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Abstract: Fragments and micro-fragments of painted plasters from the Sphinx Room, recently discov-
ered in the Domus Aurea Esquiline wing (Rome, Italy), were studied. They were respectively taken
from the debris in the vicinity of the walls and from already damaged edges of the decorated walls.
A previous study, mainly based on non-destructive and non-invasive investigations, proved effective
in giving a general overview of the employed palette, allowing the comparison with paintings from
the same palace and other coeval contexts, and also providing some preliminary hints concerning the
pictorial technique. Nevertheless, some issues remained unsolved, concerning the pigment mixtures
(e.g., lead-/iron-based yellow to red colors; copper-/iron-based green/greyish areas), and the a
fresco/a secco painting technique debate. Therefore, cross sections of the above-mentioned fragments
were observed by means of Optical (OM) and Scanning Electron (SEM) Microscopy and analyzed
with micro-Raman spectroscopy and Energy Dispersive X-Ray Spectroscopy (EDS), with the aims of:
studying the paint layer composition through point analysis and mapping of the elemental distribu-
tion; comparing these in relation to what was observed with previously reported non-destructive
analyses; studying the stratigraphy of the painted plaster, focusing on the contact between the plaster
and the paint.

Keywords: mineral pigments; wall paintings; cross sections; elemental maps; SEM-EDS; Raman
spectroscopy; Roman archeology; Domus Aurea

1. Introduction

Nero’s (37–68 AD) Domus Aurea was built by Severus and Celer after 64 AD, and
decorated by the famous painter Fabullus ([1] XXXV, 120). Pre-existing structures impart a
different orientation to the Esquiline wing of the Domus [2]. Room 72/bis was discovered
at the beginning of 2019, during maintenance works in room 72: it was named “Sphinx
room” after the mythological landscape of the North wall.

To our knowledge, investigations on Domus Aurea decorated surfaces were carried
out mainly to address conservation issues [3–7], while the studies concerning the mural
paintings composition aimed at understanding the pigments and painting techniques
employed are very few [5,8–10]. Table 1 summarizes the pigments found in each context.

The previously used approach [10] did not allow to unequivocally identify the paint-
ing technique, and some unclear points remained concerning the pigmenting agents. Even
though lately a non-destructive, complementary, minimally invasive approach is favored
in archaeometric research, with the extensive in situ application of multi-analytical ap-
proaches, it often leaves numerous questions unresolved, such as the painting technique
and the mixtures used [5,8,10,11].
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Table 1. Overview of published results concerning pigments used in Domus Aurea.

Black Red Yellow Blue Green White Purple Brown

Corridor 92 [9] Red ochres/Red lead,
(Cinnabar on Pegasus) Egyptian Blue Green earth

Room 119 [9] Red ochres/Red lead,
Cinnabar Egyptian Blue Cu-green

Gilded vault [8] Red ochres/Red lead,
Cinnabar, Madder lake Egyptian Blue Green earth +

Egyptian Blue
Egyptian Blue +

Anthraquinonic lake
Sala delle

maschere [5] Carbon black Red ochres/Red lead Egyptian Blue Green earth Calcite Lead
white Fe-based earth

Sphinx room [10] Carbon black Red
ochres/Pb-compound

Yellow Ochres/Pb
compound (also in

orange)

Egyptian Blue
+ Gypsum

Green earth +
Egyptian Blue? Calcite Gypsum Red ochres

Magnetite
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A deeper understanding of painted plaster samples from the Sphinx Room of Domus
Aurea is achieved, with optical and electron microscopy, with the contribution from X-rays
micro-analysis and micro-Raman spectroscopy.

The Roman painting technique remains a debated topic as discrepancies are observed
between historical sources such as Pliny and Vitruvius and the analytical results of dedi-
cated investigations [12–17]. The a fresco technique requires a fresh lime mortar, on which
a dispersion of the pigment in water is applied [13]. A variant of this technique (mezzo
fresco) requires the dispersion of the pigment in lime water or lime paste [16,17], applied
on a plaster which has partially dried. In both cases, the binding of the pigment to the wall
is due to calcite. On the other hand, secco painting adheres to a dry plaster thanks to an
organic binder [13]. In the archaeometric literature on Roman paintings, either the question
of the painting technique is not raised and the paintings simply called frescoes [12–17], or
when searched for, the a fresco and a secco techniques are alternately found [18,19]. Con-
cerning Domus Aurea paintings, this aspect was never considered through cross sections
observation. [10] tried to identify possible organic binding media by means of spectroscopic
techniques: Traces of an organic matter were found on few spots and tentatively attributed
to a proteinaceous binder or to microbial biomass, seen the extensive biological attack in
some areas.

The pigments of Roman artists and artisans were mainly of mineral origin, with the
white being calcium carbonate (either calcite or aragonite) or lead white; the yellows ochres,
Pb-containing or As-containing; the reds, browns and purples ochres or the precious
cinnabar and Tyrian purple; the blue Egyptian blue; the greens celadonite/glauconite
or mixtures including yellow, green and blue; the black carbon. A hierarchical use of
decorative materials is assessed in Roman and pre-Roman archaeology: Paintings were
the cheaper option to cover walls, while marbles were the most expensive. Nevertheless,
some pigments, called floridi, were selectively used in important rooms [9,18–20]. The
archaeometric investigation of paintings ([19] and references therein) confirms what known
from literary sources, as Vitruvius (1st century BC [21]) and Pliny (1st century AD [1]).
Apart from variations due to the craftsmen’s skills, local availability, the patron’s wishes
and budget, and the room’s size and purpose, a general common cultural and technical
background is evident [9,18,19,22–26]. In order to identify the pigments, a multi-analytical
approach based on complementary techniques is often beneficial [5,8,9,27–32], with the
availability of portable instrumentation being necessary for minimizing the impact of
analyses on the archaeological record.

In the present work, for the first time, a systematic study of cross sections was carried
out with two specific aims:

• Obtaining new information concerning the painting technique of Domus Aurea, both
observing the boundary between the plaster and the painted layers and studying the
elemental distribution in the various layers, exploiting the unique potential of optical
and electron microscopy in this field [33];

• Confirming and expanding the previous knowledge on Sphinx Room pigmenting
agents, as obtained on samples as such [10].

2. Materials and Methods

The Sphinx room (room 72/bis) was discovered in 2019 in the Domus Aurea complex
while installing scaffoldings in room 72: From a small birch in its northern wall, the
polychrome decorations on white background of a barrel-vaulted room were visible. The
“fourth style” paintings represent on the North wall (Figure 1B-B’) a small temple and a
mythological figure, hence the denomination of the room. On the visible part of the vault
terminating in the East (Figure 1A-A’) and West (Figure 1D-D’) walls—the rest being filled
with soil—anthropomorphic and zoomorphic figures are surrounded by vegetal motives
and enclosed in red frames; on the South wall (Figure 1C-C’), fewer traces of painting
are present. Six fragments were collected from the debris in proximity of the South wall,
B1 and B2 (blue) and BL (black), and of the corner between the vault, the South and the



Minerals 2021, 11, 4 4 of 14

West wall, BR (brown), Y (yellow) and YR (yellow-red) (Figure 1). Three much smaller
fragments were instead sampled from the walls themselves, choosing hidden, already
mechanically damaged edges: R1 (red) and G (green) from the vault and R2 (red) from the
North wall [10] (Figure 1).

Figure 1. Extract of the Domus Aurea planimetry focusing on “Sphinx Room” and relative sections, with photos of the
fragments collected in the debris (B1, B2, BL, BR, Y, YR) and from hidden edges of the paintings (R1, R2, G). Credits for
the sections: A. Blanco, D. Nepi, F.Vozzolo; Copyright of the planimetry: PArCo.

Optical microscopy (OM)

Eight of the nine samples were embedded in epoxy resin and polished with SiC
paper (up to 5000 grit size) to obtain cross sections. Only R2 was excluded due to its
extremely minute dimensions (Figure 1) that did not allow this preparation without the
risk of wasting the pictorial surface. The other samples’ stratigraphy was observed by
means of a Nikon Eclipse E400 POL microscope in reflected light, employing external fiber
optics illumination source.

Scanning Electron Microscopy—Energy Dispersive X-Ray Spectroscopy (SEM-EDS)

The microanalyses were performed using a Tescan Vega LMU scanning electron
microscope (SEM), equipped with an EDAX energy dispersive spectrometer (EDS). Data
were collected focusing the e-beam on the sample at energy of 20–30 kV and a beam current
of 0.2 nA.

All specimens (cross sections and R2 fragment) were made conductive with a graphite
coating, with the exception of sample BL, whose color is due to a carbon-based pigment [10],
which was analyzed without cover in low vacuum mode. Additionally, more detailed
information about the distribution of the relevant elements for each sample has been
achieved by X-ray mappings. Mappings were obtained with an acceleration voltage of
20 kV.

Micro-Raman Spectroscopy

Micro-Raman analyses were carried out using the 50× LWD and 100× objectives of a
Jasco NRS3100 spectrometer. The instrument is provided with a Notch filter and a Peltier-
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cooled (−50 ◦C) 1024 × 128 CCD detector. Two adjustable-power solid-state laser sources
(532 and 785 nm) were used. A spectral resolution of 1 cm−1 is reached (1800 gr/mm
grating), while the minimum lateral and depth resolutions can be as low as 1 µm by means
of a confocal slit. Calibration was checked with the 520.7 cm−1 Raman band of silicon
before each experimental session. The parameters of acquisition were adjusted for each
sample taking into account its color and the arising fluorescence. The power values were
kept between 0.3 and 10 mW, the time between 10 and 60 s and the accumulations between
3 and 100.

3. Results
3.1. Painting Technique

One of the insights of optical and electronic microscopy observations of the eight
samples’ cross sections was on their stratigraphy, with the aim of examining the number
and thickness of pigmented layers, as well as the features of the contact between them,
such as morphology and sharpness.

All this information can be compared with objective microstratigraphic criteria experi-
mentally searched for in order to distinguish between fresco and lime-painting [34]. These
observations lead to the distinction of two groups of samples respectively showing:

• I. More than one pigmented layer (BL and BR);
• II. One pigmented layer (YR, Y, B1, B2, G and R1).

Group I. Concerning the black fragment BL, the optical microscope observation at very
low magnifications (Figure 2a) shows, superimposed on a coarse plaster base, a quite thick
(~5 mm) light red layer. Zooming in on the black pigment, it actually appears constituted
of two black layers one on top of the other (Figure 2a), both of variable thickness, but the
superficial one markedly thinner (~50 µm) than the undercoat (up to ~500 µm). The former
also appears much denser in color, whereas the latter black color appears more diluted in
the plaster medium. The presence of coarse aggregate grains in the undercoat (Figure 2a)
and the indefinite boundaries between the two layers, also remarkable from the SEM-BSE
image of a different portion of the cross section (Figure 2b), which does not highlight any
discontinuity, lead to think that both were applied with the fresco technique.

The case of the brown sample BR is somehow analogous, since it exhibits a thick
(~350 µm) and coarse light brown undercoat covered by a much thinner (~70 µm) and
denser coat (Figure 3a). Once again the fresco technique can be hypothesized: The SEM-BSE
observation does not exhibit any carbonation surface between the layers [34] (Figure 3b).
Moreover, the chemical map of iron, showing its higher concentration in the most superficial
layer, also highlights its dispersion in the plaster (Figure 3c).

The presence of such pigmented layers underlying the visible pictorial surface is
attested for Roman paintings, generally of red or yellow color, to obtain the desired
shade [14,16,19]. The last application of plaster, i.e., the ground of the paint, could use a
mixture in which fine ochre was added [16].

Whereas the grey and light brown undercoats in BL and BR samples, respectively, are
clearly applied on purpose, the intentional coloration of the light red layer in the black
sample cannot be ascertained. Iron could not be found in detectable concentrations, which
could mean that its quantity might be very limited and accidental.

Group II. All the other cross sections show one single pigmented layer. Within this
group, clear differences between the samples emerged from the microscopic observations.
The yellow (Y) and yellow-red (YR) samples are similar (Figure 1); the latter was cut in
correspondence of a tiny red speck of color adjacent to the yellow one (Figure 4c). In both
cases, the optical microscopy observation neatly highlighted (1) the variable thickness of
the pigmented surface following the shape and unevenness of the base (Figure 4a), (2) the
gradual dispersion of color in the plaster, and (3) the total absence of a true pictorial layer
with a clear boundary (Figure 4a–c). The penetration of color through a fresh plaster is also
evident from the iron distribution map of sample Y (Figure 4d).
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The results are different for the other four samples, all showing a sharp contact
between the base and the pigmented layer.

The blue samples (B1, B2) clearly exhibit a bright white layer (~10 µm thick) on the
surface of the plaster and underneath the painting [34]. It is visible both in the optical
microphotographs (Figure 5a) and in the SEM-BSE ones (Figures 5b and 6b); furthermore,
the calcium distribution map highlights a higher concentration of this element in corre-
spondence of this interface (Figure 5c). This can be therefore interpreted as the carbonation
surface of the dry substrate before the pigment application (mezzo fresco). Lime-paint
technique employ can be hypothesized. The other expected Ca-rich layer on the outermost
surface, which would unequivocally point at this technique [34], is more evident in some
areas of B2 sample (Figure 6c). Natural alteration processes could have caused the erosion
of the first few micrometers of surface and could explain its discontinuity or its absence in
other samples.
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It must also be remarked that, in correspondence of the intermediate carbonation layer
a discontinuity surface is formed, and a fracture can become visible in SEM-BSE images
following its profile (Figure 6c).

The dark border visible in the SEM-BSE microphotographs of green (G) and red (R1)
cross sections could be ascribed to a discontinuity surface (Figure 7b,d, respectively). This
sort of contact line is attested in the literature for Byzantine wall paintings and assigned to
the application of paint on a dry wall [35], probably also in this case with lime binder, as
inferable from the Ca-rich line sometimes visible on the top. The sharp contact between
the pigmented layer and the substrate is evident also in OM images (Figure 7a,c) and in
the iron distribution map (Figure 7e), especially if compared with those of the samples
classified as a fresco (Figure 2a, Figure 3a,c and Figure 4). Actually, in Figure 7d, a double
border is visible, probably ascribable to two separate interventions.
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3.2. Pigmenting Materials

Micro-Raman analyses on the surface layer of the black sample BL are reported in [10].
The presence of carbon-based black was also ascertained by SEM-EDS point analyses.
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These were carried out on the uncoated sample, using low vacuum. As carbon is present
both in the pigment and in the carbonatic plaster, a 4-point transect was acquired, and the
variation of carbon and calcium peak intensities observed from EDS spectra. As expected,
calcium is at its highest in the unpigmented plaster (Figure 2c, Spectrum 1); calcium and
carbon are both present in the grey undercoat (Figure 2c, Spectra 2 and 3), with calcium
diminishing drastically in the top layer, where carbon is conversely higher (Figure 2c,
Spectrum 4). Therefore, a carbon-based black pigment has been used in both layers.

Sample BR shows a brick-red shade both on the surface layer and in some large
crystals in the thick light red underlayer. The iron distribution from EDS maps (Figure 3c)
clearly shows an iron-based pigment for these similarly colored areas. The Raman spectra
acquired on these grains all show similar features: Spectrum BR (Figure 8) is the average
of 3 points. The broad bands at 350, 497, and 637–717 cm−1 can support the identification
of maghemite γFe2O3 [36–39]. Maghemite is a yellowish brown compound, which has
been reported to form by heating of lepidocrocite γFeO(OH) [37]. As Raman spectra were
acquired with 10 mW of a 785 nm laser, this option has to be considered.
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Both samples Y and YR show iron in the pigmented areas as depicted by SEM-EDS
analyses (Figure 4d). From micro-Raman analyses, the spectrum of goethite α-FeOOH can
be recognized by bands at 204, 300, 393, and 555 cm−1 [37] (Figure 8, spectrum Y). Moreover,
both samples interestingly show the presence of dark crystals (Figure 4c), which were
identified as pyroxene, diopside CaMgSi2O6 or augite (Ca,Mg,Fe2+,Fe3+,Ti,Al)2(Si,Al)2O6,
thanks to the bands at 327, 389, 662, and 1005 cm−1 [40] (Figure 8, spectrum YR).

The red iron-rich pigment was identified as red ochre in the red portion of sample
YR, as well as in samples R1 and R2. The bands of hematite α-Fe2O3 are recognized at
227, 298, 413, 500, 614, 670 cm−1 [37]. Moreover, sample R2 (spectrum R2, Figure 8) from
the North wall also shows the main Raman bands of barium sulphate BaSO4 at 988 cm−1

and of calcite at 1087 cm−1 [41], as well as the X-ray lines of Al, Si, S, Ca, Ba, and Fe.
Iron-rich clay minerals are present in the carbonated layer. Ba and S, whose presence was
already highlighted in [10], are present on the surface of the painted plaster in the form
of platelet-like BaSO4 crystals (Figure S1). Barium sulphate has also been identified in
sample BR by EDS analysis. This compound could be linked to wall constituents or to
environmental contamination associated with bio-induced precipitation [10].
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The green sample G clearly shows the use of a mixture of pigments, as also blue grains
are visible in the OM photo (Figure 7a). Green paint layers are often complex mixtures,
where green earths are mixed with other pigments, such as yellow ochres (which contain
both iron oxi-hydroxides and aluminosilicate clay minerals), other iron-rich green minerals
such as serpentine, and/or copper-containing pigments (Egyptian blue or green, which
are silicates; malachite) [42]. The discrimination between glauconite and celadonite is
possible using infrared or Raman spectroscopies, XRD, and chemical data [42–44]. Ratios
among Na, Mg, Al, Si, K, and Fe elemental contents have been used to propose criteria
for discrimination [42–44]. The acquisition of good quality Raman spectra on green earths
is not straightforward on archaeological samples [41], and the EDS point analyses are
likely to simultaneously detect the elemental signatures of the various components of the
inhomogeneous pigmented layer, therefore, hampering the quantitative information on
the composition of the analyzed point. The distinction between glauconite and celadonite
remains unclear [42].

The elemental distribution from SEM-EDS (Figure 9a) shows the elements Cu, Fe and
K: the first corresponds to blue grains in OM images (Figure 7a), while the other two are
associated in the green matrix and are considered markers for green earths [45]. The blue
grains were successfully identified as Egyptian blue thanks to Raman bands at 428, 473, 569,
1008, and 1083 cm−1 [41,46] (Figure 8, spectrum G). The band at 279 cm−1 is interpreted as
a calcite vibrational mode, whose ν1-symmetric CO3 stretching overlaps with the band at
1083 cm−1 of Egyptian blue [47].
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The correspondence between the distribution of blue particles in OM images (Figures 5a
and 7a) and the copper distribution from SEM-EDS maps (Figure 9) is evident.

Egyptian blue is recognized also on sample B2 (Figures 8 and 10). The simultaneous
presence of silicon, calcium and copper in the EDS spectra on the blue areas suggests the
presence of cuprorivaite and of other non-stoichiometric compounds associated with the
production process of Egyptian blue [46,48–50]. The intensity ratios between these elements
have been demonstrated to vary, as cuprorivaite and non-stoichiometric compounds are
formed according to fabrication processes [50,51]. On the other hand, the darker area
indicated as 1 in Figure 10 has a different composition, including also Na, Mg, Cl, K, and
Fe. This has been interpreted in literature as a glassy phase of blue color, formed in the
production of Egyptian blue, which suggests a specific recipe based on alkali flux, possibly
natron (Na2CO3·10H2O), together with costal plant ashes [46,48,49]. The Raman spectra
B2–1 and B2–2 in Figure 8 correspond to point 2 analyzed by EDS in Figure 10. The Raman
bands of Egyptian blue are clearly visible, and display the doublet at 358–376 cm−1, which
is attributed to polarization effects and not to manufacturing processes [46,50].
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4. Discussion

Concerning the painting technique, varied results emerged from the optical and
electron microscopy observations: Some samples showed one (Y, YR) or more (BL, BR) a
fresco pigmented coats, some others, a unique lime paint pictorial layer (B1, B2, G, R1).
Being most of this sampling forcefully coming from the debris, here it is not possible to
refer the different techniques to specific spots of the paintings, also given that there is
no connection between them and the areas of collection, neither there is with their colors
or employed pigment. All this taken into account, together with the small number of
investigated samples, it can be deduced that a variety of painting techniques could be used
in the same room, obtaining different pictorial effects even if starting with the same raw
materials.

Indeed, the palette identification did not reflect the techniques variety and mainly
confirmed the results reported in [10]. Egyptian blue, carbon-based black, red, and yellow
ochres usage was ascertained. On the other hand, the knowledge on the composition
of almost all the colors was considerably deepened. For brown, iron oxides different
from hematite were found: previously, magnetite was identified [10] and in this work
maghemite, which could constitute the laser-induced heating product of lepidocrocite.
The presence of green earths in the green sample was better ascertained and the addition
in the same of Egyptian blue was found. This mixture has been revealed in numerous
contexts [43,52], including Domus Aurea [8]. The observation and analysis of the blue
sample B2 resulted in the detection of a glassy phase as residual of the pigment production
and of its manufacturing recipe [46,51]. Pyroxenes presence was revealed in both yellow
layers. As they are not used as pigmenting agents, they are most likely related to the plaster:
Diopside has been found in Pompeii in the preparation layers of yellow and red paint [53].
Even though Pb-pigments were used in some areas of the Sphinx room decoration [10], the
available samples did not allow to identify them neither with Raman nor with SEM-EDS in
the yellow and red shades.
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5. Conclusions

In the balance between non-invasive and destructive or micro-destructive cultural
heritage investigation, cross sections study can result vital for wall paintings, both for the
observation of layers and boundaries and for their analysis [11]. This study allowed to
widen the knowledge on the range of solutions and materials used by Roman artists and
artisans to apply polychromy on walls, and specifically in the Domus Aurea exceptional
context.

A variety of painting techniques has been highlighted by cross-section observation,
both with optical and electron microscopy, encompassing one or more a fresco layers, as
well as the use of lime paint. It appears therefore that, in the same room, different painting
techniques were employed.

As the pigmenting agents are concerned, the general palette of the Sphinx Room is
composed of Egyptian blue, carbon-based black, red and yellow ochres, and green earths.
Interesting results were obtained by the combination of elemental and molecular analyses
on cross sections, namely, the presence of elemental markers for Egyptian blue fabrication
(Na, Cl), the addition of Egyptian blue to green earths in green areas, and the detection of
the iron hydroxide maghemite, suggesting the use of lepidocrocite. The two former results
confirm the knowledge on synthetic pigments and on mixtures, while the latter points out
the need for careful analysis of iron-rich pigments, as the range of used materials is likely
wider than the commonly inferred oxi-hydroxides hematite and goethite/limonite.

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-1
63X/11/1/4/s1. Figure S1: SEM-BSE microphotograph of R2 sample, and respective ED spectra,
stacked for clarity.
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