo-groups show peaks in the range 1200-1600 cm™!
[46]. The presence of chlorine might also be of help for the pigment
identification: some yellow modern organic colorants contain chlorine
as substituent such as chlorine-nitro aniline or chlorine-nitro anilide
[47] that could be mixed with a blue colorant to obtain green. Com-
paring the spectrum reported in Fig. 8a with the numerous spectra re-
ported in the literature for modern organic pigments, a good accordance
has been found between some of the signals and the azo type colorant
PY97 (Clariant is the supplier) [46]. It is also worth to notice that PY97
has chloride as a substituent in the molecule and Cl has been highlighted
in layer 23 by SEM-EDS (see Fig. 4sa).

Some signals of lower intensities remained however unassigned in
the Raman spectrum. Another class of pigments that could have been
used is that formed by phthalocyanines consisting of complexes in which
a copper atom is linked to phthalonitrile molecules. The pigment is a
blue with a great colouring power, remarkable tone brilliance and ex-
ceptional light stability. It is known that by chlorinating this pigment,
greenish blue (Cyan), turquoise and finally very bright green are ob-
tained. Since their introduction in the XX century (and precisely in 1936
[50]) blue and green phthalocyanines are among the most used pig-
ments. Among these PG7 and PG36 green colorant [48,49,50] and
also copper phatalocyanine CuPc [51] show signals in the same spec-
tral range as our sample but a more precise identification is not possi-
ble (some of the spectra of other green colorants belonging to the same
group are not published, at least to our knowledge).

It is worth to note that in our case the presence of copper was dis-
closed in layer 21 (Fig. 4sb) together with barium and chlorine while
iron, silicon, titanium and chlorine were revealed in layer 23 (Fig. 4sa).
As a consequence what is observable is a mixed contribution of the
two layers 21 and 23. As already mentioned this could be due to laser
source penetration in the underlying layers. It has to be remarked that
a portable instrument has been used in this case allowing the acquisi-
tion of the signals only on the surface of the statue. Furthermore it is
important to remember that an unambiguous identification by means of
a portable Raman spectrometer can be sometimes challenging due to the
high fluorescence that partly can mask the signal coming from the pig-
ments.

Nevertheless combination of different techniques such as Raman
spectroscopy and elemental compositional analysis, in our opinion have
allowed to advance some conceivable assignments.
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Fig. 7. Cross section of samples from the hairs of the two statues (a and d); EDS spectra of the original painting of the two statues (c and f); unveiling areas on the surface of the two

statues in correspondence of the hairs.

A peculiarity of the Christ of Borghetto thong (sample P) is repre-
sented by the fact that a gold leaf was used in layer 7 (Fig. 6) over a
layer containing white lead. The same thing has been observed for layer
11.

It is worth to note that the hairs in the two statues (sample C for
Borghetto and sample 7 for Zuccarello), as regards the original pictor-
ial layer contain the same mixture of pigments (Fig. 7) and SEM-EDS
reveals the presence of Mg, Al, Si, P, S, Pb, Cl, K, Ca Fe and low quan-
tity of Hg even if in the case of Borghetto, Mn was also present with a
lower quantity of Fe with respect to Zuccarello. As a consequence for
the hairs in both cases white lead, gypsum, cinnabar and iron oxide
were employed. White lead and gypsum have been evidenced by FT-IR
spectra; cinnabar has been disclosed for Zuccarello by Raman spec-

troscopy confirming the usage of this pigment in the more ancient lay-
ers.

In Table 2 it is reported a comparison between the two statues as
for the skin chemical composition detected by SEM-EDS. In both cases a
light shade has been employed and the main constituent is lead followed
by calcium and sulphur.

In Tables 3 and 4 a list of the main elements/pigments highlighted
in the two statues by means of the measurement carried out and use-
ful for dating some of the examined layers, is summed up (the differ-
ent pigments/elements highlighted have been already discussed in the
text). In the first column the re-painting layers are reported as they have
been identified by the restorers [21] (for example layer 3 belong to
the original polychromy, layer 7 to the first re-painting and layer 11
to the third re-painting). This allowed the reconstruction of the history
of the two Christs that, as mentioned in the introduction, because of
their high religious value, during the centuries have been heavily re-
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Table 2
Average chemical composition of skin areas as detected by SEM-EDS.

Skin chemical composition Christ of Zuccarello Christ of Borghetto

Table 4

Dating pigments for the Christ of Borghetto in the different pictorial layers corresponding
to the different repaintings of the statue (for example the original layer contains the lay-
ers 1, 2 and 3 evidenced in the cross sections) together with the techniques used for the
identification (if only the elements have been identified the corresponding compound has

S 2,8% 1,9% been reported in brackets).
CaO 10,7% 11,6%
PbO, 82,4% 83,6% Christ of Borghetto
Succession
of pictorial Historical Analytical
Table 3 layers period Pigments techniques
Dating pigments for the Christ of Zuccarello in the different pictorial layers corresponding
to the different repaintings of the statue (for example the original layer contains the lay- original 1470 Pb (lead white), Hg (cinnabar) XRF, SEM-
ers 1, 2 and 3 evidenced in the cross sections) together with the techniques used for the EDS
identification (if only the elements have been identified the corresponding compound has first from XVI Au (gold leaf), Hg (cinnabar) XRF, SEM-
been reported in brackets). to XVII EDS
century
Christ of Zuccarello second from XVI Au (gold leaf) XRF, SEM-
to XVII EDS
Succession of Historical Analytical century
pictorial layers period Pigments techniques third _
fourth -
original 1440-1460 Ti (lead white), Hg XRF, SEM-EDS fifth _
(?mnabar) sixth after Ba, S (barium sulphate) XRF, SEM-
first XVI century cinnabar Raman
1830 EDS
se<':0nd XVII century - seventh after Ti (titanium white), modern organic XRF, SEM-
third-fourth XVIII century ~ Prussian blue p-FT-IR 1920 pigments (phtalocyanine and azo-type EDS,
fifth from 1830 to barium sulphate SEM-EDS, XRF, molecules) Raman
1865 FT-IR
sixth after 1920 Ti (titanium white) XRF, SEM-EDS

painted. It is worth noting that for the Christ of Zuccarello six painting
layers have been highlighted while for the Christ of Borghetto seven lay-
ers have been found by the conservators. In both cases the last repaint-
ing dates back to the first decades of the 20th century as attested by the
presence of titanium white.

3.3. Consideration on the nature of the binders

In addition to the observations on cross-sections in visible light by
optical microscopy (Fig. 2a, 3a and 5a), the observations by UV fluores-
cence (Fig. 2b, 3b and 5b) turned out to be quite interesting and made
it possible to put forward some hypotheses on the origin of organic sub-
stances employed as binders.

10

The fluorescence colour depends on the characteristics of the opti-
cal microscope employed and in this specific case a yellow fluorescence
could indicate the use of oily substances while a blue fluorescence the
use of animal proteins. The green fluorescence is typical of proteins such
as egg or casein, the white one of synthetic resins and the orange-yellow
one of natural resins. If blue and yellow fluorescence were present in the
same layer this could indicate a mixed technique.

Obviously fluorescence observations provide only general indica-
tions. Nevertheless, this approach allows to carry out a preliminary in-
vestigation on the nature of the binders particularly in the case of com-
plex systems such as those studied in the present work. It must also be
considered that the materials may have undergone alterations due to ag-
ing or interactions with restoration materials, which make their reading
even more complex. In Fig. 2b, for example, the light blue fluorescence
could be due to the presence of a protein binder.
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On the Christ of Zuccarello samples a staining with Oil red was per-
formed for the identification of oleo-resinous binders and with Amido
black for those of protein nature. Both these reagents have application
in the field of forensic sciences. Oil red has been used as fingermark vi-
sualization reagent for staining fatty acids, lipoproteins and triglycerides
[24-25] and stains fatty acids in red. Amido black is a diazo dye recom-
mended for the enhancement of blood contaminated fingerprints [23]
and stains proteins blue-black.

To our knowledge the only application known so far in the field of
identification of fatty acids and proteins as organic binders, is reported
in Matteini et al. [22] and there are no other applications published in
the scientific international literature. This analysis in our opinion is ad-
vantageous since makes it possible to formulate some hypotheses and lo-
calize in a heterogeneous sample, as can be the complex stratigraphy of
a wooden sculpture, the organic substances present. Thanks to the sim-
plicity of the methodology it can be suggested as a preliminary screen-
ing before a more in depth investigation by micro FT-IR.

After the reaction with the two dyes Oil red and Amido black (Fig.
2c and 2d), for layers 5 and 6, forming a very thick white preparatory
layer, the presence of a protein binder (blue colour) has been evidenced.
Both layer 3 and layer18, for which a proteinaceous (for layer 3, Fig. 2f)
and aoleic binder (for layer 18, Fig. 2h) were evidenced by FT-IR (see
paragraph 3.1), were too thin and as a consequence did not give rise to
colouring.

From Fig. 3e and 3f it can be observed how layers 5 and 6 of
sample 5.1 contain both an oil binder (red colour in Fig. 3e) and a
binder of proteinaceous nature (blue colour in Fig. 3f); this has been
confirmed by the FT-IR spectrum (see Fig. 9) showing the signals due
to an oil at 1730, 2922 and 2855 cm™! and to a protein at 1642 and
1529 em™! [35-36,39]; at 1390 cm™! the signal due to lead white is
also present. Layer 14, 15 of sample 5.1 contain probably an oil as
binder (red color in Fig. 3e). Layer 11, that on the base of FT-IR spec-

Microchemical Journal xxx (XXXX) XXX-XXX

trum contained an oil as binder (Fig. 3g), shows a pale red colour in
Fig. 3e.

From Fig. 5c and 5d it is evident how layer 5 contains an oil as
binder (red colour in Fig. 5c) together with a protein (pale blue in Fig.
5d).

In conclusion this method based on such simple colouring tests could
be complementary to p--FTIR that is much hard-working because of the
high number of layers. So the test could be preliminary to decide on
which layers acquire FT-IR spectra. Furthermore the advantage, com-
pared to classical chemical analysis such as GC-MS, is to highlight the
stratigraphic distribution within the single layers. In fact GC-MS analy-
sis [52] provides results referring to the entire sample under examina-
tion, but if this has a heterogeneous composition the information pro-
vided is just global. However, through these tests it is possible to de-
termine only the class to which a compound belongs and not the spe-
cific compound. Moreover, the situation is made even more complex
by the fact that the constituent materials, especially those of organic
nature, over time have undergone numerous transformations that have
changed their nature and consequently the reactivity to colours. Fur-
thermore many substances, sometimes similar to the original ones, could
have been introduced with restoration interventions, causing consider-
able interference.

4, Conclusions

The data acquired in the present paper by a multi analytical ap-
proach on the complex stratigraphy of the examined wooden statues
first of all have allowed to disclose the chemical composition and in
some cases to identify the molecular species which constitute pigments
and binders. The diagnostic approach used, based on the complementary
use of spectroscopic techniques (SEM-EDS, XRF, p-FT-IR and portable
Raman spectroscopy) proved to be effective in the characterization
of the polychromies of the two Christ statues, for both preparatory
layers and pigments and could be applied to study other works
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Fig. 9. FT-IR spectrum acquired on layer 5-6 of sample 5.1 from the Christ of Zuccarello and showing the signals due to an oil at 1730, 2922 and 2855 cm™" and to a protein binder at

1642 and 1529 cm™'; at 1390 cm™! the signal due to lead white is also present.
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of art of the same type. In particular it has been possible to disentangle
the very complex situation present in the stratigraphy which in the case
of the examined statues includes up to more than 20 layers. In the light
of the results obtained it has been evidenced that the techniques used for
the two Christs, for both preparation and pictorial films, are very simi-
lar.

The preliminary analysis of the binders combining UV fluorescence,
Oil red and Amido black tests, with u-FT-IR on cross sections, allows to
give an overview on the use of the binders during the different historical
period allowing to examine each single layer of the stratigraphy.

The discovery of some pigments (such as cinnabar, white lead, Pruss-
ian blue, barium sulphate or titanium oxide) has allowed to date the lay-
ers, obtaining unique information, which compared with other elements
such as historical-artistic studies and archival research, could contribute
to disclose the history of these works of art. Furthermore, the informa-
tion on pigments and binders, in addition to provide historical and artis-
tic elements, are of help in the practical activity of the restorer, who of-
ten has to face the removal of the external repainting when a complex
stratigraphy is present. At this purpose the knowledge of the chemical
nature of the substances present on these so heterogeneous layers is fun-
damental.

CRediT authorship contribution statement

P. Fermo: Methodology, Validation, Formal analysis, Data curation,
Writing - original draft, Writing - review & editing, Project adminis-
tration. A. Mearini: Formal analysis, Data curation, Investigation. R.
Bonomi: Supervision, Formal analysis, Data curation. E. Arrighetti: Re-
sources, Supervision. V. Comite: Investigation, Writing - review & edit-
ing, Data curation.

Declaration of Competing Interest

The authors declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

Paola Fermo and Valeria Comite would like to thanks the Scuola di
Restauro Enaip di Botticino (Bs) and in particular the Director, Dr. Maria
Teresa Previdi.

Furthermore they are very grateful and would like to thank Dr.
Francesca De Cupis and Dr. Alfonso Sista of the Soprintendenza Arche-
ologia, Belle Arti e Paesaggio per la citta metropolitana di Genova e le
province di Imperia, La Spezia e Savona. We thank them for making the
two statues available at the restoration school of Botticino and for their
great willingness to collaborate on this project.

The authors would also thank BWTek company for having provided
the Raman spectrometer.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.microc.2020.105072.

References

[11 S A Ruffolo, M F La Russa, D Barca, A Casoli, V Comite, G Nava, G M Crisci, A M
De Francesco, D Miriello, Mineralogical, petrographic and chemical analyses for
the study of the canvas “Cristo alla Colonna” from Cosenza, Italy: a case study,
Periodico Di Mineralogia Period. Mineral. 79 (Special Issue) (2010) 71-79,
doi:10.2451/2010PM0022.

F Rosi, A Federici, B G Brunetti, A Sgamellotti, S Clementi, C Miliani, Multivariate
chemical mapping of pigments and binders in easel painting cross-sections by
micro IR reflection spectroscopy, Anal. Bioanal. Chem. 399 (9) (2011)
3133-3145, doi:10.1007/500216-010-4239-x.

[2

—

[3]

[4]

[5]

[6]

[7

8

[91
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Microchemical Journal xxx (XXXX) XXX-XXX

P Fermo, A Piazzalunga, M De Vos, M Andreoli, A multi-analytical approach for
the study of the pigments used in the wall paintings from a building complex on
the Caelian Hill (Rome), Appl. Phys. A 113 (2013) 1109-1119, doi:10.1007/
500339-013-7754-8.

M F La Russa, C M Belfiore, V Comite, D Barca, A Bonazza, S A Ruffolo, G M
Crisci, A Pezzino, A scientific approach to the characterisation of the painting
technique of an author: the case of Raffaele Rinaldi, Appl. Phys. A 114 (2014)
733-740, doi:10.1007/s00339-013-7866-1.

V Comite, M Ricca, Diagnostic investigation for the study of the fresco “Madonna
con il bambino”, from Cosenza, southern Italy: a case study, Rend. Online Soc.
Geol. It. 38 (2016) 21-24, doi:10.3301/ROL.2016.07.

M F La Russa, M Ricca, A Cerioni, M G Chilosi, V Comite, M De Santis, N Rovella,
S A Ruffolo, The colours of the Fontana di Trevi: an analytical approach, Int. J.
Archit. Herit. 12 (1) (2018) 114-124, doi:10.1080/15583058.2017.1383533.

M F Alberghina, A Macchia, P Capizzi, S Schiavone, S A Ruffolo, V Comite, M
Barberio, M F La Russa, Surface and volume non-invasive methods for the
structural monitoring of the bass-relief “Madonna con Bambino” (Gorizia,
Northern Italy), Nat. Prod. Res. 33 (72) (2019) 1034-1039, doi:10.1080/
14786419.2016.1258555.

F Fiorillo, C Matteucci, M Cataldo, S A Apicella, M Vandini, A multi-analytical
approach for the characterisation of 20th century paintings, Eur. Phys. J. Plus.
134 (373) (2019) 1-10, doi:10.1140/epjp/i2019-12752-5.

J M Madariaga, Analytical chemistry in the field of cultural heritage, Anal.
Methods. 7 (12) (2015) 4848-4876, doi:10.1039/C5AY00072F.

O P Agrawal, A study of Indian polychrome wooden sculpture, Stud. Conserv. 16
(2) (1971) 56-68, doi:10.2307/1505453.

D Hradil, J Hradilové, B Hfebi¢kov4, Clay minerals in pigments of mediaeval and
baroque paintings, Geol Carpath. 53 (2) (2002) 123-126, doi:10.1016/
50169-1317(03)00076-0.

M S Gill, C P Rendo, S Menon, Materials and techniques: Early Buddhist wall
paintings and sculptures at Sumda Chun, Ladakh, Stud. Conserv. 59 (5) (2014)
300-313, doi:10.1179/2047058413Y.0000000090.

E P Tomasini, B Gémez, E B Halac, M Reinoso, E J Di Liscia, G Siracusano, M S
Maier, Identification of carbon-based black pigments in four South American
polychrome wooden sculptures by Raman microscopy, Herit. Sci. 3 (19) (2015)
1-8, doi:10.1186/5s40494-015-0049-y.

C Zhao, Y Zhang, C Wang, M Hou, A Li, Recent progress in instrumental
techniques for architectural heritage materials, Herit. Sci. 7 (1) (2019) 1-50 art.
no. 36, doi:10.1186/540494-019-0280-z.

L Bonizzoni, C Colombo, S Ferrati, M Gargano, M Greco, N Ludwig, M Realini, A
critical analysis of the application of EDXRF spectrometry on complex
stratigraphies, X-Ray Spectrom. 40 (4) (2011) 247-253.

M L Amadori, P Pallante, P Fermo, M A Emami, A A Chaverdi, P Callieri, E Matin,
Advances in Achaemenid brick manufacturing technology: Evidence from the
monumental gate at Tol-e Ajori (Fars, Iran), Appl. Clay Sci. 152 (2018) 131-142,
doi:10.1016/j.clay.2017.11.004.

Q G Zeng, G X Zhang, C W Leung, J Zuo, Studies of wall painting fragments from
Kaiping Diaolou by SEM/EDX, micro Raman and FT-IR spectroscopy Microchem,
J. 96 (2) (2010) 330-336.

A Duran, M B Siguenzaa, M L Franqueloa, M C Jimenez de Haroa, A Justoa, J L
Perez-Rodrigueza, Murillo’s paintings revealed by spectroscopic techniques and
dedicated laboratory-made micro X-ray diffraction, Anal. Chim. Acta 671 (2010)
1-8, doi:10.1016/j.aca.2010.05.004.

Kenta Yuasa, Takayuki Honda, Lu Rong, Takayuki Hachiy, Tetsuo Miyakoshi
Analysis of Japanese ancient lacquerwares excavated from Jo"mon period ruins, J.
Anal. Appl. Pyrolysis 113 (2015) 73-77, doi:10.1016/j.jaap.2014.10.018.

M. Bartoletti, F. Boggero, F. Cervini, La selva dei Cristi feriti. Crocifissi quattrocen-
teschi nel Ponente, in: F. Boggero, P. Donati, (Eds) in La Sacra Selva. Scultura
lignea in Liguria tra XII e XVI secolo, Skira, 2004, pp.55-90. http://
opac.regesta-imperii.de/id/969808.

A. Mearini, Approccio diagnostico per la caratterizzazione di sculture lignee pe-
santemente ridipinte: il caso di due crocifissi quattrocenteschi per un’inedita pos-
sibilita di raffronto nella classificazione dei “Cristi feriti” liguri, Tesi di Laurea,
Corso quinquennale in Restauratore di Beni Culturali, Fondazione ENAIP Lombar-
dia, Scuola regionale per la valorizzazione dei beni culturali di Botticino, a.a.
2017/2018

M Matteini, A Moles, Scienza e Restauro. Metodi di Indagine, Firenze, Nardini
Editore (1984).

V G Sears, T M Prizeman, Enhancement of fingerprints in blood - Part 1: The
optimization of amido black, J. Forensic. Identif. 50 (5) (2000) 470-480.

E Navarro, A Castelld, J L Lopez, F Verdd, Criminalystic: Effectiveness of
lysochromes on the developing of invisible lipstick-contaminated lipmarks on
human skin: A preliminary study, Forensic Sci. Int. 158 (1) (2006) 9-13,
doi:10.1016/j.forsciint.2005.05.002.

L W L Davis, S M Bleay, P F Kelly, Assessing phosphomolybdic acid as a
fingermark enhancement reagent, J Forensic Identif. 68 (2) (2018) 257-280.

G Cappelletti, S Ardizzone, P Fermo, S Gilardoni, The influence of iron content on
the promotion of the zircon structure and the optical properties of pink coral
pigments, J. Eur. Ceram. 25 (6) (2005) 911-917
DOI=10.1016%2fj.jeurceramsoc.2004.04.023.

M Ricca, G Paladini, N Rovella, S A Ruffolo, L Randazzo, V Crupi, B Fazio, D
Majolino, V Venuti, G Galli, M F La Russa, Archaeometric characterisation of
decorated pottery from the archaeological site of Villa dei Quintili (Rome, Italy):
Preliminary Study, Geosci. 9 (2019) 172, doi:10.3390/geosciences9040172.

V Crupi, B Fazio, G Fiocco, G Gallie, M F La Russa, D Maurizio Licchellig, M
Majolino, M Malagodic, S A Ruffolo Ricca, V. Venutia, Multi-analytical study of
Roman frescoes from Villa dei Quintili (Rome, Italy), J. Archaeol. Sci. Rep. 21
(2018) 422-432, doi:10.1016/j.jasrep.2018.08.028.

K A Dooley, E M Gifford, A van Loon, P Noble, J G Zeibel, D M Conover, M Alfeld,
G Van, S der Snickt, K Legrand, J Janssens, J K Delaney Dik, Separating


https://doi.org/10.1016/j.microc.2020.105072
https://doi.org/10.1016/j.microc.2020.105072

P. Fermo et al.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

two painting campaigns in Saul and David, attributed to Rembrandt, using
macroscale reflectance and XRF imaging spectroscopies and microscale paint
analysis, Herit. Sci. 6 (1) (2018) art. no. 46, doi:10.1186/540494-018-0212-3.

M A Garrote, M D Robador, J L Perez-Rodriguez, Analytical investigation of
Mudéjar polychrome on the carpentry in the Casa de Pilatos palace in Seville
using non-destructive XRF and complementary techniques, Spectrochim. Acta. A
173 (2017) 279-291, doi:10.1016/j.saa.2016.09.027.

R J Gettens, H Kuhn, W T Chase, Lead white, in: A Roy, Artists’ Pigments: A
Handbook of Their History and Characteristics, 2, National Gallery of Art,
Washington Archetype Publications, London, 1993, p. 69.

M. Laver, Titanium Dioxide Whites in Artists’ Pigments: a Handbook of Their His-
tory and Characteristics, vol. 3, E. West FitzHugh (Eds.), National Gallery of Art,
Washington Archetype Publications, London, 1986, p.296

R L Feller, Barium Sulfate-Natural and Synthetic, in: R L Feller, Artists” Pigments:
A Handbook of Their History and Characteristics, 1, National Gallery of Art,
Washington Archetype Publications, London, 1993, p. 47.

C Vlachou-Mogirea, P Moretti, L. Monicob, A Chielib, M Iwanicka, T P Targowskie,
V Detalle, E Bourguignon, K Laclavetine, F Mirambet, T Tonga, S Pinchina, A
non-invasive multi-technique investigation of Banqueting House Whitehall Rubens
ceiling paintings, Microchem. J. 156 (2020), doi:10.1016/j.microc.2020.104797
104797.

M R Derrick, D Stulik, J M Landry, Infrared Spectroscopy in Conservation Science,
The Getty Conservation Institute, Los Angeles, 1999.

R Mazzeo, S Prati, M Quaranta, E Joseph, E Kendix, M Galeotti, Attenuated total
reflection micro FTIR characterisation of pigment-binder interaction in
reconstructed paint films, Anal. Bioanal. Chem. 392 (2008) 65-76, doi:10.1007/
500216-008-2126-5.

A Barth, Infrared spectroscopy of proteins, Biochim Biophys Acta 1767 (2007)
1073-1101, doi:10.1016/j.bbabio.2007.06.004.

J KongsS. YU,, Fourier Transform Infrared Spectroscopic Analysis of Protein
Secondary Structures, Acta Biochimica et Biophysica Sinica 39 (8) (2007)
549-559.

Database of ATR- FT-IR spectra of various materials; web site: http://
lisa.chem.ut.ee/IR spectra/, Last updated 23 rd July, 2019

E. Pieta, J. Olszewska-Swietlik, C.nPaluszkiewicz, A. Zajac W.M. Kwiatek, Applica-
tion of ATR-FTIR mapping to identification and distribution of pigments, binders
and degradation products in a 17th century painting, Vib. Spectrosc. 103, art. no.
102928 (2019) DOI: 10.1016/j.vibspec.2019.102928.

M Cotte, E Checroun, W De Nolf, Y Taniguchi, L De Viguerie, M Burghammer, P
Walter, C Rivard, M Salomé, K Janssens, J Susini, Lead soaps in paintings:

13

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Microchemical Journal xxx (XXXX) XXX-XXX

Friends or foes?, Studies Conserv. 62 (1) (2017) 2-23, doi:10.1080/
00393630.2016.1232529.

V Venuti, B Fazzari, V Crupi, D Majolino, G Paladini, G Morabito, G Certo, S
Lamberto, L Giacobbe, In situ diagnostic analysis of the XVIII century Madonna
della Lettera panel painting (Messina, Italy), Spectrochim. Acta A 228 (2020) art.
no. 117822, doi:10.1016/j.saa.2019.117822.

V Kosafova, D Hradil, J Hradilové, Z Cermakova, I Némec, Manfred Schreiner,
The efficiency of micro-Raman spectroscopy in the analysis of complicated
mixtures in modern paints: Munch’s and Kupka's paintings under study,
Spectrochim. Acta A 156 (2016) 36-46, doi:10.1016/j.saa.2015.11.027.

B.H. Berrie, Prussian Blue, in Artists’ Pigments: A Handbook of Their History and
Characteristics, vol. 3, E.W. FitzZHugh (Eds.), Artists' Pigments, National Gallery of
Art, Washington Archetype Publications, London, 1986, p.209

B.H. Berrie, Prussian Blue, in Artists’ Pigments: A Handbook of Their History and
Characteristics, vol. 3, E.W. FitzHugh (Eds.), Artists' Pigments, National Gallery of
Art, Washington Archetype Publications, London, 1986, p.195

Polonca Ropret, Silvia A Centeno, Peter Bukovec Raman identification of yellow
synthetic organic pigments in modern and contemporary paintings: Reference
spectra and case studies, Spectrochim. Acta Part A 69 (2008) 486-497.

G. Eigenmann, I. Ubaldini, Nuovo dizionario di merceologia e chimica applicata:
Mangimi- polistirene e i suoi copolimeri, vol. 5, in: Villavecchia and Eigenmann
(Eds.). p. 2427, Urlico Hopli Milano 1975, Milano.

N C Scherrer, Z Stefan, D Francoise, F Annette, K Renate, Synthetic organic
pigments of the 20th and 21st century relevant to artist’s paints: Raman spectra
reference collection, Spectrochim. Acta Part A: Mol. Biomol. Spectrosc. 73 (3)
(2009) 505-552, doi:10.1016/j.saa.2008.11.029.

G D Smith, H Kastenholz, A note on the use of crystal engineering to increase the
opacity of terra verde inpainting pigment: Adulteration of green earths, J. Cult.
Heritage (2019), doi:10.1016/j.culher.2019.09.009.

F Fiorillo, C Matteucci, M Cataldo, S A Apicella, M Vandini, A multi-analytical
approach for the characterisation of 20th century paintings, Eur. Phys. J. Plus 134
(2019) 373, doi:10.1140/epjp/i2019-12752-5.

M Szybowicz, T Runka, M Drozdowski, W BataA., Grodzicki, P., Piszczek, A.
Bratkowski,, High temperature study of FT-IR and Raman scattering spectra of
vacuum deposited CuPc thin films, J. Mol. Struct. 704 (1-3) (2004) 107-113,
doi:10.1016/j.molstruc.2004.01.053.

A Lluveras, I Bonaduce, A Andreotti, M P Colombini, GC/MS analytical procedure
for the characterization of glycerolipids, natural waxes, terpenoid resins,
proteinaceous and polysaccharide materials in the same paint microsample
avoiding interferences from inorganic media, Anal. Chem. 82 (2010) 376-386,
doi:10.1021/ac902141m.



	An integrated analytical approach for the characterization of repainted wooden statues dated to the fifteenth century
	Keywords
	Abstract
	Introduction
	Materials and analytical methods
	The two studied sculptures
	Analytical methods
	Optical microscopy observations
	Oil red and Amido black tests
	XRF analysis
	Fourier transform infrared spectroscopy (FT-IR)
	Scanning electron microscopy coupled with energy dispersive X-ray analysis
	Raman spectroscopy


	Results and discussion
	The Christ of Zuccarello: pigments and inerts
	The Christ of Borghetto and the comparison between the two statues: pigments and inerts
	Consideration on the nature of the binders

	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments

	Supplementary data
	References


