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Abstract: This work is concerned with a multi-analytical identification of the colour palette utilised
in the decoration of the cover of an Egyptian sarcophagus dated to the Late Dynastic Period and
belonging to a private collection. In this study, six different points were analysed with a portable
Raman spectrometer; then, in these same points, six micro-fragments were taken from the sarcoph-
agus for laboratory analysis performed by scanning electron microscopy coupled with energy dis-
persive X-ray spectroscopy (SEM-EDXS), attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) and visible induced luminescence imaging (VIL). Raman spectra collected
in situ showed the characteristic bands of calcite, red ochre and black carbon. SEM-EDXS analyses
highlighted the presence of a copper-based pigment in the light blue, blue and black fragments;
then, the ATR-FTIR spectrum of the light blue sample only displayed the peculiar bands of Egyptian
blue. The latter result was confirmed by VIL analysis, which successfully identified the same pig-
ment in blue-black fragments as well, leading to the possible authentication of the finding. Moreo-
ver, the presence of calcite, red ochre, green earth and some organic material was assessed by FTIR
spectroscopy, confirming some of the results of in situ Raman analyses. Regarding organic materi-
als, whose investigation is still ongoing, some hypotheses were made on the basis of their FTIR
spectra.
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1. Introduction

One of the most compelling and inspiring challenges in archaeometry is the identifi-
cation of pigments in artefacts of historical and archaeological interest [1,2]. Chemical-
physical analyses allow the characterisation of the pigment’s nature and possibly the
origin and the manufacturing techniques employed. This information may enable a geo-
graphical and historical contextualisation.

In fact, the identification of the compounds utilised in the creation of painted objects
of artistic and historical meaning could be crucial, since it can give vital information such
as the painting technique and the availability of natural pigments and/or the capability of
the production of pigments from raw materials and, consequently, information concern-
ing the technological expertise in a particular historical period and the importance of the
patron.
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Furthermore, the characterisation of the materials can also permit the detection of
possible previous restoration or conservation work. In some events, it can even supply
information about the authenticity and/or dating of the artwork. Research studies con-
ducted in this field were able to identify the vast array of colours the ancient Egyptians
had at their disposal [2-8].

Since antiquity, man has given symbolic value to colours, many of which have had
different connotations depending on the era. Throughout millennia, the fascination of hue
has always pushed mankind to search for different natural pigments to be used as colours
and also, since antiquity, to produce pigments synthetically. In old Egypt, the tint was
considered an indicator of the essence rather than the appearance, as evidenced by the
Egyptian word used for “colour” (Iwen) which also means “to be” [9]. In fact, colour’s
symbolism happened to be rigorously established.

It is worth noting that every different shade was associated with a specific, symbolic
meaning. The ritual and social use of colour resulted from theological beliefs, and every
different hue had a precise, cultural value: black, for example, mainly obtained from coal,
or the so-called carbon black pigment, symbolised well-being. It is first connected to the
concept of fertility, and it is no coincidence that the god Osiris is often represented with
black skin referring to his quality as “bearer of fertility”. Black, however, also has another
meaning, namely that of regression and death: often referring to the world of the Under-
world; Egyptian art used to represent the god Anubis and the symbols connected to death
in black. Instead, the colour white used to be considered a symbol of light, purity and
divine quality. In fact, some of the objects that were used during religious ceremonies are
often depicted in white. The most used white pigments were chalk, limestone and huntite,
especially because they were abundant in Egypt [6,10].

In this context, because of the well-known Egyptians technical skills, it does not ap-
pear weird that the production of Egyptian blue, which is supposed to be the first syn-
thetic pigment in recorded history, began around 3000 BC; moreover, it had been the most
widely used pigment in Egypt from the early dynasties until the end of the Roman era
[11,12].

Besides Egyptian blue, other pigments used to obtain blue shades were lapis lazuli
and azurite. This colour was also a symbol of fertility for the ancient Egyptians due to the
close relationship between water and life. Light blue also played an important role in
paintings; in fact, it is often present in the decorations of funerary architecture; the ceilings,
painted in light blue and sometimes sprinkled with stars, represented the glittering fields
that the deceased would reach after death.

Another shade of fundamental importance for the ancient Egyptian civilization was
green, commonly obtained from green earths or from malachite [13,14]. Another way to
obtain green pigments was through synthesis (Egyptian green) or from blue and yellow
pigment mixtures. Green represented the colour of growth and life, as well as resurrec-
tion. As evidence of this, the god Osiris was often depicted with green skin, as he returned
to life after death. The green colour, even in many other cultures, has always been associ-
ated with magic; it is the colour that has strong therapeutic powers since it refers to the
virtues of healing herbs that give youth and immortality.

As far as the yellow colour is concerned, it symbolised the concept of indestructibility
and eternity. Not surprisingly, it is the colour of the sun and gold with which the Egyp-
tians used to paint the gods’ skin. Given the great availability throughout the territory,
the most widely used yellow pigments were a variety of yellow ochres [14,15].

Finally, another widespread colour, once again associated with a symbolic meaning,
was red. This colour, mainly obtained by using red ochre, contained within itself a partic-
ular magical charge, beneficial or maleficent according to the situation. On the one hand,
it represented victory and life; on the other hand, it was synonymous with destruction,
divine anger and danger [9,16].

As a consequence of what was described above, the Egyptians’ palette consisted
mainly of white, red, yellow, blue, green and black. For painting, the pigment would have



Sustainability 2023, 15, x FOR PEER REVIEW 3 of 17

first been ground and then diluted with water or, depending on the support, with oils,
egg whites, gum arabic or resins [14].

The symbolism of the colours described above allows us to understand why Egyptian
pictorial art is often associated with funerary art, where the purpose of the rich religious
decorations was to make the afterlife of the deceased more comfortable.

In recent years, a wide selection of Egyptian artwork and remains were studied and
characterised by means of instrumental methods, especially those that are non-destructive
or micro-invasive [2,3,6,17-21]. In particular, the characterisation of painting materials is
commonly performed by means of different analytical techniques and, most often, the
achievement of a comprehensive identification of the painting techniques and palettes in-
volves both elemental analyses and spectroscopic techniques.

Several studies can be found in the literature reporting how Raman spectroscopy,
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) and scan-
ning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-
EDXS) are of great help in the characterisation of various materials and especially ancient
pigments [1-3,15,22-28].

In the context of this field of research lies the present work; we wanted to identify the
colours utilised for decorating the cover of an ancient Egyptian wooden anthropomorphic
sarcophagus, belonging to a private collection. The coffin is made of cartonnage (57 x 38 x
17 cm) and is attributed to between the XXVI and XXX dynasties. The sarcophagus is de-
fined as anthropomorphic because it depicts the likeness of the deceased. In fact, with the
development of the Osirian cult, the appearance of sarcophagi begins to bear the features
of the god Osiris with whom the deceased was identified, which is why his face is green.
This cult begins to develop from the XVII dynasty (during the Second Intermediate Period
1759-1539 BC) and continues throughout the New Kingdom (1539-1077 BC) [29].

The study had the main goal of helping to determine the authenticity of the archaeo-
logical find and, furthermore, testing our instrumentation with the aim to evaluate it for
an in situ measurement campaign to be performed directly at an important excavation site
in the surroundings of Aswan (Egypt).

The artefact was analysed though a multi-technique method that employed SEM-
EDXS and vibrational spectroscopies, such as ATR-FTIR and Raman (also in its transport-
able application). To better disclose the composition of blue pigments, visible induced lu-
minescence (VIL) was also utilised. In fact, photo-induced luminescence methods, among
which there is the just-mentioned visible-induced infrared luminescence, are able to play
a key role in identifying old materials that are luminescent [30].

The VIL technique, in particular, can be used to detect Egyptian blue since this pig-
ment, if lit up with visible light, has a peculiar and particularly intense luminescence emis-
sion in the near infrared region (at about 910 nm) [31].

This technique, which is relatively new, results in a particularly useful tool in the
field of archaeological paintings, especially in its imaging version. In fact, its peculiar sen-
sitivity to Egyptian blue, its non-invasive approach, as well as the possibility of exploring
wide areas, makes of VIL one of the most powerful techniques for the detection of that
blue pigment in ancient artefacts [32].

This multi-technique approach allowed for the complete characterisation of the pig-
ments used to decorate the coffin cover. Moreover, some preliminary information about
the presence of organic substances in the pictorial layers was achieved, in addition to some
hypotheses about their nature.
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2. Materials and Methods
2.1. Samples

In this study, six different points of the Egyptian coffin cover were non-invasively
analysed with a portable Raman spectrometer and then. from these same points, six mi-
cro-fragments were taken for laboratory analysis (Figure 1). The first analyses were per-
formed in situ, meaning directly on the coffin’s surface at the collector’s place.

(a)

Sample 4

Sample 5

Sample 6

Figure 1. (a) Distribution of the six points analysed in situ. From (b) to (g) 3x magnified image of
the six collected samples taken from the points evidenced in (a): (b) blue sample 1; (c) red sample 2;
(d) green sample 3; (e) white sample 4; (f) black sample 5; (g) light blue sample 6.

Sampled points are representative of the whole colour palette of the artefact’s cover,
appearing blue, red, green, white, black and light blue (Table 1). Figure 1 shows also the
samples observed under the stereomicroscope (3x magnification).

Table 1. List of investigated samples.

Sample Colour Length Description
1 blue 0.5 cm white layer underneath the paint layer; inhomogeneous pigment colour.
2 red 0.3 cm white layer underneath the paint layer; homogeneous pigment colour.
3 green 0.4 cm inhomogeneous pigment colour.
4 white 0.4 cm unique white fragment with homogeneous colour.
5 black 0.4 cm white layer underneath the paint layer; slight dark blue hues.
6 light blue 0.2 cm white layer underneath the paint layer; distinct single grains.

Sample 1 was taken in the area near the head, in the posterior part of the sarcophagus
near a gap. It is a fragment of about 0.5 cm in length, dark blue, almost black. It can be
understood just by observing it macroscopically (Figure 1b)—which also concerns many
other subsequent samples —that the sampling involved not only part of the pigment but
also part of the underlying substrate (cartonnage).

Sample 2 came from the left side near the shoulder of the anthropomorphic sarcoph-
agus. The size of the red sample is about 0.3 cm. Moreover, in this case, the fragments
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show the red colour due to the pigment on one side, and a substrate bearing a white col-
our.

Sample 3 was collected from the left side of the dress of the anthropomorphic sar-
cophagus. The sample consists of a dark green inhomogeneous fragment with a length of
approximately 0.4 cm.

Sample 4 is also from the left side of the sarcophagus, but in the more central area of
the body (see Figure 1). The sample consists of a fragment approximately 0.4 cm long. It
is almost homogenously coloured on all sides, as the point from which it was taken is
white, just like the substrate from which it came.

Sample 5 was taken on the left side of the sarcophagus as well, in a black area of the
dress’s decoration. The sample consists of a fragment approximately 0.4 cm long.

Sample 6 is from the lower part of the sarcophagus body. The fragment is approxi-
mately 0.2 cm long and is characterised by a very intense and vivid light blue colour where
distinct grains are observed. These appear similar to small shards of glass.

2.2. Instrumental Techniques

All the in situ Raman measurements were carried out by a BWTek i-Raman EX port-
able spectrometer provided with a fibre optic probe and a 1064 nm Nd-YAG laser source.
The spectra were obtained as an average of 20 scans, with spectral resolution of 4 cm™,
and in the range between 200 and 2000 cm. The time required for each measurement was
about 20 s.

The identification of the pigments was obtained by comparing the spectra recorded
on the sarcophagus with the ones present in our personal database of reference spectra or
with those found in the literature [4,17,33].

The observations of the pictorial textures of the samples were performed by optical
microscopy (model ST-30B-2L, Sicher, Milano, Italy).

The semiquantitative determination of the elemental composition of the pigments
was carried out by means of SEM-EDXS. Two different instruments were employed: a
Hitachi TM-1000 scanning electron microscope, equipped with a backscattered electrons
detector (BSE) and an energy dispersive X-ray spectrometer (Oxford Instruments
SwiftED), and a Hitachi TM-4000 instrument, equipped with detectors for backscattered
(BSE) and secondary electrons (SE) and with an Oxford-AztecOne EDX microprobe.

SEM-EDXS examinations were performed on the fragments as such under low vac-
uum conditions. Indeed, none of these measurements required a coating application.

The shards were placed on the holder with double-sided tape. The Hitachi TM-1000
instrument was utilised to carry out both the morphological analyses of the surfaces with
a backscattered electrons detector and the qualitative and semi-quantitative determina-
tions as well, whereas the Hitachi TM-4000 one, because of its peculiar spatial resolution,
was used to investigate the samples in detail and also to map elements’ distributions. On
each sample, the values of the semiquantitative SEM-EDXS analyses were obtained as the
average of three to six measurements on different areas, depending on the sample’s size.

Subsequently, investigations were also carried out by means of ATR-FTIR to better
highlight the nature of some of the pigments. These analyses were performed with a port-
able FTIR spectrometer (PerkinElmer Spectrum Two) coupled with an ATR accessory
(UATR Two). The spectra have been acquired on micro-grains of the various pigments in
the range of 4004000 cm™ and with a 4 cm™ resolution. Each spectrum was acquired with
64 scans. Moreover, in this case, the identification was performed by comparison of the
spectra of the samples with the ones from our reference materials or found in the literature
[34,35]

Finally, visible induced luminescence (VIL) was employed as a further tool for pig-
ment recognition. The VIL investigation was carried out using a central emission LED
source at 640 nm, with an emitted power of 5 W. The acquisition system includes a Sam-
sung NX500 multispectral camera with a Tefnon inverted lens (focal length 28 mm and
aperture 2.8 mm) which features a high pass filter at 850 nm.
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3. Results
3.1. In situ Analyses
The direct investigation on the artifact was initially made by Raman spectroscopy.
In the lower part of Figure 2 (Figure 2c), the characteristic spectrum of carbon black
(sample 5) is shown, where the typical bands at 1580 and 1300 cm™ are evidenced by cir-
cles [25]. The other spectra reported in the same box were taken, respectively, on the red
sample 2 (Figure 2a) and the white sample 4 (Figure 2b); in both cases, just calcite (CaCOs)
was identified, because of the characteristic bands at 1085, 711 and 288 cm™ evidenced by
asterisks in the figures [33].
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Figure 2. Raman spectra of: (a) red sample 2; (b) white sample 4; (c) black sample 5; (d,e) light blue
sample 6; (f,g) green sample 3; (h) blue sample 1. Asterisks indicate calcite peaks, circles carbon
black peaks, triangles huntite peak.

It is worth underlining that, in spite of using a Raman portable device equipped with
a NIR laser source, all the spectra showed an intense fluorescence background. In fact, this
problem did not allow the clear identification of the characteristic peaks of any red pig-
ment in sample 2.

In samples 1, 3 and 6, with Raman analysis, it was only possible to verify the presence
of calcite because of the aforementioned fluorescence background (Figure 2). However, it
is also interesting to stress the probable presence of huntite (CaMg3s(COs)4) in samples 1
and 6 as they showed a Raman band at 1120 cm™, typical of the mineral (Figure 2e,h); the
latter, since diffusely found in ancient Egyptian lands [36] and therefore often used in
Egyptian art, appears as a bright white pigment [10]. In this case, those white components
could be considered either as pigment or an integral part of the substrate together with
the detected calcite. In fact, some of the analysed points were quite ruined; it is possible
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that both the fluorescence and the bands of the mentioned white substances were due to
the contribution of the carfonnage support of the paint.

3.2. Laboratory Analyses

The elemental analyses allowed the detection, on all the samples, of a high percentage
in calcium, silicon, aluminium, magnesium and potassium, possibly due to the presence
of a calcareous/siliceous matrix mixed with the pigments. However, each sample pre-
sented a characteristic composition pattern deriving, as later confirmed by the FTIR and
VIL analyses, from the pigments on the surface.

The results of the semi-quantitative chemical analysis obtained by means of the Hi-
tachi TM-1000 SEM-EDXS are described in Table 2. The values are normalised to 100%.

Table 2. Percentage by weight (wt%) of the elements in the analysed samples.

Sample Colour Al Ca C1 Cu Fe K Mg Na S Si
1 blue 1.61 62.62 9.54 4.15 4.67 1.9 1.01 3.75 4.67 6.28
2 red 123 82.68 1.58 - 578 1.14 0.65 - 217 476
3 green 1.46 64.26 9.25 0.57 10.30 1.86 1.06 - 575 548
4 white 0.62 89.30 4.78 - - 132 055 - 0.82 261
5 black 4.58 43.48 420 6.50 6.81 3.92 1.04 2.37 6.22 20.89
6 lightblue  0.59 66.89 4.76 3.48 2.80 0.67 - 0.71 4.49 15.62

In samples 1, 5 and 6 the presence of copper is relevant (above 4%), suggesting the
presence of a Cu-based pigment.
As an example, the EDX spectrum of the black sample 5 is reported in Figure 3a.

(a)

X800 100 um

10 12 14 16 18 20
Full Scale 113 cts Cursor: 0.000 ke

(b) Ca

6 8 10 12 14 16 18 20
Full Scale 2032 cts Cursor: 7.138 (21 cts) ke

Figure 3. (a) EDX spectrum of sample 5 and respective SEM micrograph of the analysed area; (b)
EDX spectrum of sample 2 and respective SEM micrograph of the analysed area.

In Figure 3b, the EDX spectrum obtained on the red sherd (sample 2) and the related
micrograph are shown. It is characterised, aside from the main elements, by quite high
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iron content; the presence of iron and the absence of any other element that relates to a
red pigment, lead to our hypothesising the presence of red ochre (Fe:0s) in that sample.

The elemental analysis of green sample 3 seems to be characterised particularly by
iron, in addition to elements such as potassium, aluminium and magnesium. Given both
the high percentage of iron (10.30%) and the green colour of the sample, those results
suggested the presence of green earth in the sample, in which those elements are typically
present [37-40].

In order to map the elements’ distribution, further elemental analyses were per-
formed by the Hitachi TM-4000 SEM-EDXS instrument.

For example, observing Figures 4 and 5, the morphology of samples 1 and 6 and the
distribution of the detected elements can be seen. Calcium in the black-blue sample 1 was
mainly distributed in the upper part of the picture, which is the part of the fragment where
the preparation white layer arises; sulfur, probably present as sulphate, appeared more
present between the part rich in calcium and the pigment, but, in any case, was wide-
spread on the sample. All the other elements, except for oxygen, were distributed homo-
geneously over the entire surface of the sample and were found occasionally and ran-
domly on the area examined. It is worth mentioning again that all the micro-pho-
tographies and the false colour maps were obtained on the samples; as such, it was not
possible to achieve any stratigraphies.

O K Series Si K Series Cl K Series S K Series

K K Series Fe K Series Cu K Series

500m

Al K Series Mg K Series

Figure 4. SEM-EDXS analysis of sample 1. (a) BSE image; (b) false colour SEM-EDXS map obtained
from the analysis of the sample surface; (c) EDX spectrum obtained from the analysis of the sample
surface; (d) SEM-EDXS map of Ca, O, Si, Cl, S, Al, Mg, K, Fe, Cu.

500um

500um 500um

In Figure 5, it is possible to observe the granulometry of the light blue sample 6. When
observing the sample with the stereomicroscope, it was already possible to see the indi-
vidual grains of the pigment composing the paint film. Obviously, by means of the SEM,
this aspect can be observed in greater detail (Figure 5b), and it can therefore be stated that
the pigment present on sample 6 is composed of individual coarse granules compared to
all other samples; the latter, in fact, presented a more compact surface.
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In addition, one can also observe the heterogeneous distribution of copper on several
points (Figure 5f); it could therefore be hypothesised that this element is indicative of its
use as a chromophore substance on the surface.

100pm

S K Serles CI K Series i K Series

CakK Serles Cu L Series

100pum ' 100pm

Figure 5. SEM-EDXS analysis of sample 6. (a) EDX spectrum obtained from the analysis of the sam-
ple surface; (b) BSE image; (c) false colour SEM-EDXS map obtained from the analysis of the sample
surface; (d) SEM-EDXS map of Si, Ca, Cu, S, Cl, Mg.

Successively, the samples were analysed by ATR-FTIR spectroscopy (Figure 6).

All the spectra were characterised by the presence of calcium carbonate, identified
by the bands at 1403-1430, 871 and 712 cm™!, which allows one to further confirm the
presence of calcite [22,34,41].
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The spectrum of the red sample 2 (Figure 6b) suggests again what was hypothesised
before: indeed, besides the strong bands of calcite, the peaks at 1089 and 1033 cm™! of sili-
cates [34,42] and the ones at 530 and 470 cm™! [15,25,43-45] of red ochre are visible.

Transmittance

3500

3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 6. ATR-FTIR spectra of: (a) sample 1; (b) sample 2; (c) sample 3; (d) sample 4; (e) sample 5;
(f) sample 6. Stars indicate calcite peaks, circles organic material peaks, triangles silicates peaks, plus
ochre peaks, squares green earth peaks and rhombuses Egyptian blue peaks.

In Figure 6c, the ATR-FTIR spectrum of green sample is shown. The characteristic
bands at 1645, 1107, 1027, 792, 469 cm™! confirm the presence of the green earth pigment
[34,46]. More precisely, the bands are associated with silicate minerals characteristic of
both celadonite and glauconite. In fact, both celadonite K(Mg, Fe?")(Fe?, Al)SisO10(OH)2
and glauconite (K, Na)(Fe®, Al, Mg)2(5i, Al)4O10(OH)2 appear to be constituents of green
earth pigment [42]. Celadonite was identified by peaks at 3538, 1645, 1107, 792 cm™!, while
glauconite from peaks at 1027, 469 cm™ [34,47-49].

On the basis of the relative intensities of the peaks, it seems that glauconite was the
main component. In fact, the strongest band in the spectrum is the one at 1027 cm™ of the
just-mentioned glauconite, and it is possibly hiding the celadonite’s strongest peak at 977
cm L,
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The ATR-FTIR spectrum of white sample 4 (Figure 6d) mainly shows the character-
istic peaks of calcite centred at 1404, 871, 712 cm™. Moreover, the characteristic peaks of
silicates around 1035 cm™ are present in the spectrum [34,42].

The spectrum of the light blue sample (Figure 6f) showed the peculiar signals of
Egyptian blue (CaCuSisOn), represented by the typical features with bands at 1159, 1049,
1004, 754, 662, 595, 563, 519 cm™ [1,25,37,50].

The same analysis, performed on the dark blue (Figure 6a) and black samples (Figure
6e), was not as clear as for sample 6. Indeed, in spectrum 6e, only calcite is detectable; in
spectrum 6a, in addition to the bands related to calcite, it is only possible to observe the
peaks related to silicates around 1032 cm™.

Not having identified possible pigments related to the presence of copper in samples
1 and 5, some VIL analyses were performed on all samples. In fact, this technique is well
known to be particularly useful in identifying Egyptian blue [51-53]. In particular, this
pigment is characterised by the high fluorescence band in the NIR spectrum at 910 nm,
excited by visible light at about 650 nm [5,7,54]. VIL has eventually allowed detection of
the presence of Egyptian blue in 1 and 5 samples, as well as obviously confirming it in
sample 6 (Figure 7), proving to be an extremely powerful technique for the identification

of that particular substance; it was effective even in those cases where the other techniques
failed.

II | | Il

(d) l .

(e) (

Figure 7. For each sample, from left to right: visible illuminated image, not illuminated image, and
LED source (640 nm) illuminated VIL image of (a) sample 1; (b) sample 2; (c) sample 3; (d) sample
5; (e) sample 4; (f) sample 6.

Finally, it is important to mention that the ATR-FTIR technique pointed out the pres-
ence of some organic binders in the dark blue sample 1 and probably in samples 2, 3 and
4 as well (Figure 6). Indeed, the spectrum shows bands of the symmetric and anti-sym-
metric C-H stretching mode at about 2926 and 2856 cm™!, the N-H stretching at about 3300
cm™, the amide I at 1649 cm™ and II at 1534 cm™ typical of amides; also, the double bond
C-O stretching at 1730 cm™ and the single C-O bond bending at 1248 cm™! typical of lipids
are present [55,56]. The comparison between the spectrum from the Egyptian sample and
the references found in the literature led to our thinking that the binder could have been
prepared with whole egg or egg yolk, which is suggested by the contemporary appear-
ance of fats’ (such as triglycerides and cholesterol) and proteins’ signals [3,24,57]. On the
other hand, it is not to exclude that the presence of some organic substances” signals was
due to the underlying cartonnage. In fact, to achieve this technique in Egyptian funerary
art, scraps of linen or papyrus were stuck together with plaster or resins and used to make
sarcophagi and mummy masks. After the material dried, it could be painted or gilded
[58,59]. The presence of all these organic compounds in almost all of the samples also gave
reason for the intense fluorescence background described previously.
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In Table 3, the results are resumed. The elements detected in the SEM-EDXS analyses,
the peaks of the ATR-FTIR and Raman spectra are reported. Moreover, a tick denotes
where VIL analyses were performed.

Table 3. SEM-EDXS, ATR-FTIR, Raman and VIL results.

Sample Colour SEM-EDXS (Elements) ATR-FTIR Peaks (cm™') Raman Peaks (cm™')  VIL
organic material 3295, 2920, .
Ca, Si, C1, S, Fe, Cu, Na, AL K, 49, 1627, 1538, 1047 COlcite 108,288
1 blue X v
Mg calcite 1410, 872, 711 huntite 1120
silicate 1032
organic material 2923,
2851,1798
2 red Ca, Fe, 5i, S, Mg, Cl, Al K calcite 1395, 871, 712 calcite 1085, 711, 288 \/
silicate 1089, 1033
red ochre 530,470
organic material 2917
3 green  Ca, Fe, Si, S, Cl, Al, K, Mg, Cu —aite 1410, 872, 713 calcite 087,282
green earth 3538, 1645, 1107,
1027, 792, 469
organic material 2932, 1727
4 white Ca, Si, Cl, S, K, Al, Mg calcite 1404, 871, 712 calcite 1087, 714,284 ~
silicate 1035
5 black Ca, Si, S, Fe, Al, Cu, K, C], Na, calcite 1427, 874, 712 carbon black 1580, \/
Mg 1300
calcite 1406, 872, 712, calcite 1088, 282
6 light blue Ca, Si, S, Fe, Cl, Cu, Na, K, Al \/

Egyptian blue 1159, 1049,

huntite 1119

1004, 754, 662, 595, 563, 519

4. Discussion

In Table 4, a summary of the results is shown. All the elements/compounds that were
identified by means of each analytical technique and each sample, together with the pro-
posed pigment, are reported.

Table 4. Summary of the results obtained by means of the different instrumental techniques.

Sample Colour SEM-EDXS ATR-FTIR Raman VIL Composition
1 blue Cu-based pigment calcite, 5111.cates, calcite, huntite Egyptian Egyptian blue + organic binder
organic bue
calcite, silicates,
2 red Fe-based pigment red ochre, or- calcite - red ochre + organic binder
ganic
3 green Fe-based pigment calcite, gree?l calcite - green earth + organic binder
earth, organic
4 white Ca-based pigment calcite, 5111.cates, calcite - calcite + organic binder
organic
5 black i calcite carbon black Egyptian carbon black+ ngptlan blue + or-
bue ganic binder
light . calcite, Egyptian . ., Egyptian . -
6 blae Cu-based pigment blue calcite, huntite bue Egyptian blue + organic binder




Sustainability 2023, 15, x FOR PEER REVIEW 13 of 17

Based on the obtained results, it can be declared that the materials employed for the
painting of the sarcophagus involved mainly the use of natural pigments, besides the syn-
thetic Egyptian blue.

Indeed, in addition to mineral calcite and (possibly) huntite used as both white pig-
ments and as extenders, red ochre, green earth and carbon black were utilised for the cor-
responding colours.

As previously mentioned, the samples were analysed as such, and no polished sec-
tions were prepared. Nevertheless, some considerations can be made, particularly about
black-blue and white fragments.

First of all, in the white sample 4, no specific pigments were found, barring calcite,
whereas some huntite was found in black-blue and light blue samples. This led to our
thinking that calcite could either have been used as a white pigment or that its presence
on the white sample was due the white preparation layer. Following that hypothesis, the
white parts of the sarcophagus could be obtained not by painting with a white pigment,
but instead using the so-called a risparmio technique, which consist of leaving the back-
ground uncovered instead of building up the colour.

Furthermore, since the first observation of the black-blue samples 1 and 5 under the
stereomicroscope at 3x magnification, it was possible to see that the samples were the re-
sult of a mixture, or, better still, a superimposition of more pigments, because the samples
appeared to be black with some blue undertones.

In fact, after having found carbon black with in situ Raman analyses, just SEM-EDXS
evidenced copper as a possible source of some blue shade, whereas FTIR did not find any
traces of blue pigments. In this case, VIL was a necessary tool for disclosing the underlying
Egyptian blue layer of those samples. It is to be stressed that the identification of that
pigment with VIL was possible because of the great extent of the fluorescence in general,
which gives an incredibly low detection limit to the technique compared to other spectro-
scopic methods, especially because of the peculiar NIR fluorescence of Egyptian blue. This
made it possible to detect its presence undoubtedly, even if covered with carbon black
painting. In fact, what is extraordinary in fluorescence in general and, therefore, in its near
infrared application as well, is the intensity of its signal compared to the background. The
phenomenon can be observed in Figure 7a,d,f: before the samples were illuminated, just
a dark background was visible (Figure 7, mid pictures); after illuminating the Egyptian
blue particles with the LED, they suddenly shined —this was caused by their own NIR
fluorescence —and appeared as stars in the night sky, since any other molecule/substance
did not shine.

We believe that the overpainting was not completely covering the blue; better still,
there were some imperceptible (by the stereomicroscope observation) cracks/holes on the
black layer, wherefrom the Egyptian blue fluorescence came.

The discovery of that Egyptian blue layer, together with the presence of the same
pigment in the light blue sample, was of foremost importance; it eliminated almost any
possible doubt on the authenticity of the coffin cover. In fact, it is reported in the literature
that the use of Egyptian blue was abandoned in ancient times since the know-how for its
production was lost with the decline of the Roman Empire [60]; Egyptian blue had been
utilised in Egypt from the 3rd millennium B.C. up to the Roman period [12], after which
period the pigment was hardly ever used. It is reported in the literature that the secret to
producing Egyptian blue was lost at some point in the late Roman period [61]. Moreover,
no documented evidence of its production after that period has been found [12].

It is, furthermore, to be stressed that the widespread presence of organic substances
was assessed by FTIR spectroscopy. Especially based on the presence of the peculiar am-
ide I and amide II of proteins and amino acids, our hypothesis was that some protein-
based binder was used for painting, even though it was not possible to establish which
one. The simultaneous appearance of the inorganic substances’ signals probably covers
some additional important bands that might aid in the challenging —but not impossible —
characterisation of the binder through FTIR spectroscopy.
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It might be possible to identify the organic components by performing the analyses
via the GC-MS technique. In fact, some fractions of the micro-samples examined with
FTIR will be part of further research, specifically dedicated to the identification of organic
binders in archaeological findings.

From the point of view of the analytical approach, it has been highlighted that the
portable instrumentation, i.e., just Raman spectroscopy in this case, was suitable for the
identification of calcite and carbon black. The employment of the portable device pro-
vided a rapid and effective overview directly on the sarcophagus for the white and black
colours only, probably because the high fluorescence background covered the majority of
the other substances” Raman signals. Therefore, it was necessary to take some samples
from the cover in order to achieve the characterisation of the pigments with the employ-
ment of laboratory techniques.

5. Conclusions

A multi-analytical approach was applied to study the pigments used for the decoration
of the anthropomorphic sarcophagus. In particular, the combined use of the different tech-
niques allowed for the disclosure of the entire palette employed by the artists.

The instrumental survey highlighted the employment of quite a simple colour pal-
ette, where, apart from Egyptian blue, only earth pigments and carbon black were found.
This result is in accordance with typical Egyptian manufacturing and consistent with the
data present in the literature. Furthermore, it can be declared that the applied strategical
analytical procedure facilitated the rapid and micro-invasive performance of the analyses.

This study has made it possible to gather important new information about the chem-
ical composition of the artifact, which can be crucial for archaeologists and art historians
as well as restorers. In particular, the restauration of these artifacts must be carried out
very carefully, as they are multi-material artworks which often have no finishing layer. In
fact, knowing the painting technique and which pigments have been recognised is vital
for proper cleaning. Moreover, such approaches can provide missing information to art
historians and archaeologists in terms of the artwork authenticity and historical period of
production. Particular attention should be paid to the fact that the pointing out of Egyp-
tian blue, especially under the black layers, strongly leads to the authentication of the
finding.

Further developments of this work may certainly include the validation of several of
the presented hypotheses. Specifically, additional investigations will be carried out to deter-
mine the nature of the binders using other analytical techniques such as gas chromatog-
raphy coupled with mass spectrometry (GC-MS) or high-performance liquid chromatog-
raphy (HPLC). These analyses may unveil the chemical nature of the samples’ organic frac-
tion.
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