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Abstract

clear groupings.

Mosaics, one of the most important decorative artworks in the Roman culture, were usually elaborated with a set of
tesserae joined with lime or others binders to form geometric or figurative decorations. The identification of both
substrate and colored compounds of the tesserae is a challenge for chemists and archaeologists. In this work, two
mosaics present in the House of Gilded Cupids from the Archaeological Park of Pompeii were analyzed in situ by non
destructive techniques. Raman and Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopies were used
for the molecular and mineralogical characterization, and hand-held energy dispersive X-ray fluorescence (HH-EDXRF)
spectrometry and Laser Induced Breakdown Spectroscopy (LIBS) for the elemental analysis. LIBS in-depth analysis
was performed to obtain insights about the thickness of the pictorial layer determining that the thickness of red and
orange pictorial layers was higher than 140 um. The results showed that white tesserae were mainly composed by
calcite, while local black colored volcanic rocks were used to manufacture black tesserae. Red and orange tesserae
were composed by a calcite-based matrix with a hematite pictorial layer applied over it. Orange color was obtained
by diluting hematite in the calcite matrix. Principal component analysis (PCA) of the XRF data was performed to
observe differences and/or similarities between the analyzed mosaics; the samples projection of the PCA showed

Keywords: Pompeian mosaics, X-ray fluorescence spectrometry, LIBS, Raman spectroscopy, Diffuse reflectance
infrared Fourier transform spectroscopy, Local black colored volcanic rock

Introduction

Pompeii preserves one of the most important archaeo-
logical remains of the world. In this Archaeological
Park sculptures, relics, jewellery, paintings, and mosa-
ics, among many other archaeological records can be
found. Nowadays many of the recovered artworks and
objects are stored in the Naples National Archaeologi-
cal Museum (MANN) for their correct preservation. In
the literature, there are works dealing with the analysis of
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pigments and wall paintings conserved in this museum
[1-6], but there is a lack of works about mosaics in com-
parison with other archaeological records.

When the Romans conquered the region of Greece
during the second century BC, mosaic works were
already common in the Greek world. Thereby, the art of
the mosaics easily passed to the Roman culture giving
way to an artistic-industrial genre. It was spread in such
a way that there were almost not houses or Roman vil-
las without mosaics. The Roman mosaics are easy to dis-
cover for archaeologists and so far their number is very
high, but they present a great difficulty of conservation.

In this sense, in the surroundings of Pompeii, specifi-
cally in the Bay of Naples area, a great number of mosaics
were discovered. This area is rich in archaeological sites
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due to the closeness to Mount Vesuvius, because sev-
eral ancient cities were buried after the eruption event
occurred in year 79 AD. Apart from Pompeii, probably
the most famous archaeological park of the area, other
archaeological sites such as Herculaneum or Stabiae can
be found. Many mosaics located in the Bay of Naples
have been analyzed in the laboratory with the purpose
of identifying the materials used for their manufacture
or to determine the provenance of the materials used [7—
11]. Therefore, mosaics can be considered as one of the
most used and important decorative patterns in Ancient
Roman cities, and consequently, also in the Bay of Naples
and surroundings of Mount Vesuvius.

The archaeological excavations carried out in Pompeii
allowed the recovery of mosaics in excellent state of pres-
ervation, but the numerous processes of degradations
that are usually activated in the post-excavation phase
require the application of periodic maintenance treat-
ments. Considering that these deterioration mechanisms
are usually associated with weathering phenomena, the
ideal place to store the mosaics is in museums where
temperature, humidity, etc., are under control.

A mosaic is a pictorial work elaborated with a set of
tesserae joined between them by lime [11] or other bind-
ers to form geometric or figurative decorative composi-
tions. A tessera is an individual piece of cubic form, made
of calcareous rocks, glass or ceramic material [12]. The
ancient artists used to arrange them into representa-
tional designs and geometric patterns. The tesserae used
in Ancient Rome were made of calcareous rocks obtained
from local sources of natural stone, with additions of
crushed brick, tile and pottery creating coloured shades
of, predominantly, black, red, white, blue and yellow [13].
Polychrome patterns were the most common ones; how-
ever monochrome examples are also known [14].

Analyzing individual tesserae in order to know the
composition of the base material, and the compound(s)
responsible to give the characteristic color to each piece,
is an interesting challenge from the chemical and archae-
ological point of view.

In the specific case of Pompeii, nowadays very serious
degradation problems can be identified. For this reason,
many houses of the archaeological site need an analyti-
cal study which could allow the conservators to guide
towards the approach of effective and long-lasting reha-
bilitation interventions. But despite this need, nowadays
it is not possible to collect samples for laboratory analyses
purposes. Therefore, the use of portable analytical instru-
mentation is essential to perform non-destructive in situ
analysis. Raman spectroscopy has been applied in the
last years for the molecular characterization of Roman
mosaics [12, 15—17]. Previous works showed that Raman
spectroscopy not only can be used to characterize the
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base material, but also to identify colorants and opacifi-
ers present within the matrix mosaic tesserae [18]. Apart
from those, mosaics from other locations around the
world such as Lisbon (Portugal) [19], Guangxi (China)
[20], Daphni (Greece) [21] or Ifrigiya (Tunisia) [22] have
been characterized by means of Raman spectroscopy.
This variety of works evidences the usefulness, powerful-
ness and robustness of Raman spectroscopy in order to
characterize mosaic tesserae, since calcareous, glassy or
mineral-based compounds can be detected by this tech-
nique. For this reason, in this work Raman spectroscopy
was selected as main analytical technique to identify the
used base material and the applied pictorial layer of dif-
ferent colored tesserae.

Apart from Raman spectroscopy, Diffuse Reflectance
Infrared Transform spectroscopy (DRIFTS) can be also
used as supporting technique. The use of DRIFTS to
complement the results obtained by means of Raman
spectroscopy could permit a secure identification of the
compounds present in the mosaic. In the literature there
are not works dealing with the use of portable infrared
spectrometers applied in situ for the characterization of
mosaics. Instead of diffuse reflectance, a spectroradiom-
eter covering the visible, the near infrared, and the short
wave infrared (350—2500 nm) has been used in a previous
work [23].

Regarding the elemental analysis, X ray fluorescence
spectrometry (XRF) could be one of the best options
due to its non-destructive feature and the reliable quali-
tative and/or semi-quantitative information that can be
obtained. In this sense, XRF has been already applied in
the analysis of colored tesserae of mosaics to establish the
compositional major and minor elements. In some works
[11, 12], the composition of white and black materials
used to manufacture tesserae was determined prepar-
ing samples as cross sections and analyzing them using
different benchtop instruments, such as a scanning elec-
tron microscope coupled to an energy dispersive X-ray
spectrometer (SEM-EDS), an XRF spectrometer and
an X-ray diffractometer. In this sense, limestone for the
white tesserae and tephritic lava for the black tesserae
were identified [11]. On the other hand, other research
works [24-26] used portable non-invasive techniques
in order to characterize in situ the materials used in the
decoration objects. Concretely in these latter works [24—
26] some tesserae from a mosaic located in the Domus of
Octavius Quartio (Pompeii) were analyzed with portable
instrumentation obtaining interesting results.

If spectroscopic techniques are selected to analyze
mosaic tesserae, the obtained data can be treated with
statistical tools, such as principal component analy-
sis (PCA), in order to extract more information. PCA
obtained using elemental data (mainly obtained by XRF)



Marcaida et al. Herit Sci (2019) 7:3

have been applied in archaeological analysis, particularly
in trace analysis of ochre pigments [27, 28]. In our work,
this strategy was considered of interest for the analysis of
the elemental composition of the tesserae under study.

Pompeian mosaics have not been deeply analyzed from
a chemical point of view in the literature. In fact, there is
only few works [12, 25, 26] in which the chemical com-
position of some tesserae from Pompeian mosaics had
been analyzed. Therefore, the available information about
the materials used to manufacture the tesserae that were
used to create the final Pompeian mosaics is few. Moreo-
ver, to manufacture colored tesserae it is supposed that
pigments were used. For this reason it is interesting to
analyze both the substrate matrix and the pictorial layer
of the tesserae. These identifications could help to under-
stand more about the custom procedures and materials
used to manufacture Pompeian mosaics.

In this work, to gain knowledge about the materials
used to create Pompeian mosaics, two mosaics exposed
to the open air and suffering the indirect impact of the
rainwater located in rooms E and G of the House of
Gilded Cupids (Reg VI, Ins 16, 7, 38, Archaeological Park
of Pompeii) were analyzed in situ with non-invasive port-
able instruments. Raman spectroscopy, supported with
DRIFTS, was used as the main analytical technique to
ascertain the molecular composition of both the matrix
of the used tesserae and the existing pictorial layers. The
elemental analysis was performed by means of hand-
held energy dispersive X-ray fluorescence spectrometry
(HH-EDXRF) and Laser Induced Breakdown Spectros-
copy (LIBS). The data matrix obtained after XRF meas-
urements was subjected to multivariate analysis (PCA)
to observe similarities/differences between tesserae of
different colors, while LIBS results were used to estimate
the thickness of the applied pictorial layers.

Experimental

The “House of Gilded Cupids”

The House of Gilded Cupids (Regio VI, Insula 16) is one
of the most important houses of the ancient Pompeii due
to the presence of mosaics, magnificent wall paintings
and two shrines (Roman and Egyptian). Moreover, it is
one of the few houses inside the Archaeological Park of
Pompeii (together with the ones of House of Efebo and
the Domus of Euplia) that retain two wall mirrors [29].

Mosaic description
The two mosaics considered in this work are located in
room E and room G (see Fig. 1).

As can be observed in Fig. 1, the mosaics present in
the House of Gilded Cupids show mainly four different
colored tesserae: black, red, orange and white. Regarding
red and orange tesserae, taking the advantage that some
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of them were spontaneously detached, a visual inspection
was performed, observing that the red and orange colors
were obtained applying a pictorial layer (see Additional
file 1: Figure S1). The tessera photographed for this work
was returned to its original position. The combination of
the four different colored tesserae allowed creating a fig-
urative decoration inside a perimetric geometric design
(see Fig. 1).

Taking into account that some restoration works were
performed in the past in order to preserve the mosaics,
with the advice of Archaeological Park of Pompeii, not
intervened areas were selected in order to perform the
analyses. Before performing the measurements, in order
to not affect the analytical results, the tesserae were care-
fully cleaned using a dry paper tissue to remove all the
possible dust and depositions present in the surface of
tesserae.

Instrumental

Portable Raman spectrometer

Raman analysis was carried out using a portable inno-
Ram spectrometer (B&WTEKINC., Newark, USA),
equipped with a 785 nm excitation laser. The laser
power is 350 mW at the source and approximately about
200 mW at the surface of the analyzed sample. The spot
size achieved using the probe was of 85 pm. The instru-
ment implements a controller of the laser power fixable
from 100 to 1% of the laser. The spectral range acquired
was between 65 and 3000 cm™! with a resolution of
4 cm™! at 912 nm. The instrument implements a TE
cooled (—20 °C) back-thinned, 2D binning CCD detec-
tor. Raman spectra were recorded using the BWSpecTM
3.26 software version (B&W Tek Inc.) [30], after a daily
calibration with a silicon chip using the 520.5 cm™
Raman line. The interpretation of the unknown spectra
was carried out by comparison with the collected Raman
spectra of pure standard compounds inside the e-VIS-
NICH dispersive Raman database [31]. Additionally, free
available Raman databases [32] and RRUFF [33] were also
considered for the assignation of the Raman bands. In
total, more than 100 spots were measured during in situ
analyses, in order to guarantee representativeness of the
acquired spectral information about the mineralogical
composition.

Portable infrared spectrometer with a DRIFT sampling
interface

Diffuse reflectance infrared spectra were acquired with
a 4100 Exoscan hand-held FTIR spectrometer (Agi-
lent) using a diffuse reflectance sampling interface. The
Michelson interferometer has a maximum resolution of
4 cm™! and a maximum spectral range of 4000-600 cm ™.

The spectra were acquired under 32 accumulations,
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mosaic placed in room G (down)

Fig. 1 Part of the mosaic under study located in room E with additional details showing black, red, orange and white tesserae (up) and analyzed

with a spot size of around 2 mm. The system has a ZnSe
beam splitter and a DTGS detector. The background was
acquired with a diffuse gold reference cap. In both cases,
analysis and the spectra treatment were performed using
Nicolet Omnic 7.2 software (Madison, W1, USA).

Hand-held energy dispersive X-ray fluorescence spectrometer
(HH-EDXRF)

For the in situ elemental characterization of the mosaics,
an XMET7500 (Oxford Instruments, UK) HH-EDXRF
was used. The instrument is equipped with a Rh tube
working at a maximum voltage of 45 kV. The size of the

emitted X-ray beam is 9 mm. The analyzer includes a sili-
con drift detector (SDD) of high resolution that is able to
provide an energetic resolution of 150 eV (FWHM of the
Mn Ka line). The analyzer contains a PDA to control the
spectrometer and also to save the spectral and quantita-
tive information. In order to determine possible contri-
butions from the set up of the instrument (e.g. detector)
and possible contaminations coming from the XRF ana-
lyzer window, 20 repetitive spectra of an instrumental
blank (a PTFE block) were acquired before each meas-
urement batch. To determine the presence of the heaviest
elements (Z > Ti), the spectra were acquired during 100 s
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(real time) and the voltage and current of the X-ray tube
were set at 40 kV and 15 pA respectively [34, 35]. Addi-
tionally, to remove the “pinches” Bremsstrahlung and 3rd
generation peaks, a 500 pm Al filter was used. In order
to improve the detection of the lighter elements (Z < Ti),
additional measurements were performed without the
Al filter and at lower voltage (13 kV) and higher current
(40 pA). The test time in this case was 35 s for each meas-
urement. See more details elsewhere [36].

Laser induced breakdown spectrometer (LIBS)

Additional elemental studies were performed using the
EasyLIBS IVEA (model Easy 2C) LIBS spectrometer. This
instrument employs a pulsed Nd:YAG laser, with the pos-
sibility of operating in a dual pulse mode, emitting at a
wavelength of 1064 nm. The laser energy per pulse on
the sample is higher than 25 m] with a repetition rate of
1 Hz and 4-5 ns duration of laser pulse. Measurements
were performed with the double pulse mode. An opti-
mized delay time of 50 ps to the laser pulse and a gate
width of 5 ms were employed. Considering that LIBS
measurements produces the ablation of a very thin layer
of material (a micro crater of around 250 pum of diameter
and 5 pm depth), about 30 pulses were performed con-
secutively at the same point of interest in order to evalu-
ate the stratigraphic evolution of the elements (mainly Fe
and Ca) that compose the analyzed matrix. The Easy 2C
model consists of an optic probe that allows focusing the
laser connected to a computer and to three spectrome-
ters, covering ultraviolet (UV, 196-419 nm), visible (VIS,
420-579 nm) and near infrared (NIR, 580-1000 nm)
spectral ranges. The software used for automatic acquisi-
tion, control, visualization and processing of the spectra
was the AnaLIBS version 6.3. The analyses were per-
formed directly placing the sampling interface on the
surface of the tesserae. Taking into account the signal-
to-noise ratio of the collected LIBS spectra, only peaks
whose intensity was greater than a threshold of 0.50 of
the total spectrum (under 150-200 counts) were consid-
ered for line determination.

Results and discussion

Molecular characterization of the mosaics

The different colors (white, orange, red and black) of the
mosaics were analyzed in situ in order not only to obtain
the mineralogical composition but also to understand the
compounds used to give the different colors to each tes-
sera. The discussion of the obtained results is grouped
according to the color of the analyzed tesserae.

Red and orange tesserae
Raman measurements of the red and orange colored
tesserae offered the typical spectrum of hematite as
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shown in Fig. 2 (Fe,Oj; 227, 291, 411 and 609 cm™*
bands [1, 5]) and calcite (CaCOg; 155, 282, 712 and
1086 cm™~! bands [5]).

The use of hematite in Ancient Roman period is
well known and has been widely identified in previ-
ous works. Moreover, its use in Pompeii has been
clearly proven in the literature [1, 4, 5, 37-40]. There-
fore, Raman results suggest that these reddish colored
tesserae were obtained by using hematite red pigment
layer applied over a calcite-based tessera. On the other
hand, the spectra acquired by DRIFT spectroscopy,
only showed the presence of calcite (see Additional
file 1: Figure S2). Hematite is difficult to detect by
means of DRIFTS because the main bands of red iron
oxide are present in the 400-700 cm ™' spectral region.
In this spectral region the energy falls down in the
portable infrared spectrometer, thus it is not possible to
detect any band in this wavenumber region. Thereby it
was not possible to detect hematite by means of DRIFT
portable spectrometer, but its presence in red and
orange pictorial layers was clearly proven by means of
Raman spectroscopy.

White tesserae

White mosaics, however, were composed mainly by
a calcite-based matrix without the application of any
pictorial layer, as shown in the obtained Raman spec-
trum. In Additional file 1: Figure S3 the typical bands of
calcite at 282, 712 and 1086 cm™! [5] can be observed.
In this case no additional colored compounds apart
from calcite were detected, suggesting that the molecu-
lar composition of these white tesserae consisted only
in calcite. As observed in previous works [11, 17], in
Roman white tesserae the presence of calcite-bearing
rock was clearly and frequently identifiable as the min-
eral constituting the substrate. In this case, pictorial
layers were not added to obtain different colored hues.

Raman intensity

500 1000 1500 2000
Wavenumber /cm™?
Fig. 2 Representative Raman spectrum of red and orange colored
mosaic tesserae
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Apart from calcite, gypsum (CaSO,-2H,0) was also
punctually identified (415, 1008 and 1136 cm™' Raman
bands [5], see Fig. 3).

Since the tesserae were subjected to a previous clean-
ing process, this gypsum could belong to a degradation
process that is taking place in the calcite matrix of the
tesserae with environmental factors such as SO, gases
present in the past and current Pompeian atmosphere.
These SO, gases, when oxidised, form H,SO, aerosols
with the rain water that impact mosaics, producing the
degradation process of the calcite into gypsum, which
it is soluble in water. This is one of the most dangerous
degradations due to the fact that it might jeopardize the
structure of tesserae, making possible the loss of material
due to the water soluble gypsum formation. However, the
presence of gypsum was only punctually detected, sug-
gesting that this deterioration process has not affected
the integrity of the matrix. Even so, the presence of this
degradation product should be taken into account and
some protection actions should be considered in order to

Page 6 of 11

protect the tesserae for their adequate preservation. Ele-
mental data acquired by HH-EDXRF revealed also higher
net counts of sulphur in specific areas of the measured
white tesserae (see Additional file 1: Figure S4), reinforc-
ing the molecular evidences about sulphates punctual
presence.

DRIFTS analysis confirmed Raman results since all the
acquired spectra matched perfectly with the DRIFT spec-
trum of calcite standard (see Fig. 4). In this case, gypsum
was not detected. Considering that the presence of this
sulphate is punctual and also that with the DRIFT sam-
pling interface the measured area is higher (2 mm) than
the Raman spot size (85 um), the presence of this sul-
phate at minor/trace level can be diluted in the calcite
matrix measured area giving rise to the non-detection of

gypsum.

415

Raman intensity

1008

1086
1136

300 400 500 600 700 800

Fig. 3 Raman spectrum obtained punctually in white mosaic tesserae

Wavenumber (cm™)

900 1000 1100 1200 1300 1400

Log (1/R)

4000 3500 3000 2500

Wavenumber/cm™?
Fig. 4 Representative DRIFT spectrum of white mosaic tesserae (red) and calcite standard (blue)

2000 1500 1000
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Raman intensity

200 400 600

Raman intensity

Wavenumber (cm"l)

800 1000 1200

mosaic tesserae

200 300 400 500 600
-1
Wavenumber (cm™)
Fig. 5 a Raman spectrum of black colored mosaic tesserae (black) and diopside standard (red) and b another Raman spectrum of black colored

700 800 900 1000

Black tesserae
The acquired Raman spectra of black tesserae showed the
typical feature of a silicate-bearing material (see Fig. 5),
most probably from local black-colored volcanic rocks.
The closeness to Mount Vesuvius completely influ-
ences the topography and the geological composition
of the soils of Pompeii and surroundings. The presence
of volcanic and igneous rocks creates a dark landscape,
because usually the color of this type of rocks is black.
In this sense, diopside (CaMgSi,Og) is a very common
rock-forming mineral that gives black color to many
igneous rocks. Moreover, this clinopyroxene has been
recognised in the composition of the Vesuvian lavas and
pyroclastic materials [41-43]. As can be observed in
Fig. 5a, the obtained representative spectra of the black
tesserae fit with the diopside standard spectrum, con-
firming the presence of this compound widely present
in the tephritic lava from Mount Vesuvius. Apart from
that, feldspar, with the most intense peaks at 481 and
512 cm ™! [44, 45] could be also present in the composi-
tion of black tesserae, as shown in Fig. 5b, in which those
commented bands related to feldspar and others related
to diopside can be observed. Feldspars also represent one

of the main constituent of Vesuvian rocks, therefore its
presence, together with the one of diopside, points out
the local origin of the material used for black tesserae, as
a previous work already have demonstrated [11]. In the
same figure, bands at 665 and 324 cm™! could also sug-
gest the presence of magnetite (Fe;O,) [46].

Apart from the previously identified volcanic com-
pounds, which were extensively detected, in some spots
also leucite was detected (see Additional file 1: Figure
S5). Leucite has also been identified as a ubiquitous com-
ponent in the area of Mount Vesuvius [47], which once
again confirms the local origin of the material used for
the black tesserae.

Elemental characterization of the mosaics

As mentioned before an in situ elemental characteriza-
tion was performed by means of HH-EDXRF to study
possible similarities/differences on the elemental compo-
sition of the colored mosaics. For that, four to nine meas-
urements in different tesserae of the same color were
performed to have a big enough replicate measurements
from each type of tesserae. Thanks to that, representative
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analysis and further chemometric data treatment were
performed.

The multivariate analysis was performed by means
of PCA using the raw net counts of the detected ele-
ments. In previous works [3, 36], a normalization of the
net counts was applied to correct the obtained intensi-
ties against (a) the line of one element that showed con-
stant levels in all the samples or (b) the Compton line.
In this work, two datasets were performed to compare
which one offered the best and most realistic results:
one composed by the raw net counts and another data-
set with the normalized net counts. As the signal of each
element showed high variability depending on the color
of the analyzed tessera, the normalization process gave
bad PCA results with low explained variance, deciding in
this sense to construct the data matrix using the raw net
counts of the Ka line of each element or the La line in the
case of Pb. The PCA obtained using the raw net counts
dataset (23 samples and 17 variables) showed a real and
faithful image of the elemental composition of the mosaic
tesserae, with an explained variance of 72% (see Fig. 6).

As shown in Fig. 6, PC1 divides white, orange and red
mosaic tesserae (placed in the negative part) from those
of black color (in the positive part). The obtained PCA
showed that black mosaic tesserae are the ones with the
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highest level in metals such as Al, Si, K, Ti, V, Fe, Cu,
Zn, Rb, Sr and Zr. Most of these metals are highly pre-
sent in rocks of volcanic origin, particularly from the
Somma-Vesuvius area [41]. Moreover, the presence of
these elements come in agreement with the compounds
identified molecularly by Raman spectroscopy, such
as diopside which is a silicate with magnesium (not
detectable by means of HH-EDXRF) and calcium,
which in the PCA is placed together with white and
orange tesserae since their are composed by a calcite-
based matrix. According to the literature [48], the vol-
canic material and tephritic lava from Mount Vesuvius
is composed by K, Ti, Cu, Zn, Rb, Sr and Zr at minor/
trace levels. Thus, the presence of these elements con-
firm the previous Raman results and demonstrate that
black color was achieved using local black colored
rocks present in the vicinities of Mount Vesuvius.
White colored mosaics presented higher levels of Ca,
P and in a minor extent, Mn. The major element was
calcium as expected, because white mosaic tesserae
were manufactured by a calcite-based matrix, as shown
in the results obtained by Raman spectroscopy. Thus,
elemental measurements corroborate the previous
results. Moreover, unlike black tesserae, white ones do
not present any of the previously mentioned elements

10— PC2 Orange tesserae/ B’-pIOt, Pb
] «Zn
N . AI
05 — Cae Black tesserae
4 . « P
| White tesserae
*B5
i «Si
__ Fe oTi
0 Ve o Sr
) Cue :Zr
B «Mn Rb
i oK
05 —
i .S
] Red tesserae «Cl
1.0 —| PC1
By 08 06 04 02 0 02 0.4 06 08 10
RESULT7, X-expl: 61%,11%
Fig. 6 Projection of the scores and loadings (bi-plots) on PC1-PC2 obtained from the PCA with all the HH-EDXRF measurements performed on the
white (W), orange (O), red (R), and black (B) mosaic tesserae from the room E, and room G (measurements of this last room marked with a G) of the
House of Gilded Cupids
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related with volcanic origin in significantly high lev-
els. Instead of them, white tesserae together with the
orange ones, presented the highest level of P and Mn
among all the analyzed tesserae. However, the intensity
of the K line of P and Mn was very low in all the cases.
The case of Cl in red tesserae was exactly the same as
the previous one.

As stated previously, white, orange and red tesserae are
placed in the same part of the PC1. This is probably due
to the common calcite-based matrix. However, there are
significant differences in the PC2 axis. In our opinion, the
amount of hematite (Fe mainly) explains such differences,
because (a) the white tesserae did not have iron, and (b)
the amount of Fe in the red tesserae is much higher than
in the orange ones.

To confirm the reasons for such differences between
red and orange tesserae, the mean value of Fe/Ca net
counts ratio was calculated from these two tesserae (see
Additional file 1: Figure S6). As shown in the figure, the
orange colored samples have a lower level of Fe/Ca. The
obtained mean value of Fe/Ca normalized net counts for
red tesserae was 0.26 £0.04, while for orange ones was
0.15£0.04. Thus, these results confirm that orange color
was obtained by using less quantity of hematite or dilut-
ing it within the calcite matrix of the mosaic.

Finally, LIBS was used to approach the thickness of the
applied pictorial layer in the case of red colored tesserae.
For that, a certain red tessera was selected and subse-
quent pulses were performed in the same point of anal-
ysis. In order to assess the pictorial layer thickness, the
levels of Ca and Fe were monitored using their character-
istic lines at 393.2 and 374.55 nm respectively. As shown
in Additional file 1: Figure S7, both Fe and Ca levels are
maintained constant in the applied 28 pulses, suggesting
that there is no change in the in-depth levels of both ele-
ments. This means that no layer change was observed in
the subsequent analyses. Therefore, taking into account
that in 28 LIBS pulses approximately about 140 um were
penetrated, it points out that the pictorial layer is thicker
than this.

Conclusions

This work allowed obtaining, without sampling and only
using portable instrumentation, useful information about
the materials used to manufacture colored tesserae of
mosaics from the House of Gilded Cupids in Pompeii. In
this sense, in order to obtain white color tesserae calcite-
bearing rocks were used. On the other hand, in order to
achieve the black color, instead a calcite-based matrix,
lava pieces from Mount Vesuvius activity containing
diopside, feldspar, leucite and magnetite, were used.
Therefore, it can be affirmed that the artists used the local
mineral resources in order to produce the materials that
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they needed for their works, as previous works already
demonstrated [11, 49]. Reddish and orange hues were
obtained by using hematite pictorial layer over the cal-
cite based tessera. Orange color was obtained diluting in
a calcite matrix the used hematite pigment. The applied
hematite pictorial layer was thicker than 140 pum as
showed the in-depth LIBS analysis.

Apart from that, the punctual presence of gypsum was
identified in some white tesserae. This sulphate is prob-
ably present due to a degradation process involving the
SO, gases present in the actual polluted atmosphere,
which with the rain water can react with the calcite
matrix of the tesserae, producing gypsum. Since gypsum
is soluble in water, a loss of the material of the tesserae
could be produced, jeopardizing those mosaics which are
exposed to the rainfalls. Therefore, extreme care must be
taken to preserve this type of ancient artworks.

Regarding the molecular non-invasive techniques
used in this work, Raman spectroscopy provided much
more results than DRIFTS, which only offered informa-
tion about calcite presence in white tesserae. Thanks to
Raman spectroscopy typical volcanic compounds (diosp-
side, leucite, feldspar, and magnetite) were identified in
the black tesserae and hematite as colorant agent in red
and orange ones. In the case of white tesserae, gypsum
was detected by means of Raman spectroscopy but not
by DRIFTS. Thus, this work demonstrated that in this
case Raman spectroscopy is a more appropriate tech-
nique than DRIFTS—which showed great limitations,
since this latter technique was not able to offer signals of
compounds that are present in the sample.

Additional file

Additional file 1: Figure S1. Detached red tessera from the mosaic.
Figure S2. Representative DRIFT spectra of red and orange tesserae (red)
and calcite standard (black). Figure S3. Representative Raman spectrum
of white tesserae. Figure S4. Normalized net counts of S in different white
tesserae. Figure S5. Representative Raman spectrum of black tesserae and
leucite standard. Figure S6. Mean values of Fe/Ca normalized net counts
of red and orange colored tesserae. Figure S7. Ca and Fe lines intensity
variation after 28 shots obtained by means of LIBS.
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