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Pottery samples from the Pompeii archaeological site were investigated by IR Raman spectroscopy and EDAX measurements. 	e
analysis of the Raman spectra of the surfaces reveals the presence calcium hydroxide (peak at about ��� cmŠ1) while the calcium
carbonate is totally absent. 	e comparative studies on the carbonation e
ect of the surfaces were performed on laboratory grown
samples of calcium hydroxide. 	e samples were treated at high temperature and exposed to di
erent ambient conditions, and the
analysis suggests that the original surfaces of Roman pottery were scattered by calcium hydroxide (limewash) before the cooking
process in the furnace. 	e result of this surface treatment not only permits a vitri�cation of the surfaces but also seems to reduce the
content of CO2 in the furnace atmosphere and then obtain a more oxidant ambient during the cooking of the pottery. 	ese results
give new insights on the real degree of knowledge of the Romans about the art of ceramics and more generally about chemistry and
technologies.

1. Introduction

Nowadays the use of technological experimental techniques
in the �eld of cultural heritage is widely accepted and
di
used. 	e amount of information that a joint approach
between physics, chemistry, and archeology is sensibly
increased and the e
orts in this direction are always growing.
	e problem that is emerging with the di
usion of tech-
nologies is the needed of •pureŽ sample, intending the study
of samples that were not altered a�er their recovery. 	is
trivial consideration increases its importance when we are
dealing with samples that were found decades or centuries
ago when the treatment for restoration was not so accurate
and they were not deeply studied with particular regard to
their in
uence on the same samples with time. In this sense
one example is the use of Paraloid. Paraloid is an acrylic
resin which used a stabilizing of the samples that intensify the
colors and the brilliance of the surfaces and at the same time

decreases the e
ect of environmental at the surface. However
the use of Paraloid in some sense decreases the possibilities
to perform further analysis on the treated samples. In this
sense the use of untreated samples is mandatory to gather new
information in cultural heritage in particular in well-known
archaeological excavations [�, � ].

	is paper displays the results of studies on di
erent
samples, founded during the excavations guided by Peru-
gia•s University among ���� and ���� for the •Regio VIŽ
project (Figure�) in the framework of the project •time
through colorsŽ funded by the Italian Ministry of University
and Scienti�c Research within the national grant •Futuro
in RicercaŽ ����. Studies on production•s scraps come to
know some technical details related to the so-called •Pro-
duction•s Archaeology.Ž 	ese technical details speci�cally
concern the heat treatment•s temperature of ceramic wares,
the composition of clay, the type of coating, and the type
of ambient generated during the heat treatment (oxidative
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F����� �: Comprehensive view of the archaeological site of Pompeii
(Region VI).

F����� �: Furnace situated below the triclinium of domus VII, ��,
�-��.

or reductive). Part of the samples consists of production•s
scraps of two manufacturing centres, now located below the
foundations of domus VI, �, �…�� and domus VII, ��, �-��. 	e
other part consists instead of plasters, founded in di
erent
stratigraphical units of domus VII, ��, �-�, also known as
•Casa del Marinaio.Ž

During the ���� excavations a furnace was found among
the foundations of domus VI, �, �…�� (furnace VI). 	is fur-
nace was built with a twin praefurnium and a quadrangular
combustion room. 	is manufacturing centre dates back to a
period between the end of the IIIrd century b.C. and the half
of the IInd century b.C., as evidenced by production•s scraps.
	e production consists mainly of dolia, large containers,
some kinds of •ollaŽ in common ware, and pans in internal
red slip ware.

	e furnace situated below the triclinium of domus VII,
��, �-�� (furnace VII) produced instead amphora, cooking
ware, common ware, and internal red slip ware (cumanae
testae). All the samples can be dated at the beginning of the
IInd century b.C. (Figure� ).

Studies on plasters take moves to verify the chemical and
physical transformations caused by the thermal shock due to
Vesuviu•s eruption of �� A.D. Plasters were founded in ����
on a trench inside the second atrium (amb. I) of the so-called
•Casa del Marinaio.Ž

In this paper we report the Raman spectra, the vibra-
tional analysis, and the EDAX measurements on the above
mentioned archeological samples and for comparison with
samples grown and treated speci�cally in laboratory.

Being applied in archaeology only in the recent years,
Raman spectroscopy is becoming increasingly important

as an analytical tool in conservation science [�� , �� ]. Its
relevance is given by the intrinsic properties of the technique;
actually Raman spectra are obtained by excitation with low
energy radiation; by contrast with common •archaeologyŽ
experimental techniques such as Mossbauer spectroscopy
and Electronic Spin Resonance, Raman spectroscopy is com-
pletely not destructive and does not need any pretreatment
of the samples. Moreover, thanks to the advances in the
technology devices in the recent years, it is possible to collect
excellent experimental data in situ, by means of optical
�ber coupled devices with small and compact dispersive
apparatus. 	e possibilities to utilize an excitation wavelength
at ���� nm and collect an e�cient Raman signal are of partic-
ular relevance in untreated samples, where the luminescence
signal o�en overlaps and masks the weak Raman signals.

A deep scienti�c study by means of nondestructive and
technologically advanced techniques on untreated pottery
samples from the archeological excavation of Pompeii can
give new light on the pottery manufacturing methods of
Romans and, more in general about the art of ceramics in
Roman•s age.

2. Materials and Methods

Raman scattering measurements were carried out in back
scattering geometry with the ���� nm line of an Nd:YAG
laser. Measurements were performed in air at room tem-
perature with a compact spectrometer BWTEK i-Raman
Ex integrated system with a spectral resolution of about
� cm Š1. Chemical analysis was carried out by using EDAX
microanalysis system of a Dual Beam FEI Nova.

Di
erent samples originating to mention two furnaces
(furnace VI and Furnace VII) in Pompeii were analyzed. For
sake of clarity and brevity we choose as representative of
the di
erent samples the fragments denoted by VII��B�� and
VI��B�Z for the furnaces VII and VI, respectively (Figures
�(a) and �(b) ). However, if it is not explicitly indicated, no
di
erences in the measurements performed were observed
with respect to other samples with the same provenience
or inside the same sample itself. Moreover the sample
���A����� (Figure �(c) ), a clear waste of production, was
used as comparative sample.

Raman analysis interested also two di
erent plaster•s
samples:

(i) the �rst sample (sample HT) was a IVth style painting
exposed to the heat of the eruption. 	is sample was
originally situated on the US �, at ��,��� meters a.s.l.;

(ii) the second sample (sample LT) was instead a Ist style
painting, dated to the IIIrd century b.C. and not
exposed to the heat of the eruption. 	is sample was
in fact situated on the US ��, at ��,���…��,��� meters
a.s.l, and was covered by �,� meters of ground during
the eruption.

3. Experimental Results

	e internal and external faces of the VI ��B�Z sample
were analyzed by Raman spectroscopy, EDAX measurements,
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(a)

Element Wt% At% � -ratio � � �
C K ��,�� ��,�� �,���� �,���� �,���� �,����
O K ��,�� ��,�� �,���� �,���� �,���� �,����
Mg K �,�� �,�� �,���� �,���� �,���� �,����
Al K �,�� �,�� �,���� �,���� �,���� �,����
Si K �,�� �,�� �,���� �,���� �,���� �,����
K K �,�� �,�� �,���� �,���� �,���� �,����
Ca K ��,�� �,�� �,���� �,���� �,���� �,����
Fe K ��,�� �,�� �,���� �,���� �,���� �,����
Pb L ��,�� �,�� �,���� �,���� �,� ��� �,����
Total ���,�� ���,��

(b)

Element Wt% At% � -ratio � � �
C K ��,�� ��,�� �,���� �,���� �,���� �,����
O K ��,�� ��,�� �,���� �,���� �,���� �,����
Mg K �,�� �,�� �,���� �,���� �,���� �,����
Al K �,�� �,�� �,���� �,���� �,���� �,����
Si K ��,�� ��,�� �,���� �,���� �,���� �,����
K K �,�� �,�� �,���� �,���� �,���� �,����
Ca K �,�� �,�� �,���� �,���� �,���� �,����
Fe K �,�� �,�� �,���� �,���� �,���� �,����
Pb L �,�� �,�� �,���� �,���� �,���� �,����
Total ���,�� ���,��
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(b)

F����� �: EDAX spectra from VI��B�Z sample taken on the surface (a) and cross section (b).



Journal of Spectroscopy �

4. Discussion

	e presence of the calcium oxide and hydroxide on the
internal and external surfaces of the samples as well as the
contemporary absence in the analysis of the cross sections
and in the cracks strongly suggests that the calcium hydroxide
was not accidental on the surface but on the contrary it was
spread intentionally over both the surfaces of the potteries.

On the other hand the use of limewash as binder of di
er-
ent pigments is widely proved and accepted in antiquities and,
in particular, in ancient Roman walls [�� , �� , �� ]. According
to Vitruvius, intonaco is a set of �nishing layers composed
of lime and very �ne-grained sand. In this technique the
calcareous rock (mainly constituted by calcium carbonate
(CaCO3)) is �rst selected in base to their purity (small
impurity can vary the �nal color of the powder) then was
heated in oven at high temperature (more than ����� C). In
these conditions the calcium carbonate degrades in calcium
oxide and carbon dioxide [�� ]:

CaCO3(S) + heat�� CaO(S) + CO2(G). (�)

	en, the calcium oxide was mixed with water forming
calcium hydroxide:

CaO3(S) + H2O �� Ca(OH)2 . (�)

Finally, this compound (calcium oxide/hydroxide) was
mixed again with calcium carbonate to obtain the so-called
intonaco that was applied to the wall in order to obtain
a smooth, polished surface that resembles marble. To this
compound o�en mineral pigments were added to form
di
erent color on the wall. Di
erent works based on Raman
spectroscopy reveal the ill resolved double at ���…��� cmŠ1

due to the calcium oxide/hydroxide plus a narrow band at
���� cm Š1 from the calcium carbonate.

Some general and additional information can be deduced
from the study of the Raman spectra of the intonaco; actually,
the presence of the band from calcium carbonate is a clear
indication that the samples were treated at high temperature;
actually as previously stated at high temperature (above
��� � C), calcium carbonate passes in calcium oxide (plus
gaseous CO2) that, being highly hygroscopic, forms naturally
the calcium oxide/hydroxide (CaO(OH)). In general when
the samples were treated at relative low temperature both
the Raman signals from calcium carbonate and calcium
oxide/hydroxide are present as in the case of Roman mural
paints, being the mural paint not thermal treated. On the
contrary in our samples, the absence of the band of carbonate,
as reported in Figures�(a) and �(b) , can be used as an
indication of a thermal treatment of the pottery samples at
high temperature.

An interesting proof of the above mentioned heat e
ect
is evident in the Raman spectra of the mural samples (casa
del marinaio).Both of them refer to mural paintings from
Pompeii but only the �rst of them (sample HT) was in contact
with the high temperature generated by Vesuvius•s eruption
and the Raman signal from this sample does not present
the peak at ���� cm Š1 while the second sample (sample LT)
pertains to a wall that was about three meters under the

Raman shi� (cm�1 )

In
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 (
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)

1086cm�1

1200 1150 1100 1050 1000

Not exposed to eruption
Exposed to eruption

F����� �: Raman spectra taken on mural samples from casa
del marinaio (Pompeii), exposed and not exposed to Vesuvius•s
eruption. 	e band position relative to the strongest Raman band
from the calcium carbonate is evidenced.

ground level at the time of the eruption, so the temperature
was much lower and the calcium carbonate over the mural
painting was preserved (Figure� ).

On the contrary in the pottery samples from Pompeii
(see the spectra from the VII��B��, VI ��B�Z samples as
representative in Figure� ) the band at ���� cm Š1 is always
absent in all the measurements performed, suggesting that
the limewash was spread over the pottery before the heat
treatment in the furnace. As further indication of this hypoth-
esis we report the Raman spectrum of the sample ���A�����,
a clear waste of production (Figure� ). Again the band at
��� cm Š1 is evident, while the band of calcium carbonate is
absent. 	e spectrum of the jumble registered in cross section
does not reveal any peak of this phase, suggesting again that
the limewash (calcium oxide/hydroxide) was spread over the
surface before the heating treatment.

It can be interesting to try to answer the question, which
is the function of the calcium oxide/hydroxide and why it
was spread over the surface of the pottery before the heat
treatment?

One hypothesis can be related to the same reason of the
mural painting, that is, to smooth the surfaces and to use the
intonaco as a binder of the inorganic pigment (that need a
thermal treatment).

A second hypothesis can be associated to an improvement
to the normal cooking process of the pottery. Actually, the
addition of calcium oxide/hydroxide creates a layer over
the surfaces that, during the heat treatment, remains highly
oxygenated. 	e oxygen preserves the surfaces from carbona-
ceous waste that blacken the �nal good, moreover the oxygen
permits to obtain a relative higher temperature at the surfaces
favoring the vitri�cation process of the aluminosilicates,
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F����� �: Raman spectrum of the sample ���A�����, a clear waste of
production of the furnace VII, taken along the internal and external
surfaces.

the hardening of the clay and decreasing the porosity of the
surfaces [�� , �� ].

	e high oxygenated ambient of these samples is indi-
rectly suggested from the presence of TiO2 in the anatase
forms. Actually at temperature higher than ���� C the
anatase phase naturally transforms to the more stable rutile
phase; however highly oxygenated environmental conditions
increase the temperature threshold for the phase transforma-
tion up to ���� � C [�� ].

As experimental proof of the thesis just illustrated, with
the help of deconvolutions with lorentzian pro�les, it is
possible to analyze the Raman spectra in order to identify a
degree of carbonation of the samples and then deep inside to
the absorption process of CO2 during the heat treatment of
the pottery and justify the use of calcium hydroxide as getter
of the carbon dioxide produced during the heat treatment.
As indicated in [�� , �� ] the method of the carbonic dioxide
sequestration (CDS) is well kwon and used especially in
the case of the mineral carbonation of calcined calcium
hydroxide (limewash) as indicated in the reaction:

Ca(OH)2(S) + CO2 �� CaCO3(S) + H2O. (�)

In the case of heat treated pottery, the mentioned reaction
takes place during the cooling process when the formation
of calcium carbonate is allowed. Calcium carbonate can
assume di
erent crystalline phases as indicated by [�� , �� ].
	e principal structures are indicated in Table� with Raman
band and assignations.

Moreover, if the time of cooling is too fast it is possible to
�nd a mixture of mentioned phases with an high probability
to obtain the compound in amorphous conditions [�� , �� , �� ].

	e deconvolution illustrates the e
ective position of
the experimental Raman bands in the spectra collected
on the ancient potteries (Figure� reports, as example,

Raman shi� (cm�1 )
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Correlation factor (R) = 0.998

F����� �: Raman spectrum of sample ��� A�����: deconvolutions
with lorentzian pro�les.

the deconvolution from the sample ���A�����, waste of pro-
duction). Raman bands are centered at ��� cmŠ1, ��� cm Š1,
��� cm Š1, ���� cm Š1, and ���� cm Š1. An assignation of the
peaks at ��� cmŠ1 ��� cm Š1 and ���� cm Š1 is possible with
the indications of Table� , while the band at ��� cmŠ1 and
���� cm Š1 can be assigned to calcium oxide/hydroxide and
vibration of hydroxyl molecule (O-H out of plane bending
mode), respectively [�� , �� ].

	e band at ��� cm Š1, in particular, could be assigned to
Aragonite phase of calcium carbonate. 	e band at ��� cmŠ1

can be assigned to the] 2 mode of (CO3)
2Š, which is Raman

forbidden in the free ion, but remains weak a�er coupling to
the cations in the lattice [� , �� ]. 	e broad band at ���� cm Š1

can be assigned to the] 1 mode due to the symmetric
stretching vibration of the carbonate groups [�� , �� ].

	e presence in the spectrum of the bands assigned to
Aragonite and carbonate groups weakly bonded to the cations
is signi�cant for the happened sequestration of CO2 by the
samples during the heat treatment.

To better understand this phenomenon it is possible to
explain each singular step of the process of carbonation
in clays by using experimental archeological methods and
reproducing the behavior of the sample.

Figure �(a) shows the Raman spectrum of amorphous
calcium hydroxide Ca(OH)2 obtained heating calcite pow-
ders at the temperature of ����� C for � h, with a ramp of
temperature of �� C/min, and a�er it reached the ambient
temperature, mixed with water. No other peaks assignable
to other stable or metastable crystallographic phases were
found.

	e bands at ��� cm Š1, ��� cm Š1, ���� cm Š1, and
���� cm Š1 are associated to calcium hydroxide and water as
indicated by [�� , �� ]. In particular the band at ��� cmŠ1 could
be assigned to O-H out of plane bending mode according to
Buzgar and Apopei [�� ].

A�er �� h of exposition to the content of CO2 present
in the air at ambient temperature, the carbonation process
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T���� �: (a) Fundamental vibrational modes of the carbonates according to [� , � ]. (b) Raman bands in some carbonates and hydroxyl-
carbonates.

(a)

Mode Symmetry Selection rules Frequencies (cmŠ1)
] 1 Nondegenerate symmetric stretch A� � Raman ����
] 2 Nondegenerate asymmetric (out of plane) bend A�� � IR Near ���
] 3 Doubly degenerate asymmetric stretch E� IR + Raman ����
] 4 Doubly degenerate symmetric (in-plane) bend E� IR + Raman ���
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F����� �: Raman spectrum of calcium hydroxide obtained heating at ���� � C CaCO3 powders.

takes place and, in the spectrum shown in Figure�(b) , it is
possible to observe the presence of di
erent bands associated
to the carbon dioxide sequestration. 	e band at ��� cmŠ1

disappears (the band was present in the spectrum taken at
the beginning of the process, Figure�(a) ), while it is possible
to observe the presence of the band at ��� cmŠ1 which could
be associated to the mode] 2 of the carbonate ions weakly
bonded to the cations. In addition a new band at ��� cmŠ1

can be observed and assigned to the] 3 symmetric CO3
2Š

bending mode in Vaterite, suggesting favorable conditions for
this metastable form (� -CaCO3) [�� ].

By wetting the same calcium hydroxide powders used in
the previous experiment the •limewashŽ was realized with the
purpose to reproduce the ancient technique probably used in
Pompeii. 	e limewash was mixed with hematite and used to
cover the surface of two samples of clay, indicated as A and
B, di
erentiated by the presence of calcite into the mixture
(sample A) and no presence of calcite (samples B) into
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(A) (B)

F����� ��: Laboratory samples: sample A: calcite in the mixture of
the clay; sample B: absence of calcite in the clay. Both the samples
were covered with Fe2O3 powder (hematite phase) and treated at
���� � C.
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F����� ��: Raman spectrum with deconvolutions of samples (a) and
(b).

the mixture (Figure�� ). Each sample was treated at ����� C
with the same temperature treatment used in the previous
calcite sample. As shown in Figure�� the samples B present a
di
erent color in the limewash covered surface.

Figure�� reports the Raman spectra of the samples A and
B with the relative deconvolutions with lorentzian pro�les. It
is possible to observe the presence of the bands assigned to
calcium hydroxide, as indicated previously, the presence of
the band around ��� cmŠ1 due to CO3

2Š weakly bonded to
the cations, and the presence of the band at ��� cmŠ1 typical
for the ] 4 frequency mode of carbonate in Aragonite phase
[� ].

Figure �� reports the Raman spectrum of the sample
A collected in a cross section of the sample not exposed
to the atmosphere, at high temperature. In this case the
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F����� ��: Raman spectrum of the cross section of sample A.

calcite present into the clay mixture has been transformed
in calcium oxide/hydroxide due to the high temperature and
the residual humidity of the clay. From the analysis of the
Raman spectrum it is possible to observe the phenomenon
of carbonation as indicated by the absence of the band at
��� cm Š1 (Aragonite phase) and a slow contribution of the
band at ��� cm Š1 is shown (associated to the presence of
carbonate ions weakly bonded to the cations) [� ].

	ese results seems to indicate an high degree of knowl-
edge of the cooking process of the pottery in the Roman
age and in particular the use of calcium hydroxide as a tool
to reduce the content of CO2 in the furnace atmosphere
and then obtain a more oxidant ambient and reach higher
temperature close to the at the pottery surfaces.

5. Conclusions

In this study a characterization of di
erent type of pottery
samples and painted fragments of wall belonging to Pompeii
has been performed by means of EDS microanalysis and
Raman spectroscopy. 	e principal results obtained concern
the use of calcium hydroxide above the surface of analyzed
samples before cooking the clay. 	is technique of surface
treatment seems to be not justi�ed only for the use of a
vitri�cation additive or sealant, but through this study it is
possible to suggest that calcium hydroxide could be used as
•getterŽ of CO2 during the heat treatment. 	e result of this
operation is to reduce the content of CO2 in the furnace
atmosphere and then obtain a more oxidant ambient when
cooking the pottery. In these conditions, as illustrated in this
study, the metallic oxides used as pigments on the surface,
or contained in the clay mixture, could be preserved in the
higher state of oxidation, providing a better esthetical result
(in terms of color).

In any case, these �ndings give new light on the pottery
manufacturing techniques of Romans and in particular open
new questions about the real degree of knowledge of the
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Romans about the art of ceramics and more general about
chemistry and technologies.
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