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1. Introduction

The ancient city of Ostia is one of the most significant archaeo-
logical sites in Italy and in the world, by virtue of its exceptional
state of conservation and its considerable extension. It is in fact
one of the few Roman cities of which the plan is almost entirely
known, with its extended road network, its public, religious, com-
mercial and residential buildings and the two harbour basins, con-
sidered as the largest port structure in Antiquity.

The peculiarity of Ostia is also the possibility to study the evo-
lution of the city through a very long period of time, as the site was
occupied and transformed for a thousand years (4th century BCE -
6th century CE) [1,2]. The many buildings, found during excava-
tions started in the 19th century and continued mostly in the
1930s, have returned a huge quantity of painted wall decorations,
found both in situ and in a fragmentary state. This makes Ostia a
crucial testimony for the study of Roman Wall Painting, as it is
one of the only archaeological sites where it is possible to follow
the evolution of wall painting during more than seven centuries,
from the 2nd century BCE to the 5th century CE [3].

Studying the wall decorations, through a collaborative archaeo-
logical and scientific approach, it is therefore possible to recon-
struct the historical development of the Ostian wall paintings
during time, to trace the evolution of techniques and the workshop
practices in the city. This approach throws a new light on several
questions: who were the painters operating in the city? Were there
any local workshops? Which techniques did they use? How did the
technique and practice of Roman painting change during the
centuries?

In this paper the focus is on a specific period for the history of
Ostia and its paintings from the 2nd century BCE to the 1st century
CE (time during which the so-called “Pompeian” Styles develop).
For many years, very few testimonies of this period were known
in Ostia, due to the fact that most of the city’s buildings are dated
to the beginning of the 2nd century CE, after a urban, economic and
demographic boom that transformed completely the facies of the
city, destroying older structures in order to build new, multi-
storeyed insulae [4]. It was only in the 1970s that these older struc-
tures were partially investigated by the Soprintendenza di Ostia,
that carried out stratigraphic excavations deep under the level of
the 2nd century buildings, bringing to light a very large quantity
of wall paintings in fragments, destroyed and re-used as a filling
in the construction layers of the insulae. The fragments, long for-
gotten in the Deposits of Ostia, were recently studied, assembled
and recomposed by members of the Centro studi pittura romana
ostiense (CeSPRO), allowing to reconstruct a large number of
painted wall and ceiling decorations of First, Second, Third and
Fourth Style [5-13,6-13].

These fragments, although detached from the walls and whose
original location is often lost, are extremely important for the
knowledge of Ostian wall paintings, as they are the only surviving
evidence of the city’s pictorial production of the period preceding
the large renovation works of the 2nd century CE. They offer a
glance of the skills of the painters but also the taste of the popula-
tion and their socio-economic level. The paintings reveal that the
city was inhabited by a rich elite, very close in terms of taste and
status to the richest senators in Rome, to which Ostia is inextrica-
bly related.

Thanks to a collaboration between the CeSPRO, the Istituto di
Scienze del Patrimonio Culturale (ISPC-CNR) and the Université cath-
olique de Louvain, a large number of fragments could be analysed.
The fragments were chosen according to their place of finding, dis-
tributed in different areas of the city, and their chronology (2nd
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century BCE — 1st century CE). Four contexts were selected: the
Caseggiato dei Lottatori, the Caseggiato delle Taberne Finestrate and
an unnamed building identified as V, I, 2 and a group of fragments
of unknown origin, found in the archaeological deposit of the Insula
di Bacco Fanciullo. The objectives of the analyses were the charac-
terization of the materials and of the execution technique. The
archaeometric approach may support, through the comparison of
technological features of different groups of fragments, the attribu-
tion made by scholars, based on stylistic and archaeological per-
spective, to a specific period or a different workshop.

Nowadays, a high number of techniques are available for the
analysis of wall paintings [14] starting from those non-invasive,
portable, for in situ use, up to laboratory techniques conducted
on the synchrotron lines of big facilities dedicated to cultural her-
itage [15].

Roman wall paintings and their constituent materials have been
studied for several years [16] but still represent an interesting field
of study. The topic is very vast, both in geographical and temporal
terms and the knowledge of materials and techniques is not yet
complete. In the last twenty years the Roman paintings have been
studied not only by analysing samples taken through laboratory
techniques [17-26], but increasingly favouring a multidisciplinary
approach, with particular attention to non-invasive techniques
[27-34].

The planning of the analytical protocol has to be based on dif-
ferent aspects such as the type of research questions (composi-
tion/fabrication condition), the type of material (extensive or
limited possibilities of collecting samples) and the available
resources (time, in-situ/ex-situ availability, budget).

Based on this context, the contribution of conservation scien-
tists should be focused to the acquisition of the highest number
and most significant chemical, molecular and structural informa-
tion, in order to provide a comprehensive knowledge of the mate-
rials composition.

The most common approach when fragments are available con-
sists on the sampling of a part of it for cross sectional analysis; this
conventional survey is intrinsically weak since painted surfaces are
highly heterogenous and the sample devoted to cross sectional
analysis could not be fully representative of the actual situation.
Instead of providing an overview of the paintings, an extremely
detailed investigation of a randomly selected part of it is generated,
depriving the scientific analyses of their outstanding and unique
contribution to the historical, artistic, archaeological and conserva-
tion knowledge of the objects.

To address this critical issue, here an optimized analytical
approach is proposed for the in depth study of the Ostia Antica
painted fragments. The first step was based on non-invasive anal-
yses of fragments with portable non-invasive techniques and, once
acquired and evaluated the data, a second step is planned based on
the collection of few microsamples from the fragments to be anal-
ysed with micro-destructive techniques.

The reasons why a preliminary non-invasive step was included
in the protocol, instead of directly analysing cross sections, are: i)
the need to analyse, on the same fragment, large areas (with imag-
ing techniques) or different points (with single spot techniques),
thus obtaining a general overview of the materials present; ii)
the need to address the sampling to the more significant and com-
plex areas, obtaining their detailed characterization and also
reducing the size and number of samples; iii) the need to optimize
the non-invasive analytical protocol on fragments, essential for the
expected in situ measurement campaigns that will be planned in
the framework of the collaboration with CeSPRO, where no longer
fragments but paintings still in their original location will be anal-
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ysed and compared with the data acquired in the actual non-
invasive survey.

2. Materials and methods

The fragments were stylistically dated from the beginning of
the 2nd century BCE to the end of the 1st century CE. They belong,
as already mentioned, to four different contexts from Ostia Antica.

Fragments representative of each context were selected, favour-
ing those containing more colours with the aim to study all the pig-
ments used. Among hundreds of fragments, 28 were chosen for
archaeometric studies as shown in Table 1, where the indication
of the acronym and numbering is reported.

2.1. Analytical protocol - step 1

In the first step, non-invasive analyses have been performed
starting from the imaging techniques such as UV induced Lumines-
cence (UVL) to highlight and locate organic materials (colorants,
binders or restoration materials) eventually present [35-38] and
Visible Induced Luminescence (VIL), a very powerful tool to map
the presence of a specific pigment, Egyptian blue [37,39-41].

For the photographic UVL a digital camera Canon EOS 7D (18
Mpixel, CMOS sensor) was used. The camera was equipped with
Canon lens EFS 28 mm f/3.5 with B + W486 UV/IR blocking filter
to cut reflected ultraviolet. As sources, two Flash Quantum T5D
with B + W UV black 403 filters were used. The same set-up was
used for acquiring visible images removing the filter from the
flashes. For VIL acquisitions, the fragments were irradiated with
visible light by using two flashes Quantum T5D mounted with
B + W486 UV/IR; the infrared luminescence was collected with a
modified (built-in filter for IR removed) Canon EOS 400D (10.1
Mpixel, CMOS sensor) with Canon lens EFS 28 mm with B + W
093 Infrared 830 blocking filter to cut all stray radiation from vis-
ible spectrum and thus collecting only infrared luminescence. A
white Spectralon® plate (WS-1S-L Labsphere certified standard)
was used as reference.

Fibre Optic Reflectance Spectroscopy (FORS) in UV-VIS-NIR
range is a fast, non-invasive technique widely employed for pig-
ments identification [42-45]. FORS spectra in 390-900 nm range,
were acquired by using a Tungsten source (Ocean Optics mod.
HL200) and a spectrometer (Ocean Optics mod. HR2000) equipped
with optical fibres. The measuring head with 45° illumination and
0° signal collection allowed the acquisition of the reflectance spec-
trum of an area of about 2 mm?. Each acquired spectrum was the
average of 30 scans. As a reference, a Spectralon© plate (WS-1S-L
Labsphere certified standard, 99% reflective material) was used.
The acquired reflectance spectra were compared with reference
one included in both ISPC-CNR spectral database (not published)
and IFAC-CNR FORS spectral databases of pigments [46].

X-Ray Fluorescence (XRF) is a powerful technique for acquiring
information about elemental composition of materials [47-49].
XRF spectra were collected by means of handheld Tracer III SD Bru-
ker spectrometer, equipped with rhodium anode and solid state
silicon detector energy dispersion system. The used set-up was:
40 keV and 12pA for 120 sec. The measuring area was an elliptical
spot of 4 mm x 7 mm. For data elaboration ARTAX software was
used after normalizing spectra to the intensity of Rh Ko at
20.21 keV.

Being both FORS and XRF non-invasive techniques, it was pos-
sible to acquire, for each fragment, several spectra in different
coloured areas but also to repeat the measurements in areas of
the same colour but on different spots. As far as possible, efforts
have been made to perform the measurements on the same spot
with the two techniques (XRF and FORS) also taking into account
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that the dimensions of their investigated areas are different. More-
over, it must be taken into account the FORS spectra may be influ-
enced by the surface morphology and by the presence of
underneath coloured layers, while to the XRF data, almost all the
layers present, including the preparation ones may contribute.

All the areas analysed were documented with a portable digital
microscope with different magnification (Scalar DG-2A, optical
zoom 25-200x, magnification @ 25x - area 13 mm x 8 mm).

In Fig. 1 is reported, as an example, the image of a fragment
with the indication of the analysed areas and documented with
microphotos acquired with the digital microscope.

2.2. Analytical protocol - step 2

As already mentioned, based on the results of the first step,
samples were taken from selected fragments. Sampling was done
to obtain stratigraphic and morphological information not other-
wise obtainable. Once the micro-samples were withdrawn, they
were observed and documented under the microscope, and subse-
quently, thin and cross sections were obtained embedding the
sample in epoxy resin (Epofix). In general, cross sections [50] were
used for studying pigments by observing them with the optical
microscope in reflected light under different magnifications
according to the available microscopy objectives. In this case a
Nikon Eclipse E600 optical microscope was used.

Oriented thin sections (30 um thick) of plasters were observed
in transmitted light with a ZEISS Axioscope A1 microscope at dif-
ferent magnifications. The image analysis software Axiovision
was used for the morphological and morphometric observation,
for the evaluation of binder/aggregate ratio.

In case of plasters, the petrographic approach permits accurate
characterization of binder, aggregate and their ratio, the identifica-
tion of composition, shape and grain size of aggregate, the assess-
ment of presence of material providing hydraulicity and the
evaluation of macroporosity. In addition, it is also possible to eval-
uate the number, thickness and cohesion of each layer [51-58].
Moreover, some suggestions on technology used for the prepara-
tion of mixtures and application of painting layers may be obtained.

Furthermore, both thin and cross sections were observed by
using SEM and analysed with EDS. The instrument used was a
SEM ZEISS EVO MA15 equipped with EDS and software OXFORD
INCA 250 operating in both high vacuum condition (1.8 10-3 Pa;
coated samples) and low vacuum (100 Pa; uncoated samples),
15 kV accelerating voltage, 700 pA emission current, working dis-
tance 9.5 mm.

Raman microscopy is a technique of choice for characterisation
of surface layers of paints in art and archaeology for its high chem-
ical specificity and lateral resolution. Measurements were carried
out using a Senterra dispersive Raman microscope (Bruker Optik
GmbH) equipped with a Peltier cooled CCD detector (1024 x 256
pixels). The laser excitation wavelength was 785 nm, 1200
grooves/mm grating and acquisition time ranging from 60 to
240 s. The microscope objectives used are 50x and 100x, with a lat-
eral resolution of about 1 and 3 pm, respectively.

Lastly, in some cases, small parts of the sample withdrawn were
separated under the microscope and analysed with Fourier Trans-
form Infrared spectroscopy (FT-IR). FT-IR analyses were conducted
with the ATR (Attenuated Total Reflectance) configuration. The
instrument used was Alpha Bruker and each spectrum was the
mean of 128 scans @ 4 cm™! resolution.

3. Results and discussion

The results of the two analytical steps will be reported and dis-
cussed together in the next paragraphs.
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Table 1
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Fragments under study with the acronym and numbering. The assigments to style and dating was based on stylistical analyses done by archeologists.

Building/Wall/Style Acronym and fragments
Caseggiato delle Taberne Finestrate PI_LA 3

Wall |

4th style

2nd half 1st c. AD
PLB

PI_C

Caseggiato delle Taberne Finestrate PIIL_A
Wall 111

2nd style, 1st c. BC

Caseggiato delle Taberne Finestrate PIII_B

st style
end 2nd c. BC

Caseggiato dei Lottatori PIV
Wall IV

4th style
2nd half 1st c. AD

Deposit of Insula di Bacco Fanciullo PIV

4th style
2nd half 1st c. AD

Caseggiato delle Taberne Finestrate Sl
Ceiling

4th style
2nd half 1st c. AD

Caseggiato dei Lottatori PAV1

4th style
2nd half 1st c¢. AD

Building V,II, 2 PAV2

4th style
2nd half 1st c. AD

Images of UV induced Luminescence (UVL) of the 28 fragments
did not highlight any peculiar emission. From this evidence, we can
assume that there are neither organic pigments (e.g. lakes) nor pig-
ments applied a secco (at least with binder characterized by an
intrinsic fluorescence emission). On the contrary, weak signals of
an organic material were found by FT-IR analysis. In particular, in
two samples belonging to the PIV group where signals of an acrylic
resin (most likely Paraloid B72) used in recent restoration, were
found.

XRF technique detected, apart from the elements characteristic
of each colour, discussed afterward, high counts of calcium (Ca)
together with variable amounts of strontium (Sr). Calcium signal
was expected since calcium-based materials are used as prepara-
tory layers, binder or mixed with pigments to obtain different
hues. Moreover, due to the penetration of XRF, contributions of
carbonate materials from inner layers are expected. As far as stron-
tium is concerned, this is an element also found in other contexts
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Fig. 1. Fragment PI_A2 with the indication of the areas analysed with non-invasive
techniques (FORS and XRF) along with the microphotos acquired with the digital
microscope (25X, bar 200 pum).

[29,31,59], generally associated with calcium compounds, since it
is one of the calcium chemical substitute (cfr. Tab. S1).

3.1. Pigments

3.1.1. White, grey and black colours

The white colour was mainly used for drawing the lines or the
decorations. In most cases, calcite and dolomite pigments were
used (CaCOs; and CaMg(COs),, respectively), as indicated by the
symmetric stretching modes of carbonates at 1087 cm™' (calcite)
and 1098 cm™! (dolomite). The latter dolomite band represents a
shoulder of calcite band, which is the main phase.

The greyish white-blue colour is obtained mixing a white and
Egyptian blue pigments, validated by the results of the Micro-
Raman spectroscopy and VIL investigations, respectively.

The black colour was due to carbon-based pigments that were
not detected neither by XRF nor by FORS. Micro-Raman spec-
troscopy is effective for the detection of these black pigments
and despite the strong photon absorption and fluorescence, the
most characteristic D and G bands around 1350 cm™' and
1580 cm™! have been detected which unequivocally permit the
identification of carbon black (Fig. S1a).

3.1.2. Yellow colours

Yellow ochres were frequently used in Roman wall paintings
[60,61]. This pigment was found in several fragments under study.
It was used either for painting the first layer in contact with plaster
or for the decorations on top of other colours, but also for impart-
ing colour to the preparation layer in some fragments (PI_B1,
PI_B2, see Fig. 4). The yellow areas analysed, ranging from light yel-
low to orange, were 29. All the FORS spectra acquired presented
the characteristic features of iron-based pigments (absorption
bands at about 400-500 nm, ~ 650 nm and ~900 nm) [44,62].
The spectra presented different reflectance values and a shift of
the inflection point depending on the hue, (555 nm for yellow
and 570 nm for orange hues, respectively). In Fig. 2a representative
spectra are reported.

The XRF spectra acquired in all the yellow/orange areas were
characterized by high counts of iron (Fe). The amount was variable
also because yellow layers were sometimes superimposed to red
ones also containing iron.

The FT-IR ATR analysis of a micro-sample taken from the frag-
ment PI_B4 provided the identification of goethite mineral (o-
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FeO(OH)). This latter, which is the chromophore mineral in yellow
ochre, exhibits its characteristic bands at 905 and 795 cm™!
[63,64]. Furthermore, Raman spectroscopy confirmed the use of
goethite in the yellow layers and hematite in the red ones, as
demonstrated by their intense bands in the 200-600 cm™! range
(Fig. 2b). Interestingly, hematite has been also used in the shades
of the yellow areas, which have been spread using a mixture of yel-
low and red and dark red particles, as demonstrated by Raman
spectroscopy (Fig.S1b and c). Tiny black particles of carbon black
have been also detected; however, their presence is rare and it can-
not be responsible for the dark hue of these areas.

3.1.3. Red colours

Red is one of the most used colour in Roman wall paintings,
which can be obtained either by inorganic minerals (cinnabar
(mercury sulphide), realgar (arsenic sulphide) and iron oxide (he-
matite, red ochres)) or by synthetic compounds such as red lead
(lead tetraoxide) [65]. Some papers concerning the composition
of Roman wall paintings report red ochre as the only red pigment
found [66-69] whereas in other literature case studies, both red
ochre and cinnabar were identified in different areas [31,70]. In
other cases, beyond “pure” red layers of both red ochre and cinna-
bar, admixtures of the two were also found [30,71].

In the fragments from Ostia, three different red hues were iden-
tified that can be described as follows: red-type1 - red colour, little
bit dull; red-type2 - a more violet hue compared to red-typel; red-
type3: a brilliant red with some black areas. The features in the
FORS spectra allowed the identification of the three different pig-
ments for which representative spectra are reported in Fig. 3a.

In red-typel and red-type2 the FORS spectra showed the char-
acteristic bands centered around 860-870 nm, typical of hematite
[44,62]. The two red hues differ in an average lower reflectance for
the red-type2, but the inflection point is very similar (590 + 3 nm
for red-typel group and 593 + 3 nm for red-type2 group) and close
to that of the reference red ochre (590 nm). FT-IR spectra of two
samples, belonging to red-typel and red-type2 groups, confirmed
the presence of hematite through to its characteristic bands around
535 and 470 cm™! [72].

XRF confirmed the presence of iron (Fe) as key element in all the
spectra of the two groups. No differences were found in terms of
other elements, such as manganese (Mn), which could have been
responsible for the different hue for the red-type2 group. There-
fore, the difference could be due to other factors than chemical
composition such as the admixture with black pigments (carbon-
or iron-based) [31] or to the particle size distribution as reported
by Marshall et al. [73] or to a combination of the two. To clarify this
question, Raman spectroscopy was performed on cross sections of
samples with the two different reds (typel and type2). In both
cases hematite was identified; however, dark crystals in the red
matrix of the red-type2 group have been observed, still made by
hematite. These results indicate that two different kinds of hema-
tite sources can be inferred: a fine powder used for the red matrix
and coarse crystals for the dark particles, added with the intention
of providing a violet hue to the paint layer.

The third group (red-type3) presents a completely different
spectral shape of the FORS spectra compared to the previous two
groups (Fig. 3a). The sigmoidal shape, with steep rise around the
inflection point, is typical of semiconductors (realgar, minium
and cinnabar) [44]. The inflection point, centered at 600 nm, points
to cinnabar (HgS). The XRF spectra of all areas belonging to red-
type3 group present the signals of mercury (Hg) and sulphur (S),
thus confirming the identification of cinnabar (Fig. 3b). Moreover,
in XRF spectra also significant signals of iron (Fe) were present.
The presence of iron-based compounds was also suggested by
weak signals observed in the FORS spectra (750-800 nm). Relying
only on these data, it was not possible to determine if the iron-
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Fig. 2. a) FORS spectra of yellow hue (PI_A2 fragment) and orange hue (PIV_5 fragment) areas along with the microphotos acquired with the digital microscope of the same
areas (25x; bar 200 pm) and reference spectrum of yellow ochre (ref); b) Raman spectra acquired on the cross section (20X; bar 50 um) obtained from the sample taken from

PI_A2 on the yellow layer (goethite) and red one (hematite).

based compound was mixed with cinnabar in the painting layer
since a yellow iron-based preparation layer was present under-
neath the red external one (Fig. 4d).

The determination of the provenance of cinnabar could be of
great importance and may give information about trade routes.
During Roman period, localities from which cinnabar was supplied
were the Roman province Hispania Baetica (probably correspond-
ing to Almadén in Spain), Ephesus and Cyprus. No references exist
for other quarries, such as those of Monte Amiata (Italy). The cin-
nabar from Almadén contains quartz while the one from Italy con-
tains calcite and dolomite. These latter minerals could be present
in very low amounts depending on the process of purification,
and therefore are not conclusive for pigment provenance. Other
elements, such as arsenic (As), is reported to be an indicator of
the provenance from Monte Amiata [74]. The provenance of cinna-
bar has also been inferred by analysing the isotopes of sulphur [75]
or lead (present as impurities) [76] and in both cases the data
pointed to Spanish cinnabar. For the Ostia fragments it was only
possible to underline the absence in the XRF spectra of the arsenic
signals and of dolomite bands in the samples analysed by FT-IR,
after which no hypothesis about provenance were possible.

Furthermore, in the red-type3 group a unhomogeneous black-
ening, more evident in the fragment PI_B2, was observed. In the
red/black areas (Fig. 4a and Fig. 4b) the FORS spectra maintained
almost the sigmoidal shape characteristic of cinnabar, while the
reflectance was strongly reduced on blackened areas. In addition,
the XRF spectra acquired on both red and black areas, showed no
differences in terms of detected elements.

Blackening of cinnabar is a widespread phenomenon [34]
described already in antiquity by Pliny the Elder and Vitruvius
[77]. Some scholars made the hypothesis of the transformation of
cinnabar to metacinnabar (black form) but without any analytical
confirmation [78,79]. Further studies are related to panel paintings
[80-82] and Roman wall paintings [83]. Various mechanisms of
red o-HgS degradation have been proposed, but the issue is still
under discussion. However, scholars agree that exposure to light
and contact with halogens are the main factors influencing the
degradation [77,84].

In the case of the fragments from Ostia, through the XRF spec-
tra, the presence of chlorine (Cl) was detected, in respect to the
mean counts (mean value of 22,500 + 2,620 net counts obtained
from 68 spectra) in significative amount in a few areas (PI_A2,
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Fig. 3. FORS (a) and XRF (b) spectra of red-typel (PI_A2 fragment), red-type2 (PIII_B1 fragment), red-type3 (PI_B2 fragment) along with the microphotos acquired with the
digital microscope of the measured areas (25x; bar 200 pm).
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Fig. 4. (a) fragment PI_B2; (b) microphoto (25x; bar 200 um) acquired with digital microscope corresponding to the black square on fragment PI_B2; (c) Raman spectra
acquired on red and black crystals in the upper layer of cross section (20X, bar 50 pm) of a sample from fragment PI_B2 (d). The yellow layer and red crystals below the upper
layer are constituted by goethite and hematite, respectively (spectra not reported). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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56,7007,000 net counts; PI_A4, 125,000 net counts; PI_B4, 178,000
net counts) but not in the areas painted with cinnabar whether
darkened or not. The only indication is that, at least in some frag-
ments, chlorides were present. This is not unexpected since Ostia
Antica is close to the sea and potentially all painted surfaces or
buried fragments could have interacted with chlorides.

Raman spectra acquired on red and black crystals in the upper
layer of cross section of a sample from fragment PI_B2 (Fig. 4c
and Fig. 4d) confirmed that red crystals were made of cinnabar,
while in the black areas the overall spectral intensity strongly
decreases, in line with expectations, and weaker signals of cinna-
bar, as well as calcite, were detected. No other compounds, that
could be responsible of black colour, were found. Although meta-
cinnabar should have a Raman pattern similar to that of cinnabar,
a contribution of cinnabar in the spectra acquired in the black areas
cannot be completely excluded, considering its high Raman scat-
tering cross section. Therefore, in this case no substantial contribu-
tions to the understanding of the degradation mechanism could be
offered. For sake of completeness, the yellow layer and red crystals
below the upper layer are constituted by goethite and hematite,
respectively (spectra not reported).

3.1.4. Green pigments

Green is a colour found in almost all Roman wall paintings [85].
Very common is the use of ferro-magnesian silicate minerals
belonging to the mica group, such as celadonite and glauconite
[30,69,71]. More rarely, is also reported the use of malachite Cu,(-
CO3)(OH),, found as raw material in Pompei [86] but, very fre-
quently, due to the high costs of this pigment, in admixtures
with green earths to strengthen the colour hue [31,87].

In Roman period, green earths sources were Italy (Monte Baldo,
Verona) and Cyprus. The two differ from each other for the pres-
ence of chromium (present probably as chromite) in the pigment
from Verona [72,88]. Green earths containing chromium were
found in fragments from Oplonti (Naples) and from Vigna Barberini
(Rome) [59] and in some rooms of the Domus Aurea in Rome
[28,89].

FORS spectra acquired in the green areas of the 28 fragments
(25 areas) permitted the identification of green earth as main pig-
ment used. FORS spectra were quite variable in terms of percent-
age of reflectance and shape and this can be due to either the
presence of yellow or red layers below the green ones or to the
presence of Egyptian blue mixed in all green areas in different
amounts. In all the XRF spectra acquired on the same 25 green
areas, the main signals were those of iron (Fe) together with potas-
sium (K). The potassium counts were significantly higher (mean
value green areas: 46.000300 * 7.000 net counts) if compared to
the other colours (mean value of yellow and red areas: 15.000 % 5.
000 net counts).

Moreover, the assignment of the different fragments to two dis-
tinct groups was done based on the presence of chromium signal in
the XRF spectra (green-typel with chromium and green-type2
without chromium). In Fig. 5 the net counts of chromium for each
green area analysed are reported.

It was not possible to find a positive correlation between the
iron and chromium counts as obtained by other authors [31]
because in the XRF spectra, as already outlined, the underlying lay-
ers, made with iron-based pigments, also contributed to the total
iron counts.

By observing the cross sections of the green layers under the
SEM (Fig. 5c¢) it was possible to locate some small bright crystals
(5-10 pm) showing the presence of chromium (Cr) and iron (Fe)
by EDS analysis. The Raman spectra acquired in the same crystals
(Fig. 5d), exhibit an intense band at 727 cm™! and a weak and
broad peak around 550 cm~'. As reported from literature [90],
Raman frequencies of chromites (FeCr,04) change as a function
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of the Cr,03 content: the less is the Cr,03 content, the higher is
the frequency. In the quoted paper [90] a list of 33 chromites is
reported in order of decreasing Cr,Os content showing that the
Raman band in the 600-800 cm™! range shifts from 685 cm™' to
738 cm™!. Therefore, the selected crystals analysed are ascribable
to a chromite with low Cr,0s; content. In a few spectra, bands
related to organic compounds were also detected.

FT-IR spectra were acquired on seven green microsamples, and
the quite well resolved bands suggested the presence of celadonite
in all samples. In the FT-IR spectrum reported as an example in
Fig. 6, three bands at 3601, 3555, 3534 cm™! are characteristic of
the hydroxyl. Other bands positioned 1075, 975, 956 cm™! (Si-O
stretching), 799, 681 cm™! (R-O bending) and 494, 460, 440 cm™!
(Si-O-R and R-O-H bending) are linked to celadonite [91-95].

In addition to the signals of celadonite, also the main bands of
calcite (CaCOs) at 1453, 875 and 712 cm™~! were evident together
with those of aragonite, present in variable amount, a polymorph
of calcite with characteristic signal at 855 cm™! (Fig. 6). Aragonite
was usually associated with the more precious pigments. Some
scholars report the presence of aragonite in some samples from
Reggio Emilia (IT) dated to 1st century AC [78]. According to Maz-
zocchin [96], in northern Italy, the use of white pigments contain-
ing calcite and aragonite has been observed since the Imperial Age.
In fact, precious white pigments containing large amounts of arag-
onite were imported from Greece and Egypt, in this period [97].
Unfortunately, in the case of the fragments from Ostia, FT-IR anal-
yses were conducted only on few samples therefore it was not pos-
sible to have a comprehensive evaluation on the presence/absence
of aragonite in the different colours. From the data collected it is
possible to state that aragonite was present only in the green (7
samples) while was absent either in yellow (2 samples) or red (2
samples) analyzed.

Moreover, in the XRF spectra signal of copper (Cu) was also pre-
sent. These could be due to green copper pigments such as mala-
chite which, however, would not have been identified through
the non-invasive techniques used. Nevertheless, the presence of
malachite was excluded on the basis of p-Raman and FT-IR data.
Copper could also be related to Egyptian blue mixed with green
earth, a quite common practice of Roman artists [30,88,99,100]
and which is also the one adopted in Ostia.

All the green areas, indeed, gave positive results to VIL survey.
In Fig. 7 the images in visible light (a) and VIL (c) of fragment
PIII_A1 are reported together with a microphoto of green layer,
acquired with the digital microscope, where blue crystals are
clearly visible (b). The bright luminescence in Fig. 7c highlights
the presence of Egyptian blue.

3.1.5. Blue colours

The only blue pigment identified was Egyptian blue [101,102].
Through the VIL images it was possible to observe its distribution,
even if present in small quantities [36-40]. As already described
before, Egyptian blue pigment was used extensively in green areas
mixed with green earth to enhance the brightness of green colour
(Fig. 7). Moreover, the practice of mixing Egyptian blue to impart
special hues to other colours was quite diffused in the fragments
from Ostia, since Egyptian blue was also identified in yellow and
grey areas (Fig. 8a-c). It was also used for specific decorations such
as the peacock feathers of the fragment PAV_1 (Fig. 8d-f).

One fragment belonging to the PI_B group deserves special
attention. In this group there are neither blue nor green back-
grounds but in the fragment PI_B3 the VIL survey revealed the
presence of Egyptian blue, clearly visible from the image in
Fig. 9b. The presence of this pigment was also clearly visible in
the microphotos acquired with optical microscope (Fig. 9c,
Fig. 9d). The drawn lines containing Egyptian blue, which were
not very evident in the image in visible light, did not follow the



B. Susanna, C. Emma, C. Claudia et al.

35000

30000

25000

20000

15000

counts

10000

5000

Raman intensity

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 265 (2022) 120260

T T

T T T 1
1000 1500 2000 2500

Wavenumbers (cm™)

Fig. 5. (a) Counts of chromium in the XRF spectra of the green areas in the fragments. Cross section of sample taken from fragment PI_A2 under the optical microscope (b, bar
100 pm) and SEM backscattered image (c, bar 20 um). (d) Raman spectrum of the crystal highlighted by the white circle in (b) and (c).
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Fig. 6. FT-IR spectrum of a green sample (sampled from fragment PIII_A1) (black
line) compared with the reference spectrum (green line) of celadonite from IRUG
database (MP185) [98]. The asterisks pointed the bands characteristic of celadonite.
The circles pointed the bands of calcite (1453, 875 and 712 cm™') and aragonite
(1453, 855 cm™).

white colour decoration but overlapped and crossed it. The reason
for this is not clear because the fragment was very limited in
dimensions. It would be interesting to study other similar frag-
ments to further clarify the role of these findings.
Notwithstanding the extensive use of Egyptian blue in almost
all the fragments studied, the only blue area was present in frag-
ment SII_3. The VIL image (Fig. 10b) showed a very bright lumines-

cence indicating the presence of Egyptian blue (Fig. 10c) confirmed
the use of this pigment.

3.2. Stratigraphic observations

The stratigraphic observations of some representative micro-
samples, performed with optical and electronic microscope,
allowed to infer some evidences. The data allowed to highlight
the correlation between different styles and the thickness of the
painted layers, to characterize raw materials used for the plaster
and to propose some hypotheses on the techniques of pigment
application [55,71,103,104]. The plasters of Wall I, groups A, B
and C, 4th style (Fig. 11a) are characterized by a painted layer with
a variable thickness, ranging from 20 to 30 pm, applied with
“mezzo fresco” technique, a slight interface between painted layer
and background was observed (Fig. 11b). Under the painted layer,
regardless of the colour on surface, a red zone, coloured by adding
iron oxides to lime putty, with irregular thickness, spread in the
first millimeters of the preparation layer, was observed. The prepa-
ration layer has a mean thickness of 45 mm and was realized by
mixing calcic lime with crushed carbonate rock fragments (traver-
tine) having sub-angular shape and grain size ranging from 1 mm
to 100 pum. The aggregate has a heterogeneous distribution in the
mixture, indeed in the final portion of layer only fractured lime
is present. The mean ratio binder/aggregate is 1/2 (Fig. 11c). Under
this layer a plaster made by mixing calcic lime with sub angular
grains of volcanic rocks (pozzolana), carbonate rocks fragments
(travertine and micritic limestone) and pyroxenes is present
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Fig. 8. Fragments PIV_2 (a) and PAV1 (d) with the corresponding VIL images (c, f) and microphotos acquired digital microscope of areas indicated by black squares (b, e, 25X,
bar 200 pm).

Fig. 9. VIS and VIL images of fragments PI_B3 (a) and (b) and (c, d) microphotos (25X, bar 200 um) acquired with digital microscope of areas indicated by black squares in (a).
10
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Fig. 10. VIS and VIL images of fragments SII_3 (a) and (b) and FORS spectrum (black line) acquired on the fragment (black dot in (a)) compared with FORS reference spectrum

of Egyptian blue (blue line).

(Fig. 11d). The ratio binder/aggregate is about 1/3 for all the sam-
ples, and the grains of aggregate are well distributed in the mix-
ture. Their grain size ranges from 1 to 1.5 mm to 100 pm. A
scarce macroporosity, due to microcracks, was observed.

The samples of Wall III, groups A and B, belonging to 1st and
2nd style, exhibit a painted layer, rough and irregular, of thickness
30-50 pum, applied with “a fresco” technique on a typical mar-
morino layer. A continuity between layers was observed in cross
section (Fig. 11e) and SEM (Fig. 11f) images.

The marmorino was obtained mixing calcic lime with calcite
crystals (ratio binder/aggregate ranging from 1/3 to 1/4)
(Fig. 11g). The calcite has a strong angular shape and a bimodal
grain size distribution (main granulometric classes 1-2 mm and
100-150 pm). The underneath layer was obtained mixing calcic
lime with volcanic rocks, single crystals of pyroxenes, fragments
of carbonate rocks. The ratio binder/aggregate is about 1/3, the
maximum grain size of 1-2 mm and the minimum of 200-300 pm.

The samples of Wall 1V, 4th style, have a similar stratigraphic
sequence with respect to those of wall I. A red coloured zone in
the plaster, under the painted layer was also visible, except for
the sample PIV_4. Some samples belonging to this wall show an
abundant presence of lime lumps in the plaster layer referred to
under-burnt fragments of limestones used for the preparation of
the binder. In the aggregate of underneath plaster layer a prevalent
presence of pyroxenes was evidenced (Fig. 11h). A more complex
layering was observed for sample PIV_1, with the overlapping of
new layers painted with “a secco” technique on previous “a fresco”
layers. It was possible to observe 1) an external yellow layer (15—
20 pm thick), 2) a first white layer (50 pm thick), 3) a second white
layer (20 pum thick), 4) a red painted layer obtained with iron oxi-
des finely dispersed in the lime putty. Breaks associated with 2-
3 pm thick Ca-carbonate enriched level are clearly distinguishable
at the interface between layers 4 and 3, layers 3 and 2 and layers 2
and 1 (Fig. 11i, Fig. 111).

The samples coming from a ceiling decoration (samples SII)
showed a painted layer with variable thickness, a second layer

made of calcic lime added with travertine and calcite cristals, with
subangular shape and with grain size ranging from 1.5 mm to
100 pm, a third layer obtained mixing lime with fragments of vol-
canic rocks, pyroxenes and carbonate rocks. The volcanic rock frag-
ments have a maximum grain size up to 4 mm.

The PAV_1 sample presented similar characteristics with
respect to plasters of Wall I and 1V, while the PAV_2 sample has
peculiar characteristics, different from all other samples, since,
under the marmorino a plaster layer obtained mixing calcic lime
with cocciopesto (crushed ceramic fragments) and volcanic frag-
ments was observed.

As briefly described above, a peculiar aspect of the fragments
belonging to 4th style is the presence of an intentional coloured
zone, obtained by adding iron oxides (red or yellow) to lime putty,
in the first millimeters of the preparation layer [105]. This kind of
practice seems not to be applied for the fragments belonging either
to 1st or 2nd style.

The coloured underlayers, specifically cinnabar on iron-based
yellow, were found in wall paintings in other Roman sites in Eur-
ope such as England and France [106,107] and more recently in
wall paintings from Solunto (1st century CE) [34], even if in these
cases it is not specified if the yellow was due either to a paint layer
or to a coloured plaster. A similar stratigraphy (cinnabar on yellow
coloured plaster) was found in fragments of wall paintings from
the archaeological site of Agios Donatos (GR) [108,109].

4. Conclusions

The optimized analytical approach proposed, based on two-step
diagnostics, proved to be appropriate for the identification of pig-
ments and the techniques employed for the realizations of the wall
paintings (Table 2). The use of complementary non-invasive tech-
niques allowed a preliminary analytical identification of painting
materials, which is a fundamental step when dealing with hun-
dreds of fragments. The micro-invasive stratigraphic analysis by
SEM-EDS, pRaman spectroscopy and petrographic observations
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Fig. 11. Sample PI_A4 - (a) cross section (bar 1 um), (b) BSE image of paint layer and red zone (bar 10 pm), (c) microphotograph of thin section under polarized microscope of
the first plaster layer (crossed nicols, bar 1000 pum), (d) microphotograph of thin section under polarized microscope of the second plaster layer (crossed nicols; bar 1000 pm).
Sample PIII_B2 - (e) cross section (bar 250 um), (f) BSE image of paint layer (bar 20 um), (g) microphotograph of thin section under polarized microscope of “marmorino”
layer (crossed nicols; bar 1000 pm). Sample PIV_1 - (h) microphotograph of thin section under polarized microscope plaster layer with aggregate enriched in pyroxenes
(crossed nicols; bar 1000 pm). PIV_1 - (i) (cross section, bar 250 pum) I) BSE image (bar 20 pum).

allowed to deepen the knowledge about specific features of the with the use of more expensive pigments. For example, three dif-
paint and preparation layers. The results demonstrated the use of ferent red pigments were identified even if there was not a strict
a great richness of palette typical of Roman wall paintings, even correlation with the use for the different styles (red1 and red2

12



€l

Wall III 2nd style 1st
c. BC

1st style end 2nd c.
BC

Wall IV 4th style 2nd
half 1st c. AD

4th style 2nd half 1st
c. AD

Ceiling 4th style 2nd
half 1st c. AD

4th style 2nd half 1st
c. AD

4th style 2nd half 1st
c. AD

group C (1, C1)

group PIII_A
(4, A1-A4)

group PIII_B
(2, B1-B2)

group PIV
(4, 1-4)
group PIV (1, 5)

group SII
(6, 1-6)

PAV (1, 1)

PAV (1, 2)

white black/grey yellow red
green blue #
white black/grey yellow red
green blue #

white black/grey yellow red
green blue #

white black/grey yellow red
green blue #

white black/grey yellow red
green blue #

White black/grey yellow red
green blue # blue §

white black/grey yellow red
green blue #

white black/grey yellow red
green blue #

Egyptian blue

n.p. n.p. n.p. red ochre
(typel) n.p Egyptian blue
calcium based n.i. yellow
ochre red ochre (red2)
green earth (type2)
Egyptian blue

n.p n.p n.p red ochre (type2)
green earth (type2)
Egyptian blue

calcium based n.i. yellow
ochre red ochre (red1) red
ochre (red2) green earth
(typel) Egyptian blue

n.p. n.i. n.p. n.p. green earth
(typel) Egyptian blue
calcium and lead based n.i.
yellow ochre red ochre
(red1) red ochre (red2)
green earth (typel)
Egyptian blue Egyptian blue
calcium based n.i. yellow
ochre red ochre (red1)
green earth (typel)
Egyptian blue

calcium based n.i. yellow
ochre red ochre (red1)
green earth (typel)
Egyptian blue

(100 pm) on red
preparation

red (100-200 pm) on red
preparation

green/blue (30-50 pm) red
(30 pm)

green/blue (50 pm)

repainting on original red
(50 um) on red preparation

green (30 pm) on red
preparation
no cross sections

red (20-30 pm) on red

preparation

yellow (20-30 um) on red
preparation

n.i. 200 pum red
coloured
7-10 mm

7-10 mm

5 mm 80-100 pm
red coloured

5 mm 1 mm red
coloured
2-3 mm

10 mm 500-800 pm

red coloured

n.d. 500-800 pm red
coloured

calcite (marmorino) 1-
2 mm 100-150 pm

travertine lime lumps

calcite and travertine
1.5 mm to 100 pm

travertine 1 mm to
100 pm

calcite (marmorino)

Table 2
Summary of the results obtained in the two steps protocol.
Location and style Groups (n. of Pigments Plaster
fragments) colours painted layers first layer second layer
appearance identification thickness (cross section) thickness aggregate aggregate?
Wall I 4th style 2nd group A white black/grey yellow red calcium based n.i. yellow yellow (20 um) green 4-5 mm 80-100 pm  travertine 1 mm to pozzolana carbonate rock
half 1st c. AD (4, A1-A4) green blue # ochre red ochre (typel) (20 pum) red (100 pm) all red coloured 100 pm fragments pyroxenes
green earth (typel) colours on red preparation
Egyptian blue
group B white black/grey yellow red calcium based n.i. yellow red (20 um) on yellow 4-5 mm 80-100 pm
(3, B1-B3) green blue # ochre cinnabar (type3) n.p.  preparation yellow red coloured

pyroxenes pozzolana
carbonate rock fragments

pyroxenes carbonate rock
fragments pozzolana

volcanic and carbonate rock
fragments pyroxenes

pozzolana carbonate rock
fragments pyroxenes

cocciopesto pyroxenes

n.i. - not identified; n.p.- not present; # present only in admixture with other pigments; § not mixed, present as blue area; ®in order of abundance.
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were identified in the same group). On the contrary, green earth
containing chromite was found only in those fragments belonging
to 4th style thus demonstrating a change in the supply of green
earth.

Moreover, differences in the preparatory layer in term of both
materials and techniques allowed to compare different groups
and to confirm the stylistic attribution. It is interesting to see
how style and technique are strongly related. Each period has its
own characteristics: although technical differences between paint-
ings of First Style (2nd c. BC) and Second Style (1st c. BC) are not
very strong (PIIl A and B), paintings of Fourth Style (1st c. AD; PI,
PIV, SII and PAV) are completely different and easily distinguish-
able. Fourth Style fragments, especially PI (Caseggiato delle Taberne
Finestrate) and PIV (Caseggiato dei Lottatori), share many similari-
ties that could indicate the work of a same group of painters in dif-
ferent areas of the city. In particular, the coloration of plaster
seems to be a practice exploited only in those contexts and it could
be interpreted as a technical peculiarity of the Ostian painters of
this period.

Thanks to the implementation of an educated multi-technique
analytical approach, the materials and techniques could be fully
revealed giving valuable information while minimising the sacri-
fice of precious original materials.
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