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Abstract: The painting The Descent from the Cross, painted in 1620 by Pedro Nunes (1586–1637),
presents two large figures with orange-coloured fabrics with conservation problems. Through the
analysis of two samples with several analytical techniques, especially scanning electron microscopy
combined with X-ray spectroscopy and Raman microscopy, it was possible to conclude that the orange
colour is due to a complex artificial pigment made of amorphous arsenic sulphide. It essentially
consists of spherical particles obtained by sublimation and condensation, possibly from orpiment,
which ended up being joined with irregularly shaped particles resulting from crushing of the residual
fraction obtained by solidification and fusion. This is a rare documented case of the extensive use
of artificial arsenic sulphides in European easel painting, especially outside Italy. The conservation
problems can be explained by the great sensitivity of the arsenic sulphides to photodegradation and
the formation of powdery compounds.
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1. Introduction
A large-scale application of an orange paint with an unusual surface appearance was
found on The Descent from the Cross, a large panel (460 cm × 304 cm) painted in 1620
by Pedro Nunes (1586–1637) for the chapel of Esporão in Évora’s cathedral, Portugal [1]
(Figure 1). This orange paint was found in the draperies of two apostles, the one standing
tall to the right of the composition being more than two meters high.
These areas raised interest, firstly, by the conservation problem that they exhibited,
and secondly, by the material responsible for the orange colour. One of the initial hypotheses was that it was realgar, an orange-coloured pigment little used in European easel
painting [2], particularly in Portugal [3], even though it fits well with the Mannerist palette,
characterised by contrasts between complementary acid colours, namely, orange and blue,
on the one hand, and rose and green, on the other. Pedro Nunes was a painter who, for
some years, learnt the art in Rome [1], and, therefore, associated with this hypothesis,
there was an additional reason of interest: to know whether or not the evident Italian
artistic influences in the painting were accompanied by the same influences regarding the
materials used, in particular, the realgar, which, at the time, seems to have mainly be used
in Italy [2,4] p. 128.
In order to investigate these questions, microsamples were collected from the orange
areas and analysed with microscopic and spectroscopic techniques. The results obtained,
which are presented below, turned out to be much more interesting than initially anticipated,
as they showed the use, in an extensive area, of a material still little documented in European
easel painting—an artificial arsenic sulphide.
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anticipated, as they showed the use, in an extensive area, of a material still little docu‐
mented in European easel painting—an artificial arsenic sulphide.

Figure 1. The Descent from the Cross by Pedro Nunes, 1620, Esporão Chapel, Évora’s Cathedral,
Figure 1. The Descent from the Cross by Pedro Nunes, 1620, Esporão Chapel, Évora’s Cathedral,
Portugal, (a) and a surface detail of the orange cloak (marked with a white rectangle) under incident
Portugal, (a) and a surface detail of the orange cloak (marked with a white rectangle) under incident
(b) and raking light (c).
(b) and raking light (c).
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SEM-EDS microscope uses a charge reduction mode via a low vacuum sample holder. In
addition to X-ray data, backscattered electron images (SEM-BSE) were used.
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Micro-Raman spectroscopy (µ-RS) was used in the paint cross-sections using a Raman
spectrometer Horiba XPlora equipped with a diode laser of 10.3 mW operating at 785 nm,
coupled to an Olympus microscope. Raman spectra were acquired in extended mode in
the 100–1500 cm–1 region. The laser was focused with an Olympus 50× lens, 10% of the
laser power on the sample surface (5 s exposure, 5 cycles of accumulation). The spectra
were analysed with the equipment software (LabSPEC 5 from Horiba Jobin Yvon, France)
and the Spectragryph (v. 2.15, Dr. Friedrich Menges, Oberstdorf, Germany) application.
Micro X-ray diffraction was performed using a Bruker AXS D8 Discover diffractometer
with a Cu Kα radiation source and a Bruker LynxEye energy dispersive one-dimensional
detector (µ-XRD). The top layer of the orange paint was separated from the sample, and the
diffractogram was acquired in the interval 5–60◦ (2Θ) with a step of 0.05◦ and 4 s per step.
EVA software (with ICDD PDF X-ray patterns database) was used for the identification.
3. Results
3.1. Colour and Morphology
To the naked eye, the medium and light tints of the orangey garments of the apostle
bending over the cross and the one standing to the right of the composition exhibited an
irregular surface with small spherical nodules protruding from within the paint layer and
leaving an open crater whenever lost (Figure 1). Areas of the garments with this specific
surface texture had a muted orange to ochre yellowish colour and absorbed the varnish
coating that protects the painting, creating matt areas perceived as stains over the surface.
The two cross-sections examined under the optical microscope showed a similar
structure with a first underlayer of ochre colour with a thickness of 25–30 µm, covered by a
bright orange paint, of around the same thickness, with bright orange particles without
UV fluorescence (Figure 2). Among these particles, it is possible to distinguish spherical
particles and particles of irregular or undefined shapes (OM). The former have a diameter
of up to about 15 µm, while irregularly shaped particles can, in some cases, reach 40 µm in
their largest dimension. Some of the spherical particles show a brighter outer shell than the
core (Figure 2).
Examination of the top bright orange layer under the petrographic microscope reveals
that some particles show intense green (Figure 3a) or blue (Figure 3b) interference colours.
These interference colours, the particles’ orange colour, and the absence of UV fluorescence are compatible with the minerals realgar or pararealgar, both of natural origin [5].
However, the spherical shape of some of them is a clear indication of artificial arsenic
sulphide particles obtained by sublimation [6].
Focussing on the upper orange bright paint layer, SEM-BSE images show a large
number of spherical particles with widely varying sizes ranging from, at least, 3 to 15 µm
(Figure 4). Some of them are clearly crushed as a result of the grinding of the pigment
(Figure 4a,b). In addition to these, particles with other shapes and also with a wide range
of sizes are observed. The latter often reveal cracks of variable thickness. In a significant
number of cases, the separation of the fragments resulting from the cracking seems to have
occurred after the formation of the paint layer, due to the relative position that the various
fragments from the same particle maintain (Figure 4b–d).
Contrary to what could be expected from the observations with the petrographic microscope, namely, the interference colours, no marks were detected on the orange particles
that could clearly be related to crystalline structures. An exception is a particle observed on
the surface of sample #02, which appears to have a foliated structure (Figure 5a).
The SEM-EDS results (see below) show that the orange particles have a high arsenic
and sulphur content, as with the apparently amorphous phase seen in Figure 5c. Regardless
of their shape, these particles are homogenous, and have well-defined borders and a similar
average atomic number in the SEM-BSE images (Figure 4). In sample #02, some particles
have brighter areas in the outer layer (Figures 5b and 6), but this should not imply a mean
atomic number superior to that of the interior since, as suggested by the SEM-EDS results
(see below), this may simply be an artefact of the particles morphology. Moreover, some
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Figure 2. Cross‐section of sample #01; OM under incident light (a) and UV radiation (b).
Figure 2. Cross-section of sample #01; OM under incident light (a) and UV radiation (b).
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Figure 3. Example of particles with orange colour showing interference colours in the petrographic
microscope.

Figure 4. SEM‐BSE images from cross‐sections of sample #01 (a) and sample #02 (b–e). The green
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Figure 5. SEM-EDS images of sample #02 showing degraded particles (a,b), a crystalline particle
((a), green arrow) and an amorphous phase (c).

Finally, SEM-BSE images of the top orange layer expose a few irregularly shaped
particles displaying a lower atomic number than the aforementioned particles (Figure 4a,e).
3.2. Elemental Composition
The SEM-EDS results show that the bright orange upper paint layer is mainly composed of arsenic-rich components. It is over an underpaint formed essentially by compounds of Fe, Si, Al, Ca, and Pb, that is, a clay earth pigment with some ochre-iron-rich
particles and, probably, some white lead.
A total of 115 point analyses were performed by SEM-EDS in the orange layer (the vast
majority) and in the ochre layer of the two samples, and in general, the elements As, S, C,
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and O correspond to almost all the detectable and quantified elements (Figure 7). In these
points, the molar ratio As:S is, on average, 59:41, with an excess of arsenic in relation to the
theoretical ratio of realgar or pararealgar (50:50), the ratio actually determined in realgar
samples (48:52) [7], the theoretical ratio of orpiment (40:60), or for other arsenic sulphide
compounds. The repeated analyses at different points of some particles, in general, did not
itage 2022, 5, FOR PEER REVIEW
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the systematic errors. However, the results obtained for a particle (Figure 4d) of pararealgar
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For the spherical particles, the average value of the molar fraction of As is slightly
lower than in the other particles and, above all, has a much smaller variation. The average
ratio obtained for these particles (54:46) is similar to that of a glass used as a pigment in
an 18th century sculpture, prepared from pararealgar [8], but this does not appear to be a
common value. However, if we consider that the actual As values are lower than the val‐
ues obtained by SEM‐EDS (as described above), to those spherical particles corresponds a
corrected As:S molar fraction of about 42:58, which is already comparable to usual glasses
[9].
In the spherical particles, no significant difference was found between the inner and
outer surface (interior and the exterior surface), regardless of its state. The situation was
confirmed both through point analysis and concentration profiles (Figure 8).
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EDS results suggest could be arsenolite (As2O3) (Figure 7e).
For the crystalline‐flake‐like material observed in Figure 5a, the molar ratio As:S is
51:49 according to the two analyses performed. In reality, the ratio is about 39:61 if we
take into account the correction mentioned above, a value that, together with the lamellar
structure of the particle, suggests that it is orpiment.
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For the crystalline-flake-like material observed in Figure 5a, the molar ratio As:S is
51:49 according to the two analyses performed. In reality, the ratio is about 39:61 if we
take into account the correction mentioned above, a value that, together with the lamellar
structure of the particle, suggests that it is orpiment.
Where, besides As, S, C and O, other elements were detected with significant concentration, these were generally Ca, Si, and Al, and less frequently K, P, Na, Fe, and Pb. None
of the 115 analyses detected elements that appear associated with some specific arsenic
minerals, such as antimony or selenium [10].
The analyses in which significant concentrations of Pb were detected correspond to
points in the underlying ochre layer, mainly from areas with small particles. In these points,
regardless of whether they correspond to these particles or to the matrix surrounding them,
Heritage 2022, 5, FOR
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this means that the other ratios obtained by SEM‐EDS are also higher than the real values
and should be corrected accordingly (the ratio is corrected by first considering that a quo‐
tient of 1.63 corresponds to a quotient of 1 and then normalising the two terms of the
quotient so that their sum is 100).
Another Raman spectrum different from most spectra was obtained for a spherical
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quotient of 1.63 corresponds to a quotient of 1 and then normalising the two terms of the
quotient so that their sum is 100).
Another Raman spectrum different from most spectra was obtained for a spherical
particle apparently equal to others that gave rise to typical spectra of glassy materials.
In this case, the most intense bands of orpiment, namely, at 297, 315 and 359 cm–1 [11]
(Figure 10e), are superimposed on the spectrum with amorphous characteristics. This
situation is observed in the spectrum obtained at the centre of the particle, but is much
less noticeable in the spectrum obtained at the surface, which differs little from the most
frequent spectra.
4. Discussion
4.1. Material Significance
The results obtained by microscopy and Raman spectroscopy show that the orange
colour of Pedro Nunes’s painting results from a complex mixture of arsenic compounds in
which an arsenic sulphide glass obtained by sublimation and condensation is predominant.
First of all, the results obtained demonstrate, as others have already mentioned [11], that it
is not possible to identify an arsenic pigment only by its colour: in this case, despite the
orange colour that, without detailed results, would be attributed to the realgar, the results
prove that it is not this pigment.
An arsenic sulphide glass obtained by sublimation, such as the one identified in the
painting, characterised by spherical particles, could be obtained by procedures described in
ancient treatises, especially of mineralogy [14] pp. 57–58; [15] pp. 57–58; [16] pp. 106–107
or pharmacy [17] pp. 254–255; [18] pp. 889–890. The process involved heating in a closed
apparatus, usually of ceramic, arsenolite, and sulphur in some cases, or orpiment in others.
Despite the possibility of collecting only the fraction resulting from sublimation, the ancient
procedures also led to the formation of a fraction obtained by fusion. This situation is
described in several works of the 18th century. For example: “The factitious kind is made of
orpiment melted and boiled for some time in subliming vessels, by which the yellow flowers
are raised to the upper part of the vessels, and the mass remaining at the bottom, being
condensed by cold, becomes of a red colour, like cinnabar, and is called realgar” [15] p. 163.
In the present case, the mixture found with amorphous spherical particles and irregular
fragments can be explained by the insufficient separation of the two materials, which
would be more probable in the case of the use of a simpler apparatus, such as that described
by Georgius Agricola in 1546 for the preparation of an orange pigment from orpiment:
“Medium small particles of the later are placed in an earthen jar and then the mouth of it
is sealed. The jar is placed in a furnace for five hours and the mineral will then have the
colour of realgar” [14] pp. 57–58. In fact, the mixing of different phases was necessarily a
consequence of the procedure to which, according to the Spanish painter Antonio Palomino
in 1724, some people subjected the orpiment: “burning the pigment in a little glass vial.
Then they break up the vial and grind it with white wine, so that the glass serves as a drier
for the orpiment” [19] p. 165. A similar but more detailed description is given in a book of
secrets published in Portugal at the end of the century: “Put the orpiment in one of these
glasses that have little difference both in height and diameter, cover it leaving a small hole
so that it does not crack, and put it in a bain-marie until the orpiment melts and rises in
steam, which will run down again through the glass around the neck; then take the glass
off the fire, let it cool, and break it” [20] p. 41.
In such a situation, the treatment should not have the direct intention of obtaining a
new material, but simply of obtaining a more intense colour for a material that was considered to be the same. In this respect, it is important to note that in Iberian Peninsula treatises,
the same name jalde, which corresponds to what nowadays is called orpiment, is used for
two different materials: the first is yellow (jalde), and the second, obtained by heating the
yellow, is orange (jalde queimado or burnt jalde). The use of this nomenclature has already
been highlighted in the aforementioned treatise by Antonio Palomino (1724) [21] p. clxviii,
as well as in two other Spanish treatises, that of Francisco Pacheco (1646) and that of an
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anonymous author (1656) [22] p. 175, but there is also a Portuguese reference, even older
(though similar to Pacheco’s), in the painting treatise by Filipe Nunes, published in 1615:
“burn the jalde stone, just as you by it, over the fire in an iron spoon, or in a little pot lid.
It should be heated over smokeless embers, and when it begins to trickle like honey it is
properly heated” [19] p. 4. According to a Portuguese source from the same period, which
is similar to others in this respect, the red colour resulting from the heating of the orpiment
would be more intense the longer the heating time [23] p. 43v.
In the case of the painting under study, the material used would result from the
vigorous grinding of the mixture obtained, which is confirmed by the fragmented spheres,
an operation that would be dispensable in the case of using only the fraction obtained
by sublimation.
Regarding the raw material employed, the results are not clear.
The alteration of arsenic pigments by the action of light is a well-known fact of realgar
with the formation of orpiment, having pararealgar as intermediate [24], and of orpiment
with the formation of arsenolite, in both cases with evident consequences in terms of
alteration of the paint colours [25]. In the painting under study, pararealgar and possibly
orpiment were detected, but the crystalline forms observed suggest that they did not
result from transformation occurring in situ [22] p. 172. Furthermore, neither realgar nor
arsenolite were detected as being associated with pararealgar, nor was arsenolite detected
as being associated with orpiment. Thus, the results suggest that these minerals did not
result from alteration processes in the paint, but were part of the mixture of materials used
as pigment. Considering, on the one hand, the composition of the glass spheres with a
molar ratio As:S of about 42:58 (relatively close to 40:60, the ideal fraction of the orpiment)
and the detection of Raman bands due to the orpiment and, on the other hand, the fact that
the sublimation process is congruent [26] and, therefore, the proportion between the two
elements is maintained, one can hypothesise that the raw material is essentially orpiment,
but the presence of the pararealgar crystals remains to be explained. One possibility is that
the painter mixed the two materials in order to obtain the desired colour, but this is only a
hypothesis that the results obtained do not allow us to discuss.
The hypothesis that the main material results from the sublimation of orpiment seems
to correspond to the origin of the type I defined by Grundmann and Richter, but the yellow
colour and the characteristic Raman bands of this type [6] are not in conformity with the
orange pigment under study.
The problems detected on the paint surface were not directly addressed, but the fact
that the changes detected by SEM-BSE in the spherical particles occur predominantly on the
surface side of the paint suggests that they result from the photodegradation and formation
of powdery compounds, as reported in other cases [25,27]. It can be noted that even though
glassy arsenic compounds have higher light resistance than natural crystalline materials in
the short term, in the long term, this is not the case [28].
The presence of arsenic compounds in the underlying layer, when there is no evidence
of the use of arsenic pigments there, and the relationship found between this element and
lead (Figure 9), whose presence in that layer must have originated from the use of lead
white, suggest that a reaction occurred between the lead white and the arsenic ions coming
from the superficial layer as a result of the degradation of the arsenic pigments, similarly to
what was found in another work, although in that case, the reaction involved aluminium
and the formation of aluminium arsenate [29]. In the case of the painting under study,
the process can be related to the degraded appearance of the exterior of some spherical
particles of the superficial layer (Figure 5) and can be justified by periods of high relative
humidity inside the church, a condition that facilitates the formation of mobile forms of
arsenic oxides [29].
4.2. Historical Significance
Although several studies on arsenic pigments have been recently published, these
pigments have had little use in Western easel painting [2]. This recent interest does not
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have to do, therefore, with their historical importance. It is mainly due to the discovery,
provided by the development of analytical equipment, that, contrary to the idea that was
common until recently, several arsenic compounds, either natural or artificial, were used as
pigments, besides the usually mentioned orpiment and realgar. To these developments contributed, firstly, the studies by Grundmann and collaborators [6,22,30–32], which, through
documentary research, reconstructions, and sample characterisations, have shown the
existence and use of a wide diversity of artificial compounds, many of them amorphous in
nature. Likewise contributing to this were a number of case studies of different kinds of
works in which these artificial pigments have been identified, as can be seen in a recent
review, which includes the literature on the material alteration [25].
Characteristic of the palette of the 16th century Venetian School painters [13,33,34],
arsenic sulphide pigments became increasingly used in the 17th century, not only by Italian
but by Northern painters as well [27,29,35,36]. Artificial arsenic sulphide pigments of
different and sometimes complex compositions have been identified more recently in a
painting by Tintoretto, in a few works by 17th century Dutch and Flemish artists, and in
two German sculptures [8,30,31,37]. With the exception of Tintoretto’s painting [31], this
type of pigment has, however, mostly been identified in small passages, notably in still life
paintings [35,38].
The number of Portuguese works in which yellow or orange arsenic pigments have
been identified is extremely small: to the rare cases detected in a survey made in 2007 [3],
only a few more can be added at present [39–44] and they do not exclusively concern
easel painting. However, as said, these pigments, under the name of jalde, were mentioned in Filipe Nunes’ treatise on painting, published in 1615 [19]. Plus, these materials were relatively common, as we can see from a law of 1521, which stipulated that
they could only be sold by apothecaries, and moreover, only to those who needed them
because of their profession [45] p. 316–317. This determination was maintained in the
1603 legislation [46] p. 1240. In the 18th century, under the name of arsenic and rosalgar,
they appear among the main imported materials that were used in painting [47], but such
materials, in general, were not used exclusively in this activity. In the mid-18th century,
according to the official price on which taxes were paid, burnt jalde was 50% more expensive than jalde (respectively 120 and 80 reis per arrátel) [48] p. 39, but the two were more
expensive than many other pigments, contrary to what happened in other places [6]. The
contrast between the small number of paintings in which arsenic sulphides were identified
and the extensive references to them in treatises on pharmacy [17] leads to the conclusion
that their use in Portugal was mainly for medical purposes.
Regardless of the doubts about the origin or the preparation form of the pigment
used by Pedro Nunes, the results obtained are sufficiently clear to show the importance of
the case.
First of all, this painting contributes to the knowledge of the diversity of materials
actually accessible to artists in Portugal, particularly in a period when Northern European
influences had given way to predominantly Italian influences. Besides adding another
example to the small number of known cases of arsenic sulphide use in the country, it is
the first in which an artificial form is identified.
From a European perspective, the use of arsenic sulphides in large areas, as happens
in this painting, in a way is closer to the Italian practice exemplified by Tintoretto’s work
and enriches the perspective on regional diversities, even if the data are still insufficient to
understand what the situation really is. This case shows that in the Mannerist period, the
influences of the main artistic centres in peripheral areas were not limited to strictly stylistic
features. Or, considering a Baroque sculpture with popular characteristics where an arsenic
sulphide was also used in an extensive area [43], does it integrate a regional tradition not
yet detected? These are questions that this case raises and that deserve investigation.
In any case, this painting contributes to the knowledge of the diversity of artificial
arsenic sulphides used in European painting, a subject about which very little is still
known [25].
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5. Conclusions
In the painting The Descent from the Cross, executed in 1620 by Pedro Nunes, an orange
pigment corresponding to an artificial arsenic sulphide was used to a significant extent.
It is a complex material, formed essentially by a mixture of amorphous materials where
spherical particles, up to 15 µm in diameter, seem to predominate. These particles were
obtained, probably from orpiment, by a process of sublimation and condensation, which
ended up being combined with irregularly shaped particles, possibly resulting from the
residual fraction obtained by solidification and fusion. According to current knowledge
about artificial arsenic sulphides, this is a rare case in European easel painting.
The problems observed on the surface of the painting, which were at the origin of
this material characterisation study, can be explained by the great susceptibility to photooxidation of arsenic sulphides, which, in this case, is evidenced by the alteration of the
pigment particles that is more accentuated on the side closest to the painting surface.
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