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a multi-method analytical
approach based on the combination of synchrotron
radiation X-ray micro-analytical techniques and
vibrational micro-spectroscopy methods to unveil
the causes and mechanism of darkening of “fake-
gilded” decorations in a Cimabue painting†
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Redox processes activated by environmental factors have been identified as the main cause of the chromatic

alterations of a number of artists' pigments, including the yellow pigment orpiment (As2S3). Although a general

comprehension of the mechanisms has been provided through characterization of degradation compounds

of As2S3, experimental evidences to prove how other paint components and how different environmental

agents influence the formation pathways of specific secondary compounds are still lacking. Thus, it

becomes fundamental to develop a methodological strategy which enable achieving a discrimination

among the causes affecting the chemical stability of more heterogenous As2S3-based paints and defining

the mechanism through which the alteration establishes and evolves, with the ultimate goal of optimizing

the preventive conservation measures of unique masterpieces. In this paper, we propose a comprehensive

multi-material and multi-method approach based on the combination of synchrotron radiation X-ray

micro-analytical techniques (i.e., X-ray diffraction, X-ray fluorescence and X-ray absorption near edge

structure spectroscopy at S K-/Ag L3-/As K-edges) and vibrational micro-spectroscopy methods to unveil

the causes and mechanism of darkening of “fake-gilded” decorations in tempera paintings, originally

consisting of an unusual mixture of As2S3 and metallic silver (Ag0). Such degradation process is a not yet

understood phenomenon threatening a series of Old Master paintings, including those by the Italian

painters Cimabue and Pietro Lorenzetti. The high specificity, sensitivity and lateral resolution of the

employed analytical methods allowed providing first-time evidence for the presence of black acanthite (a-

Ag2S), mimetite [Pb5(AsO4)3Cl] and syngenite [K2Ca(SO4)2$H2O] as degradation products of the “fake-

gilded” decorations in the Maestà by Cimabue (Church of Santa Maria dei Servi, Bologna, Italy).

Furthermore, the study of the painting combined with that of tempera paint mock-ups permitted to

explore and define the environmental agents and internal factors causing the darkening, by proving that: (i)

Ag0 and moisture are key-factors for triggering the transformation of As2S3 to a-Ag2S and As-oxides; (ii)

S2--ions arising from the degradation of As2S3 are the main responsible for the formation of a-Ag2S; (iii)

light exposure strengthens the tendency of the paint components towards alteration. Based on our

findings, we finally propose a degradation mechanism of As2S3/Ag
0-based tempera paints.
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1. Introduction

In chemical sciences the study of the causes triggering the color
change of paintings is a grand challenge. Over the past decades,
investigations of micro-samples taken from historical paintings
and articially aged paint mock-ups have established that redox
processes driven by environmental agents (light, humidity,
temperature and/or atmospheric pollutants) are the main
responsible for irreversible chromatic alterations of a number
of inorganic pigments, such as cadmium yellows (Cd1�xZnxS,
with 0 # x# 0.3),1–6 chrome yellows (PbCr1�xSxO4, with 0 # x#
0.8),7–13 vermilion red (HgS),14,15 Prussian blue (MFeIII[FeII(CN)6]
� H2O, with M ¼ K+, NH4

+ or Na+)16,17 and zinc yellow
(K2O$4ZnCrO4$3H2O).18

Similar to the above-mentioned compounds, also the yellow
pigment orpiment (As2S3) is characterized by a low chemical
stability. In aerobic environments, the photo-degradation of the
pigment occurs via a structural rearrangement of As2S3, leading
to the production of white arsenolite (As2O3) and S-species.19–21

The latter may trigger the formation of organosulfur derivatives
and/or H2S, by initiating a series of reactions that may explain
the formation of black suldes in Cu- and Pb-containing
paintings under the inuence of adjacent As2S3 paints.22

Investigations of 17th century Flemish and Dutch artworks led
to the hypothesis that moisture and some intrinsic chemical
properties of the paint (e.g., local pH and matrix composition)
may also promote the fading of As2S3 even in the absence of
light, thus giving rise to As2O3 and/or other arsenite (AsIII)-
species. In a following step, AsIII-species can be further oxidized
to arsenate (Asv)-compounds.23–27

From a methodological point of view, synchrotron radiation
(SR)-based X-ray methods employing micro-probes, including
micro X-ray uorescence (m-XRF), micro X-ray diffraction (m-
XRD) and micro X-ray absorption near edge structure (m-XANES)
spectroscopy (in mapping and point analysis mode), were used
for their capabilities to provide spatially resolved elemental
speciation and structural information down to the (sub)
micrometer scale length.1,2,4–18,21–26 The specicity of vibrational
spectroscopy techniques (i.e., IR and Raman) to render
complementary molecular information with respect to SR-based
X-ray methods were also sometime exploited to study the
chemical nature of secondary compounds associated with the
degradation of different pigments.3,5,6,12,20–25 In addition, elec-
trochemical techniques were proposed as alternative methods
for a fast monitoring of the photo-degradation mechanism of
a selection of semiconductor pigment powders.21,22,28,29

In the context of orpiment-based paints, despite a large
quantity of data on the general characterization and distribu-
tion of degraded compounds has been recently acquired,19–27

very little is still known about the interactions that take place
among As2S3 and other paint components (e.g., other pigments,
additives, binder) and their reactivity with the surrounding
environment. Furthermore, such data, being in most of the
cases limited to the study of historical paintings, do not prove
directly how and why such alterations activate. Therefore, it
becomes highly relevant to establish a methodological strategy
This journal is © The Royal Society of Chemistry 2022
which permit to obtain a discrimination among the causes that
affect paint stability and to dene the mechanism through
which the alteration establishes and evolves, with the ultimate
goal to optimize and develop preventive conservation measures
and actions aimed at safeguarding unique works of art.

In this paper, we propose the use of a comprehensive multi-
material and multi-method approach, based on the combina-
tion of SR X-ray micro-analytical techniques and vibrational
micro-spectroscopy methods, to study the darkening issue
affecting As2S3-based areas of the painting Maestà of Santa
Maria dei Servi attributed to Cimabue (1240–1302) (Fig. 1a) and
of tempera paint mock-ups aged with either light or moisture.
Earlier macroscale investigations30,31 have revealed that the
darkened decorations of the Cimabue painting, assumed to
have originally had a gilded appearance, are composed of an
unusual mixture of As2S3 and silver powder. It has been
reasonably hypothesized that, as consequence of the visible
darkening, the “fake-gilded” areas were later covered, probably
by Cimabue himself, with another oily brownish layer con-
taining Pb-based pigments, on top of which traces of a gold leaf
are present as well.31 The combined use of orpiment and silver
(in the form of either powder or leaf) was found in a fair number
of artworks, this being a quite common medieval practice for
imitating gildings.32–35 Similar to the Maestà by Cimabue, also
some of the “fake-gilded” areas of a series of paintings by Pietro
Lorenzetti (ca. 1280–1348) show a visible darkening nowadays.36

All such observations suggest that a synergy between As2S3
and metallic silver (Ag0) may have prompted chemical trans-
formations, through which both chemicals have changed their
nature. In this regard, three reasonable starting hypotheses can
be formulated on the causes of darkening of “fake-gilded” paints:

(i) Based on earlier studies,37,38 under aerobic conditions, the
Ag+ ions, formed supercially by oxidation of Ag0 particles,
interact with either organosulfur derivatives or H2S [arising
from the (photo)degradation of As2S3] forming the black
compounds acanthite (a-Ag2S) and/or argentite (b-Ag2S).

(ii) Alternatively, it is possible to assume that, under oxida-
tive circumstances, As2S3 is converted to other AsIII- and AsV-
based compounds, while the parallel oxidation of Ag0 to Ag+

might occur locally, followed by the precipitation of a number of
dark materials, such as AgS-compounds, Ag3AsO4 and
Ag3AsO3.39

(iii) As a third pathway, we can hypothesize the photo-
dissolution of Ag+ cations in the As2S3 matrix, with a rst step
of the reaction leading to the formation of Ag2S as a result of the
direct photo-oxidation of Ag0 to Ag+, and the subsequent
formation of various Ag–As–S ternary compounds as nal
products.40–42

In order to elucidate which of the above mechanisms actu-
ally may have taken place, on the one hand, SR-based m-XRD
and m-XRF mapping along with Ag L3-/As K-edges m-XANES and
m-Raman spectroscopy analyses at selected spots of two dark-
ened paint micro-fragments taken from theMaestà by Cimabue
and articially aged tempera paint mock-ups permitted to gain
complementary insights into the chemical nature, stratigraphic
distribution and relative-abundances of Ag- and As-based
compounds. On the other hand, single-point S K-edge m-
J. Anal. At. Spectrom., 2022, 37, 114–129 | 115
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Fig. 1 (a) Photograph of Maestà of Santa Maria dei Servi (tempera and gold on panel painting, ca. 1280–1285; Bologna, Italy) attributed to
Cimabue, before the restoration undertaken in 2015; the white arrow indicates the sampling area. (b) Detail image of the sampling spot of sample
CM1. (c) Micrograph of cross-sections CM1resin taken with visible light (magnification: 200�) and (d) corresponding detail image where SR m-XRD
mapping was performed. (e–g) Composite SR m-XRD images of the identified crystalline phases [map size (v� h): 140� 75 mm2; step size (v� h):
1.5� 1.5 mm2; exp. time: 1 s per pixel; energy: 21 keV] (see Fig. S1† for a selection of the XRD patterns). In (c) the yellow and cyan rectangles show
the areas where SR m-XRF/m-XANES investigations were performed (see Fig. 2 for the results), while numbers indicate the paint stratigraphy.
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XANES analysis and attenuated total reection (ATR) mode m-
FTIR mapping allowed characterizing and semi-quantifying S-
based compounds and other secondary products formed as
a consequence of the chemical alteration of pigments and the
pigment–binder interactions.

2. Experimental
2.1 Paint cross-sections from Maestà

A sample taken from a darkened “fake-gilded” decoration area
of the painting Maestà was divided in two different fragments
116 | J. Anal. At. Spectrom., 2022, 37, 114–129
[sizes (h � v) of about 600–700 � 200–300 mm2], that were
analyzed as cross-sections (Fig. 1b, c and 3a). For SR-based X-ray
measurements, one of the fragments was embedded only in
Sody33 polyester resin (henceforth called CM1resin). Aer curing
of the resin for 24 h at room temperature, the embedded sample
was cut down to a thickness of ca. 50 mm and hand-polished
with 120- to 12 000-grit sandpaper to expose the cross-section.

To avoid the interference of resin during FTIR analysis, the
second fragment was before embedded in a KBr pellet (hereaer
referred to as CM1KBr) and then in a synthetic resin by following
the experimental procedure described in previous studies.43,44
This journal is © The Royal Society of Chemistry 2022
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2.2 Preparation of paint mock-ups and articial aging
protocols

Three sets of paint mock-ups were prepared over polycarbonate
supports. The rst two sets were obtained by mixing either
commercial orpiment (Kremer, 10 700) or metallic silver
powders (Sigma-Aldrich) with whole egg as binder (sample
names: Orp and Ag, respectively). To mimic the unusual “fake-
gilded” decoration found in the Cimabue painting,31 the third
set was prepared by mixing orpiment and metallic silver
powders in the weight ratio of 3 : 1 and then by laying out such
mixture as a paint layer with whole egg as binder (sample name:
Orp–Ag). All Orp-based paint mock-ups were prepared in trip-
licate to be subjected to two different types of aging treatments.
Ag mock-ups were prepared in duplicate to be exposed to one
type of aging.

UVA-visible photochemical aging was performed by allo-
cating the touch-dry paints (i.e., aer �1 month since their
preparation; hereinaer called OrpUVA-vis, AgUVA-vis and Orp–
AgUVA-vis) inside an in-house–made aging chamber, equipped
with a UV-ltered 300 W Cermax xenon lamp (l $ 300 nm; see
ref. 9 for the emission spectrum of the source) at a relative
humidity (RH) of �25% (average indoor humidity level value,
measured daily by a thermohygrometer). The irradiance and
temperature at the sample position were �1 � 103 W m�2 and
30 �C, respectively. Paints were irradiated for 123 h, thus
reaching radiant exposure values of �1.2 � 105 W m�2 hour�1.

High humidity aging treatment was performed by placing
the touch-dry Orp-based paints (henceforth denoted as
Orp95%RH and Orp–Ag95%RH) in a vessel maintained in the dark
at RH$ 95% (achieved using distilled water) and at 40 �C for an
overall period of 288 h.

Cross-sectioned samples of each mock-up were prepared
using KBr pre-embedding (see above) for m-FTIR and m-Raman
analyses,43,44 while they were embedded in polyester resin for
SR-based X-ray investigations.
2.3 Optical microscopy

Microphotographs of cross-sections CM1resin and CM1KBr
(Fig. 1c and 3a) were taken by an Olympus BX51M microscope
equipped with a digital camera Olympus DP70, while those of
the paint mock-ups were obtained by employing a Canon
Powershot S50 digital camera coupled to a Leica MZ6 stereo-
microscope equipped with a tungsten lamp. Images were pro-
cessed via Canon ZoomBrowser Ex 4.5 soware.
2.4 SR m-XRD

m-XRD measurements on CM1resin and paint mock-up cross-
sections were carried out at the microprobe hutch of the Hard
X-ray Micro/Nanoprobe beamline P06 of the PETRA III storage
ring (DESY, Hamburg, Germany).45 The incident energy of the
beam (i.e., 21 keV) was selected by means of a Si(111) double-
crystal monochromator. A Kirkpatrick–Baez (KB) mirror
system was employed to focus the beam down to 0.46 � 0.46
mm2 (h � v). Diffraction patterns were collected by a PILATUS
300 K area detector (Dectris Ltd., CH). Calibration of the
This journal is © The Royal Society of Chemistry 2022
diffraction setup was performed using a LaB6 standard. Crys-
talline phases were identied using the XRD patterns of refer-
ence compounds that are available in the American
Mineralogist database.46 Bidimensional distribution maps of
each crystalline phase were obtained by full pattern renement
using XRDUA.47 Notably, the relative positions and intensities of
the diffraction peaks for every compound were kept xed during
the tting procedure, while the angle-independent parameterW
of the Caglioti width function was used to model the peak
width. Rened values for the scaling, displacement, and width
parameters were obtained for each compound. The intensity
scaling parameters obtained in each pixel of the image were
used to visualize the spatial distribution of the different
compounds. A more detailed explanation of the modeling
procedure is offered elsewhere.47
2.5 SR m-XRF/m-XANES at S K-, Ag L3-, As K-edges

S, Ag, and As speciation investigations of CM1resin, of mock-ups
and of a set of reference powders were performed at the scan-
ning X-ray microscope end station of beamline ID21 and at the
hard X-ray nanoprobe beamline ID16b of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France).48,49

At both beamlines, measurements were carried out by means
of a Si(111) double-crystal monochromator. A KB mirror system
was used to focus the beam down to �0.6 � 0.4 mm2 (h � v) and
�0.1 � 0.08 mm2 (h � v) during the investigations at ID21 and
ID16b, respectively. At these beamlines, XRF signals were
collected by a single energy-dispersive silicon dri detector
(Xash 5100, Bruker) and a Si dri-diode array detector,
respectively.

Single point m-XANES spectra were acquired in XRF mode. At
ID21, data were recorded by scanning the primary energy
around the S K-edge (2.46–2.53 keV; step: 0.17 eV) and the Ag L3-
edge (3.34–3.42 keV; step: 0.25 eV), while at ID16b spectral
proles were collected by scanning the primary energy around
the As K-edge (11.78–12.16 keV; step: 1 eV). The energy cali-
bration was performed using CaSO4$2H2O, an Ag foil and As2S3
as standards and by setting the position of the peak maximum
of their rst-order derivative spectrum at 2.4817 keV, 3.3547 keV
and 11.8693 keV, respectively.

ATHENA50 was employed for the normalization and the
linear combination t (LCF) of the spectra. The LCF procedure,
which was carried out using the spectra of a set of S, Ag, and As
references, permitted to quantitatively determine the average
relative amount of sulde (S�II) and sulfate (SVI) compounds
(expressed as %[S�II]/[Stotal] and %[SVI]/[Stotal]) and of different
Ag compounds. The best description of each S K-edge m-XANES
spectrum was obtained by including in the LCF model three or
four S-reference spectra [i.e., of a-As2S3, a-Ag2S and of one or two
sulfates], while only two reference spectra [i.e., of a-Ag2S and
either Ag2SO4 or CH3COOAg] were required for tting the Ag L3-
edge m-XANES spectra.

At ID21, maps of the same region of interest (ROI) were
collected with a 100 ms per pixel dwell time at the three
following energies: (i) 2.4718 keV and (ii) 2.482 keV to favour the
excitation of S�II- and SVI-species, respectively and (iii) 3.4 keV
J. Anal. At. Spectrom., 2022, 37, 114–129 | 117
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Fig. 2 (a) Composite SR m-XRF images of AsIII (fa-As2S3) (red) and AsV (green) [map size (v� h): 30.7� 38.1 mm2; step size (v� h): 0.1� 0.1 mm2; exp.
time: 100 ms per pixel; energy (AsIII) ¼ 11.870 keV, energy (AsV) ¼ 11.8754 keV] and (b) selection of the As K-edge m-XANES spectra acquired from the
spots shown in (a) compared to those of a set of As-reference compounds. Different colors refer to spectra characterized by similar features and
showing a variable ratio between the intensity of thewhite lines of a-As2S3 and AsV-compounds. (c) RGB SR m-XRF images of S�II/SVI/As-L [map size (v�
h): 99.5� 74.2 mm2; step size (v� h): 0.5� 0.7 mm2; exp. time: 100ms per pixel; energy (S�II)¼ 2.4718 keV, energy (SVI)¼ 2.482 keV] and (d) selection of
the S K-edge m-XANES spectra (black) recorded from the spots shown in (c) with LCF results (magenta) of different S-reference compounds. In grey,
spectra of selected S-reference compounds. Numbers in brackets refer to the spectral profiles showing similar features to those reported.

118 | J. Anal. At. Spectrom., 2022, 37, 114–129 This journal is © The Royal Society of Chemistry 2022
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to obtain the XRF intensity of all S- and Ag-species (cf. Fig. 2d).
At ID16b, maps of the same ROI were recorded by employing
a 100 ms per pixel dwell time at the three following energies: (i)
11.870 keV and (ii) 11.8754 keV to favour the excitation of As2S3
and As2O3/As

V-species, respectively and (iii) 12.0 keV to record
the XRF intensity of all As-species (cf. Fig. 2b). PyMca51 was used
to t the XRF spectra and to separate the contributions of
different elements. The experimental procedure used for
recording and producing the S and As speciation maps is
described in previous studies.1,25

Considering the sensitivity of pigments/paints under the
exposure to SR-based X-ray micro-beams,52–54 preliminary tests
at increasing uences were performed at a few spots of selected
reference powders and mock-ups to ensure that the collected
data were not affected by any artefacts due to X-ray beam
exposure.
2.6 ATR mode m-FTIR

m-FTIR mapping investigations on CM1KBr from Maestà and
paint mock-ups were performed in ATR mode by employing
a Thermo Scientic Nicolet iN10MX spectrometer equipped
with a Ge crystal and a Mercury cadmium telluride (MCT)
detector.

Maps from selected regions of CM1KBr and paint mock-up
cross-sections were obtained with an optical aperture of either
40 � 40 mm2 or 48 � 48 mm2 (effective investigated areas: 10 �
10 mm2 or 12 � 12 mm2) and with a step size down to 8 mm. Data
were recorded in the 4000–675 cm�1 range, with 4 cm�1 spectral
resolution and 64 scans. Datasets were processed with the
Omnic Picta and Omic32 soware.
2.7 m-Raman

m-Raman analyses at selected spots of paint mock-ups were
carried out by a Bruker Senterra Raman Microscope coupled to
an Olympus BX 40 microscope and equipped with a CCD
camera. Spectra were recorded using a 785 nm diode laser with
excitation powers of either 1 mW or 10 mW and a slit of 25 �
1000 mm2. Data were acquired in the 2630–72 cm�1 and 1518–
72 cm�1 ranges, with 3–5 cm�1 spectral resolution, 3 s exposure
time and 15–20 scans. A minimum number of six spectra was
recorded from each sample. Data were processed with the OPUS
and/or Omnic32 soware.
2.8 Colorimetry

A Konica-Minolta CM700D portable colorimeter was used for
the analysis of color changes of paint mock-ups. The instrument
is equipped with a pulsed xenon lamp emitting in the visible
spectral range, a silicon photodiode array detector and an
integrating sphere with a 40 mm internal diameter. The so-
ware interfaced with the instrumentation permitted for the
conversion of the spectra (recorded in the 360–740 nm range
and with 10 nm spectral resolution) into CIE L*a*b* chromatic
coordinates under D65 standard illuminant and 10� angle
observer. Total color changes were calculated according to the
CIE 1976 formula, DE*¼(DL*2 + Da*2 + Db*2)1/2.
This journal is © The Royal Society of Chemistry 2022
3. Results and discussion
3.1 Evaluation of the alteration state of the “fake-gilded”
decorations in the Maestà

The selective micro-sampling of the darkened decoration areas
offered us the opportunity to study the alteration state of the
orpiment-silver-based paint at this specic location. Two
similar cross sections (CM1resin and CM1KBr) were studied in
parallel by SR-based X-ray methods and m-FTIR mapping. An
overview of the obtained results is shown in Table 1.

In the original “fake-gilded” layers (n. 2 and 3), SR m-XRD
mapping (Fig. 1d, e and S1†) in combination with As K- and Ag
L3-edges m-XANES spectroscopy (Fig. 2a, b and S2†) reveals the
co-localized presence of a-As2S3 and acanthite (a-Ag2S). In line
with previous studies,37,38 black a-Ag2S can be considered
a secondary product arising from the corrosion of the original
Ag0 powder and is the main responsible for the observed
darkening. In the innermost darkened gilded layer (n. 2) and in
the outermost a-As2S3-free repaint layer (n. 4), Ag

0 is still present
(Fig. 1e). The darkening of Ag-based decorations due to the
formation of a-Ag2S was observed also in the absence of As2S3 as
a possible result of the interaction between the paint and either
S-gaseous pollutants, or S-species of the binder, or both.55,56

Nevertheless, the detection of a-Ag2S mainly in the uppermost
original gilded layer (n. 3) and in the As2S3-containing layers of
theMaestà (n. 2 and 3) strongly suggests that S2� anions arising
from the degradation of orpiment might be the main source for
the formation of achantite.

Interestingly, next to a-As2S3, As
V- and SVI-species were also

found in layers 2–3 (Fig. 2). The relative abundances of AsV-
compounds decrease when going from layer 3 to 2, as pointed
out by the increasing of the intensity ratio between As K-edge
XANES signals at 11.870 keV (assigned to As2S3) and 11.8754
keV (due to AsV-species) (Fig. 2b). In the uppermost layer 3, SR m-
XRD clearly reveals the presence of a yellowish lead-arsenate
based rare mineral, mimetite [Pb5(AsO4)3Cl] (Fig. 1f). As docu-
mented by previous studies in wall and oil paintings,26,27,57 we
can reasonably assume that this compound has formed as
a result of the interaction among the oxidation products of
orpiment, Cl�-ions and Pb2+-ions released by Pb-based
pigments, such as minium (Pb3O4) and lead white [PbCO3

and Pb3(CO3)2(OH)2], all components that are widespread
throughout layers 2–3 (Fig. 1g and S2†). Based on the fact that in
layer 4 no As-compounds are present, while in previous studies
arsenate species have been shown to exhibit a high mobility
inside paint layer stacks,23,24,26 we hypothesize that the layer 4,
rich in lead white and Ag0, is likely to have been applied on top
of the other paint layers aer that the oxidation of Ag0 and a-
As2S3 took place in layer 3, possibly to counterbalance or
completely cover the darkening of the “fake-gilded” surface.

According to the LCF results of each S K-edge m-XANES
spectrum (Fig. 2c and d), S-phases are present in layer 2 in the
following variable abundances: a-As2S3 (�40–80%), sulfates
(likely of Ca, Pb and/or K) (�20–45%) and a-Ag2S (up to �20%).
The presence of a sulfate compound in such layer is further
corroborated by m-FTIR, through the sulfate asymmetric
J. Anal. At. Spectrom., 2022, 37, 114–129 | 119
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Table 1 Summary of SR m-XRD, S/Ag/As speciation and m-FTIR results of different layers present in the cross-sections CM1resin and CM1KBr
obtained from Maestà by Cimabue. Layers 0: ground; layer 1: paint; layers 2 and 3: “fake-gilded” decoration; layer 4: repainted As-free layer
applied on the original a-As2S3/Ag

0 layers 2 and 3. Layer 4 is assumed to have been applied after the darkening of layers 2 and 3

Layer SR m-XRD

S speciation [SVI]/
[Stotal] (%) (SR m-
XRF, m-XANES)c

Ag speciation (SR
m-XRF, m-
XANES)c

As speciation (SR
m-XRF, m-
XANES)c m-FTIR (ATR mode)

4 (Repaint) Metallic silver (Ag0);
hydrocerussite [Pb3(CO3)2(OH)2]

— — — Lipids; lead
carboxylates;
Pb3(CO3)2(OH)2; CaCO3;
silicates

3 (“Fake-gilded”) Acanthite (a-Ag2S); mimetite
[Pb5(AsO4)3Cl]; a-As2S3;
Pb3(CO3)2(OH)2; syngenite
[K2Ca(SO4)2$H2O]

— — a-As2S3; As
V-

species
Proteinaceous material;
silicates; sulfates

2 (“Fake-gilded”) Ag0; a-Ag2S; a-As2S3; minium
(Pb3O4); Pb3(CO3)2(OH)2; calcite
(CaCO3)

a

�20–45d a-Ag2S
e Proteinaceous material;

sulfates; silicates

1 (Paint) Pb3O4; Pb3(CO3)2(OH)2;CaCO3;
gypsum (CaSO4$2H2O); goethite
[FeIIIO(OH)]a,b

— — — Proteinaceous material;
silicates; CaCO3

0 (Ground) CaSO4$2H2O; CaCO3; Fe
IIIO(OH);

Pb3O4; Pb3(CO3)2(OH)2
bb

Proteinaceous material;
CaSO4$2H2O; CaCO3;
silicates

a Only a few crystals are present (see Fig. 1f and g). b In this layer the abundance of Ag0, a-Ag2S, Pb5(AsO4)3Cl and a-As2S3 is much lower than that
found in layer 3 (see Fig. 1e and f). c m-XANES measurements performed only in layers 2 and 3 (see Fig. 2). d According to the LCF results, the
presence of sulfates of Ca, Pb and/or K is more likely (see Fig. 2d). e The presence of minor abundances of other Ag-compounds, such as silver
sulfate and/or acetate, is likely (see Fig. S2).
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stretching mode [n3(SO4
2�)] at 1122 cm�1 (Fig. 3b, c and S3†).

Syngenite [K2Ca(SO4)2$H2O] (Fig. 1g) was identied by m-XRD in
layer 3. Based on previous studies,26,27 it is likely that the latter
material was not originally present but has resulted from the
reaction between sulfate ions that either formed in situ by
oxidation of suldic ions of orpiment or by local solubilization
of other constitutive materials (e.g., gypsum), and K+ and Ca2+

cations present within the paint.
In the ground (layer 0), gypsum is the dominant phase along

with lower amounts of a-As2S3, a-Ag2S, Ag
0 and silicates [n3(Si–

O–Si) at 1030 cm�1] (Fig. 1e,f and 3d,e). Crystals of goethite
[FeIIIO(OH)], calcite (CaCO3), hydrocerussite [Pb3(CO3)2(OH)2]
and Pb3O4 are visible too. The three latter components are also
widespread throughout layer 1, where silicates are present too
(Fig. 1f, g and 3f).

Regarding the binding media, the FTIR bands at 1655 and
1541 cm�1, visible in the spectra acquired from layers 0–3, are
associated to proteinaceous materials (Fig. 3g). Such result
provides evidence of the original use of a tempera technique
and is consistent with painting technique of the 13th century. In
the Ag0-rich repainted layer 4, assumed to be more recent than
the layers below, the identication of the characteristic ester
n(C]O) band at 1736 cm�1 (Fig. 3h) denotes instead the use of
a lipidic binder, whose interaction with Pb3(CO3)2(OH)2 (Fig. 1g)
can be considered responsible for the occurrence of lead
carboxylates [n(COO�) signal at 1512 cm�1; Fig. 3i].

Overall, the distributions of the identied Ag-phases and As-/
S-compounds rmly suggest that interactions among the
components of the paint and of the original painting surface
120 | J. Anal. At. Spectrom., 2022, 37, 114–129
materials with environmental agents (i.e., light and humidity)
may have induced the corrosion of Ag0 to a-Ag2S and the
oxidation of a-As2S3 to AsV- and SVI-compounds in the original
“fake-gilded” layers of the studied cross-sections. The identied
arsenate- and sulfate-species can be linked to the oxidation
process of a-As2S3, in which the AsIII- species, that are originally
present in the pigment, become AsV-species, while the suldic
counter ions are either involved in the formation of black a-Ag2S
or become oxidized to sulfates, as already previously described
in detail.23–27
3.2. Effects of Ag0 and environmental agents on the
chemical transformations of orpiment tempera paints

To assess the effect of Ag0 and of different environmental
parameters on the degradation process of orpiment, thus to
provide direct insights into which factors are responsible for the
darkening process of the “fake-gilded” decoration areas of the
paintingMaestà, we studied a series of tempera paint mock-ups
prepared using commercial powders of (i) orpiment, (ii)
metallic silver and (ii) mixtures of orpiment and Ag0 (in Table 2
and Fig. S4–S6 and S9† referred to as Orp, Ag, and Orp–Ag). The
mock-ups were subjected to accelerated aging under UVA-vis
light at RH �25% and high humidity conditions (RH $ 95%)
at T ¼ 40� (in Table 2, Fig. 4–6, S7 and S9† denoted with the
subscripts UVA-vis and 95%RH, respectively). In what follows,
a selection of the most meaningful SR-based X-ray and vibra-
tional spectroscopy data for the discussion is provided and
a summary of the obtained results is shown in Table 2.
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Micrograph of cross-section CM1KBr taken with visible light (magnification: 200�) from the sampling spot shown in Fig. 1a and (b)
corresponding detail image where ATR mode m-FTIR mapping was performed. (c–i) m-FTIR distribution maps of the identified compounds (see
Fig. S3† for a selection of the corresponding spectra).
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As a rst step, we have evaluated the stability of the paint
mock-ups aer exposure to UVA-vis light at RH � 25% (Fig. 4
and 5).

In sample OrpUVA-vis, in which only a-As2S3 has been identi-
ed before aging (Fig. S4†), photo-oxidation has induced
a slight color change of the paint surface (Table 2: DE ¼ 4 � 1).
In line with literature,20–22 such a phenomenon can be associ-
ated to the in situ conversion of a-As2S3 to As2O3 (Fig. 4a–d and f:
This journal is © The Royal Society of Chemistry 2022
pts 04As, 07As), that is present in the form of aggregates of about
5 to 30 mmdiameter within the paint (Fig. 4c and d). In addition,
the local formation of sulfates is visualized via S-oxidation state
maps and the signal at 2.482 keV in the S K-edge m-XANES
spectra collected at selected spots (Fig. 4e,g: pts 01s,02s).
Sulfates may result from the oxidative degradation of S-groups
of amino acids of the proteinaceous binder58–60 and/or from
that of a-As2S3 in contact with the organic matrix.21,26
J. Anal. At. Spectrom., 2022, 37, 114–129 | 121
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Table 2 Summary of colorimetric, m-FTIR, m-Raman, SR m-XRD and S/Ag/As speciation results of paint cross-sections obtained from paint
mock-ups before and after different aging conditions (see Experimental for further details)

Sample (Fig. n.)

Colorimetric data
m-FTIR
(ATR mode) m-Raman SR m-XRD

S speciation
SR m-XRF,
(m-XANES)

Ag speciation
(m-XANES)

As speciation
(SR m-XRF,
m-XANES)DL* Da* Db* DE*

Unaged

Orp (Fig. S4)

— — — — — a-As2S3 a-As2S3 a-As2S3 — a-As2S3

Orp–Ag
(Fig. S5 and S6)

— — — —
Traces
of As2O3

a-As2S3;
possible
Ag2S

a-As2S3;Ag
0;

a-Ag2S
b

a-As2S3;
traces of
sulfates

Ag0 a-As2S3

Ag (Fig. S9)

— — — — — —
Ag0; traces
of AgCl

— — —

Photochemical aging

OrpUVA-vis (Fig. 4)

3 � 1 1 � 1 3 � 2 4 � 1
Traces
of As2O3

a-As2S3
a a-As2S3;

As2O3
(b)

a-As2S3;
sulfatesb

—
a-As2S3;
As2O3

Orp–AgUVA-vis
(Fig. 5, S7 and S8)

�17 � 2 �0.8 � 0.8 �27 � 4 32 � 2 As2O3

a-As2S3;
possible
Ag2S; As2O3

a-As2S3; Ag
0;

a-Ag2S;
c As2O3

c
a-As2S3;
sulfatesb

Ag0;
a-Ag2S

c
a-As2S3;
As2O3

AgUVA-vis
(Fig. S9)

�5 � 1 0.6 � 0.2 0 � 1 5 � 1 — —
Ag0; traces
of AgCl

— — —

High moisture aging

Orp95%RH

(Fig. 6a and b)

4 � 1 0 � 2 3 � 2 5 � 1
Traces
of As2O3

a a- As2S3; a-As2S3; As2O3
b a-As2S3

a — —

Orp–Ag95%RH

(Fig. 6c and d)

�3 � 2 2.6 � 0.9 �4 � 3 5 � 2
Traces
of As2O3

a-As2S3;
possible
Ag2S; As2O3

a-As2S3; Ag
0;

a-Ag2S;
d As2O3

d a-As2S3
a — —

a Analysis performed directly at the paint surface (results not shown). b Present as aggregates of 5–40 mm diameter throughout the paint
stratigraphy. c Present as a layer of about 15–20 mm thickness at the paint surface. d Widespread throughout the paint stratigraphy and detected
in lower amount with respect to the equivalent UVA-vis aged paint.

122 | J. Anal. At. Spectrom., 2022, 37, 114–129 This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Photomicrographs of (a) OrpUVA-vis (KBr) and (b) OrpUVA-vis (resin) cross-sections. In (a) the m-FTIRmap of As2O3 is also shown. (c) Composite
SR m-XRDmaps of a-As2S3 (red) and As2O3 (cyan) [map size (v� h): 145.5� 50 mm2; step size (v� h): 1.5� 2 mm2; exp. time: 1 s per pixel; energy:
21 keV]. Composite SR m-XRF images of (d) AsIII (fa-As2S3) (red) and AsIII (fAs2O3) (green) [map size (v� h): 63� 9.9 mm2; step size (v� h): 0.1�
0.15 mm2; exp. time: 100 ms per pixel; energy (AsIII, fa-As2S3) ¼ 11.870 keV, energy (AsIII, fa-As2O3) ¼ 11.8754 keV] and (e) S�II (red) and SVI

(green) [map size (v � h): 159 � 46 mm2; step size (v � h): 1 � 1 mm2; exp. time: 100 ms per pixel; energy (S�II) ¼ 2.4718 keV, energy (SVI) ¼ 2.482
keV]. Selection of the m-XANES spectra recorded at the (f) As K-edge and (g) S K-edge from the spots reported in (d and e), compared to those of
a set of reference compounds (grey). In (b), rectangles show the areas wheremaps of (c–e) were recorded. In (f and g), numbers in brackets refer
to the spectra showing similar features to those reported.

This journal is © The Royal Society of Chemistry 2022 J. Anal. At. Spectrom., 2022, 37, 114–129 | 123
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Fig. 5 Photomicrographs of (a) Orp–AgUVA-vis (KBr) and (c) Orp–AgUVA-vis (resin) cross-sections. (b) ATRmode m-FTIR map of As2O3. (d) Composite
SR m-XRD images of a-As2S3 (red), a-Ag2S (green), Ag

0 (blue) and As2O3 (cyan) [map size (v� h): 150� 60 mm2; step size (v� h): 1.5� 2 mm2; exp.
time: 1 s per pixel; energy: 21 keV] (see Fig. S8† for the corresponding XRD patterns). (e) RGB SR m-XRF images of S�II/SVI/Ag-L [map size (v � h):
130� 100 mm2; step size (v� h): 0.97� 1.1 mm2; exp. time: 100ms per pixel] and (f) selection of S K-edge m-XANES spectra (black) acquired from
the spots shown in (e). In (a and c), rectangles show the areas where maps of (b,d and e) were recorded. In (f), numbers in brackets refer to the
spots showing similar spectral features to those reported.
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The photoaging of Orp–AgUVA-vis led to a profound darkening
of the paint surface (Table 2: DE ¼ 32 � 2), resulting in
a signicant phenomenon: the formation of a a-Ag2S- and
As2O3-rich layer within the uppermost 15–20 mm of the a-As2S3/
Ag0-based paint stratigraphy (Fig. 5a–d; see Fig. S5 and S6† for
124 | J. Anal. At. Spectrom., 2022, 37, 114–129
the data recorded before light exposure). The distribution of
these phases was also corroborated via single point m-Raman
and Ag L3- and As K-edges m-XANES investigations (Fig. S7†). In
addition, newly formed sulfates aggregates were identied
throughout the a-As2S3 paint matrix (Fig. 5e and f: pts 01S–03S).
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Photomicrographs of (a) Orp95%RH (resin) and (c) Orp–Ag95%RH (resin) cross-sections. (b and d) Composite SR m-XRD images of a-As2S3 (red),
a-Ag2S (green), Ag0 (blue) and As2O3 (yellow) recorded from (b) Orp95% RH [map size (v � h): 239 � 100 mm2; step size (v � h): 1 � 2 mm2; exp.
time: 0.5 s per pixel; energy: 21 keV] and (d) Orp–Ag95% RH mock-ups [map size (v � h): 430.5 � 50 mm2; step size (v � h): 1.5 � 2 mm2; exp. time:
1 s per pixel; energy: 21 keV]. In (a and c), rectangles show the regions where maps of (b and d) were acquired.
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Such results clearly highlight that, under the synergistic effect
of exposure to light and presence of Ag0, the a-As2S3 originally
present was transformed to As2O3, while the suldic counter
ions precipitated with the Ag+ ions derived from the oxidation of
Ag0.

In a second step, we have investigated the effects of high
humidity conditions (at RH $ 95%) in the absence of light
exposure on the chemical reactivity of As2S3/Ag

0 tempera paints.
The exposure to moisture of the Orp95%RH mock-up (Fig. 6a and
b) induced a colour change (Table 2: DE ¼ 5 � 1) that is
comparable to those obtained via photochemical aging along
with the formation of As2O3 aggregates of �5 mm diameter
within the yellow a-As2S3 matrix. For sample Orp–Ag95%RH, high
moisture conditions promoted a less clear darkening of the
paint surface (Table 2: DE ¼ 5 � 2) than that observed in the
equivalent light-exposed sample. Smaller abundances of both a-
This journal is © The Royal Society of Chemistry 2022
Ag2S and As2O3 are also visible in the corresponding m-XRD
maps (Fig. 6c and d). Such newly-formed compounds are oen
co-localized in the same regions, but, differently from the
equivalent light-exposedmock-up, they are quite homogenously
distributed throughout the entire paint stratigraphy. For both
moisture-agedmock-ups, no evidence of the presence of sulfate-
species was revealed by S K-edge XANES analysis (results not
reported). It is relevant to note that under none of the employed
aging conditions, the formation of AsV-species could be
observed.

In summary, our results prove that Orp–Agmock-ups present
a higher reactivity than those containing only orpiment. Indeed,
in the Orp–Ag cross-section As2O3 and a-Ag2S were identied in
few spots even before the articial aging (Fig. S5 and S6†). In
addition, the observation that the photoaging of tempera paint
mock-ups composed of only Ag0 has induced a slight color
J. Anal. At. Spectrom., 2022, 37, 114–129 | 125
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change of the paint surface (Table 2: DE ¼ 5 � 1) and no
formation of a-Ag2S (Fig. S9†) is an extra prove of the key-role
played by As2S3 for the formation of a-Ag2S.
3.3. Degradation mechanism of Ag0/orpiment tempera
paints

By combining the micro-analytical results obtained from the
study of the altered “fake-gilded” decorations of the Maestà by
Cimabue with those arising from articially paint mock-ups, we
have demonstrated that, before the application of the more
recent repainted layer (Fig. 1–3; layer 4), interactions among the
component of the paint and of the painting surface with envi-
ronmental agents (i.e., light and humidity) have induced the
corrosion of Ag0 to a-Ag2S and the oxidation of a-As2S3 to AsV-
and SVI-compounds (Fig. 1–3; layers 2 and 3). Intriguingly, Ag0

triggers the degradation of a-As2S3, while S2� ions resulting
from the degradation of a-As2S3 are themain responsible for the
formation of a-Ag2S in orpiment and Ag0 tempera paint
mixtures (Fig. 4–6, S7 and S8†).

Based on our experimental ndings and earlier
research,22,23,57,61–75 a mechanism for the darkening process of
Ag0/orpiment-based tempera paints close to the mechanism (i)
described in the Introduction,37,38 can thus be put forward.

As a rst step of the transformation, in aerobic conditions,
As2S3 gives rise to the formation of As2O3 (Fig. 4–6) and poly-
suldes (Sn

2�, with 2 # n # 9) according to the following
reaction [eqn (1)]:61

As2S3 þ 3

2
O2/As2O3 þ 3

n
Sn

2� (1)

The speciation of polysuldes in aqueous/moist environ-
ments depends on different parameters, including the sulfur
content, the pH and the temperature. At around neutral pH
values, such are those of tempera paints,62 the formation of Sn

2�

with 3 # n# 5 is more likely.61,63,64

So far, no direct evidence has been provided regarding the
exact nature of the S-based compounds in eqn (1). Whether and
how polysuldes or other S-species (e.g., radicals)22 form as one
of the primary degradation products of As2S3, it remains to be
addressed. Nevertheless, in the context of this work it is
reasonable to assume their presence in view of the tendency of
Sn

2� to react (at 20 �C) with moisture (entrapped in the paint
matrix and/or from the environment), giving rise to other Sn+1

2�

compounds and to HS� [eqn (2)],61 the latter being one of the S-
species responsible for the a-Ag2S formation:37,38

xS2�n + H2O / HS� + OH� + (x � 1)Sn+1
2� (2)

Under neutral conditions the following HS�/H2S equilib-
rium reaction can be established (eqn (3)):65

HS� + H+ # H2S (3)

The interaction between HS� and/or H2S and Ag0 results in
the formation of a-Ag2S (Fig. 1, 5 and 6) according to the
following reactions [eqn (4) and (5)]:38,66–68
126 | J. Anal. At. Spectrom., 2022, 37, 114–129
2Ag0 + HS� (aq) + 1
2
O2 / Ag2S + OH� (4)

2Ag0 + H2S (aq) + 1
2
O2 / Ag2S + H2O (5)

The above-mentioned sequence of reactions [eqn (1)–(5)]
explains the role of moisture in the darkening process of Ag0/
orpiment tempera paints, thus also providing an explanation
why the in situ formation of the alteration products can already
be observed prior to the start of the aging treatments of the
paint mock-ups (Fig. S5 and S6†).

Under exposure to light, the higher efficiency of the degra-
dation process towards the formation of a-Ag2S and As2O3

(Fig. 4 and 5) can be explained by taking into account the fact
that the photoaging may promote the formation of (organo)
sulfur radicals (e.g., HSc, RS�

n) via two different pathways: (i)
direct photolysis of S-compounds (e.g., H2S/HS�) arising either
from the degradation of orpiment and/or S-containing amino
acids of the binder;60,69,70 (ii) reactions between S-containing
compounds and radicals (e.g., Rc, ROc, ROOc, OHc), the latter
arising from the photo-oxidative degradation of the binding
medium.60,71–75

In Cimabue's Maestà (Fig. 1f and g), mimetite and syngenite
are not expected to have been present originally in the paint
samples. Both compounds have been recently identied in
other artworks and have been interpreted as secondary products
of the degradation of orpiment,26,27 a process that probably in
the Maestà has occurred slowly over time. Under aerobic and
moist environment, As2O3, the primary alteration product of
As2S3, may dissolve and oxidize to AsV-species. Pb2+ is one of
dominating cations present in the paint (due to the presence of
lead white and minium) and can act as a counter ion forming
mimetite. The source of Cl�-ions required for the formation of
such compound is not easily identied; however, a number of
painters' materials, including the binding medium76 and the
specic formulation of some pigments (e.g., lead white),77

generally contain an abundance of Cl-species.
Sulfates originate either from materials originally used from

the painter (e.g., gypsum; Fig. 1f and 3e) or from the oxidation of
sulfur groups present in the amino acids of the binder and/or
sulfur-containing-radicals arising from the degradation of
orpiment. Such species interact then with K+ and Ca2+ of the
paint matrix and readily precipitate as syngenite. Only very
rarely, syngenite has been mentioned as a primary material in
the plaster of a Chinese wall painting, together with calcite,
quartz and gypsum.78 Thus, the presence of such phase in the
degraded “fake-gilded” layer of the Maestà (Fig. 1g) seems to
indicate its formation as a secondary product.

In summary, we can assume that the darkening process of
the “fake-gilded” decorations of the Maestà has developed via
conversion of As2S3/Ag

0 tempera paint to a-Ag2S and As2O3 as
a result of the interaction of the original “fake-gilded” layer with
moisture and light before the application of the oil-based
current repaint layer. The conversion of AsIII- to AsV-species
may have occurred even aer the application of the repaint layer
leading to the complete transformation of As2O3. The kinetic of
this reaction would probably require a long time and this may
This journal is © The Royal Society of Chemistry 2022
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explain why we didn't observe arsenates in the articially aged
paint mock-ups.

4. Conclusions

A comprehensive multi-material and multi-method approach
based on SR X-ray micro-analytical techniques and vibrational
micro-spectroscopy methods has been presented here and
successfully exploited to establish the causes andmechanism of
darkening of “fake-gilded” decorations, made up of a As2S3/Ag
mixture, in the 13th century Maestà by Cimabue.

The employed analytical methods permitted to discriminate
and visualize down to the sub-micrometre scale length the
distribution of the main components of the darkened “fake-
gilded” tempera layers, namely: a-Ag2S, arsenates (mimetite)
and sulfates (syngenite). These results, combined with the
ndings obtained from articially aged paint mock-ups, led us
to conclude that such compounds can be interpreted as alter-
ation products of the paint and that the observed darkening is
due to black a-Ag2S. Even more interestingly, we observed that
Ag0 prompts the degradation of a-As2S3 to As2O3, whereas S2�

ions arising from the degradation of a-As2S3 are the main
responsible for the formation of a-Ag2S in orpiment and Ag0

tempera paint mixtures. In high moisture conditions (RH
$95%), the conversion of the original As2S3/Ag

0 tempera paint
to a-Ag2S and As2O3 can take place also in the absence of light,
while UVA-visible irradiation contributes to further increases
the reactivity of As2S3/Ag

0 tempera paint, possibly via the
formation of (organo)sulfur radical intermediates, but with no
changes in the nature of the nal degradation products.

Based on our results, we can assume that the darkening
process of the “fake-gilded” layers of the Maestà has developed
via two main steps:

(i) Conversion of As2S3/Ag
0 tempera paint to a-Ag2S and

As2O3 as a result of the interaction of the original “fake-gilded”
layer with moisture and light of the environment. It is most
likely that the process took place prior to the application of the
oil-based current repaint layer, containing both Ag0 and
hydrocerussite;

(ii) Slow dissolution and oxidation of As2O3 to arsenates
under aerobic and moist conditions. Such transformation may
have progressed aer the application of the repainting layer.

The above-mentioned ndings are expected to have mean-
ingful implications for the preventive conservation of the
Maestà by Cimabue. In particular, the degradation of the As2S3/
Ag0 paints might be mitigated by minimizing the exposure of
the painting to excessively high moisture levels (i.e., RH <30%)
and by keeping the lighting at values foreseen for light-sensitive
painting materials.79

Overall, the multi-material and microscale multi-method
analytical approach developed here paves the way for the
study of darkening of “fake-gilded” decorations of several other
old master paintings and for a targeted investigation into
research on the degradation mechanism of As2S3/Ag

0-based
mixtures also in lipidic media. These studies are still ongoing
and their results will be published in a follow-up paper.
Furthermore, considering the crystalline nature of the
This journal is © The Royal Society of Chemistry 2022
alteration phases identied, this study lays the basis for the
integration of micro-analysis on a limited number of micro-
samples with non-invasive macro-scale XRD mapping investi-
gations27 of a larger number of darkened “fake-gilded” paint
areas of the Maestà and many other artworks realized with
a similar technique.
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