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Abstract

A chemical, mineralogical and morphological characterization of 54 fragments of oil lamps found in two Spanish archaeological sites
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Cordoba andHerrera de Pisuerga (Palencia)) has been performed. Flame atomic absorption and emission spectrometry were use
etermination of Al2O3, CaO, Fe2O3, K2O, MgO, MnO, Na2O and TiO2 as major constituents and Cu, Cr, Ni, Pb and Zn as mino

race selected elements. Physical, mineralogical and morphological analyses were made by using dilatometry at constant heatin
hermal behaviour, X-ray diffraction spectrometry for the mineralogical composition and, in a group of selected samples, scannin
icroscopy and polarizing petrographic microscopy for the observation of thin layers and mineral identification. Separations of
eavy minerals were carried out with bromoform and X-ray diffraction analysis was applied to both fractions. Multivariate statistica
as used to establish correlations between variables and to deduce factors which allow the gathering of oil lamp samples in

unction of their composition.
The results of these analyses allow the comparison among pieces and the establishment of conclusions about several asp
anufacture, the origin of the raw materials and the provenance of the oil lamps (local or imported). They provide information s

ertain archaeological hypothesis. For example, some oil lamps found inHerrera de Pisuerga showed a clearly different physicochemi
omposition. They were probably brought fromItaly by the Roman Legions together with their initial furniture household.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Traditional methods with a largely archaeological and
ypological basis did not enable us to obtain enough informa-
ion about several aspects regarding the nature and origin of
ncient ceramic materials. This is the reason why a large num-
er of articles have recently emerged devoted to study these
aterials using physical and chemical analyses. Among these

tudies, geological and ceramic reference materials have been

∗ Corresponding author. Tel.: +34 91 497 76 25; fax: +34 91 497 49 31.
E-mail address: mdolores.petit@uam.es (M.D. Petit Domı́nguez).

used[1,2] to establish decomposition procedures and ana
schemes using different techniques, such as ICP-AES, N
XRF and results, were statistically evaluated. Other l
number of appeared articles introduce us into the import
of physicochemical and chemometric data for classifica
of ceramic pieces within archaeological realm. In these s
tile fragments[3,4], amphorae sherds and fine ware[5–10],
ancient bricks[11], figure vases[12], etc. were analyzed b
different techniques and data were subjected to stati
treatment by multivariate analyses in order to classify cer
pieces into compositional groups, where the obtained re
often supported archaeological hypothesis previously e
lished.

039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2005.07.033
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During the last decades, ancient roman pottery oil lamps
have been one of the ancient ceramic types studied in great
profusion due to the interest of scientists to reach a better
knowledge of Roman society through the investigation of
these ceramic objects[13,14]. The main objectives of these
studies were the following: (i) the determination of chrono-
logical data. Roman pottery oil lamps present a well known
morphological evolution that allows us to date archaeological
quarries with a quite precision. (ii) The establishment of geo-
graphical origin of the ceramic paste and the technology used
in their manufacture process. (iii) The location of production
centres and the commercial ties that link these centres with
the different Roman Empire cities. Although the first item
has been well studied in this type of archaeological objects
[15], the others require a most deep research in the field of
the physicochemical characterization of these materials, the
interpretation of the data and statistical study of the results
that help us to classify them in groups sharing a similar com-
position.

Iberian Peninsula constitutes one of the most important
places where Roman archaeological sites containing pottery
oil lamps were discovered. Among others, Morillo[15] is
one of the scientists that studied complete series ofHispanic
workshops and looked into the military policy of Augustus
in the Norwest of the Iberian Peninsula. An example of these
archaeological quarries is the ancient Roman military settle-
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on the manufacture technology and the use of these oil
lamps.

2. Experimental

2.1. Description of the samples

Samples consisted of fragments of 54 different pottery
oil lamps from archaeological deposits located in two Span-
ish provinces:Palencia and Cordoba (seeFig. 1A). They
were selected from an archaeological point of view; 32 of
them were collected in the archaeological excavations ofHer-
rera de Pisuerga (Palencia, Spain) and dated from 10b.c. to
40a.d. [15] and 22 were collected in another archaeologi-
cal excavation sited inCordoba together withHispanic terra
sigillata pottery, and as a consequence they are dated in the
Julius–Claudius period[19]. All samples are Late Republi-
cans. As an example, a photograph and a scheme of their
different parts are included inFig. 1B and C.

Samples were obtained by taking a minimum part of the
archaeological object, with the aid of a scalpel with dia-
mond tip, to minimize any damage and contamination. These
samples were ground in an agate mortar and pestle before
analyses, in order to reduce the particle size and to secure
homogeneity.
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ent sited inHerrera de Pisuerga (Palencia, Spain) wher
he Third Macedonian Legion remained from the 20–
earb.c. to about the 39-yeara.d., during the Augustus an
iberius commands. A great number of pottery oil lam
ere found there[15,16], most of them corresponding
ogelkpoflamper or Dressel 4 type (so called “bird heade
ype”) [17].

The purpose of this paper was to discern if pottery
amps found during the archaeological excavation in the
f Herrera de Pisuerga (Palencia, Spain) were manufa

ured by the local military settlement workshop or ma
hey were imported fromItaly either through the Hispan

editerranean and theEbro Valley ports or through Roma
egions together with their initial furniture.

The analytical chemistry is an essential and indisp
ble discipline to tackle these studies. Therefore, a chem
ineralogical and physical characterization of pottery

amps fromHerrera de Pisuerga was made to carry out th
nvestigation. The composition of these oil lamps was c
ared with those of the clay materials from the surroun
reas of the archaeological site in order to support the
ries exposed above. In the same way, a physicoche
omparison with pottery oil lamps from another Roman
lement discovered in the south of the Iberian Penin
pecifically inCordoba (Spain)[18], was carried out. Owin
o the large number of chemical and mineralogical res
everal multivariate statistical studies were additionally
ormed in order to obtain relations among pottery oil lam
ith similar characteristics and to establish significant

erences among them that might help to shed more
.2. Physicochemical analyses

Flame atomic absorption spectroscopy (FAAS), usin
erkin-Elmer 503 spectrometer, was employed for deter

ng several major and minor elements, including Al, Ca,
r, Fe, Mg, Mn, Ni, Pb, Ti and Zn. K and Na were measu
sing the same instrument in flame emission mode. S
ontent was deduced by difference. The previous sa
issolution was carried out in the following way: a mi
um amount of sample was treated with hydrofluoric

n an open vessel and heated on a hot plate. It was follo
y addition of aqua regia, heating again until dryness.
esidue was dissolved with 1 ml of concentrated hydroch
cid and diluted with water to the mark in Teflon volume
asks. Care was taken to keep the contamination to a
um. Ultrapure water was used throughout and all reag
sed were of analytical grade. In all flame and emission s

roscopy determinations, blanks of reactive were anal
iving signals under the detection limits.

Light and heavy mineralogical fractions were separate
sing bromoform (2.89 of specific gravity)[20]. The lighter

raction remains floating in the surface while the heavier
s deposited at bottom. Grains were identified through
al microscopy[21]. The mineral composition of the origin
amples and of heavy and light fractions was determ
y X-ray diffraction spectrometry (XRD), with the powd
ethod[22–24]by using a Siemens D-5000 diffractome
nd working with Cu K�radiation and Ni filter. Applied volt
ge and anodic current were 40 kV and 20 mA, respecti



1238 R. Garcı́a Giménez et al. / Talanta 68 (2006) 1236–1246

Fig. 1. (A) Location map of the archaeological sites. (B) Oil lamp photograph. (C) Oil lamp elements.

Transversal thin sections of the samples (20–25�m) were
cut off. When it was impossible to obtain thin sections of
samples, they were consolidated with resin and cut off after
drying as described. Mineral components and ceramic paste
texture were observed using a Petrographic Polarisation Orto
Plan Pol Leitz Microscope. In addition, observations of 1�m
layers corresponding to some ceramic samples, polished with
diamond, were made by scanning electron microscopy (SEM)
using a Carl Zeiss 500E microscope and quantified with an
energy dispersive X-ray (EDX) analyzer.

Thermal behaviour of samples was studied using a
Adamel-Lhomargy dilatometer in the following conditions:
a 7 mm of length cylinder was used in an air stream in a range
of temperatures from 25◦C to 1000◦C, with a heating rate
of 5◦C min−1, using an alumina standard.

2.3. Statistical study of some chemical and
mineralogical parameters

A statistical processing of the data was carried out using
the SPSS program, version 11.5 for Windows®. Correlation
and multivariate statistical analyses were performed by using
chemical and mineralogical data of the 54 studied samples.
The variables were grouped in three different studies: (i) 14
corresponding to chemical data (SiO2, Al2O3, CaO, Fe2O3,
K O, MgO, MnO, NaO, TiO , Cu, Cr, Ni, Pb and Zn),
( ical

composition (calcite, quartz, dolomite, gehlenite, anorthite,
feldspars, phyllosilicates, piroxene and wollastonite) and (iii)
those 12 for heavy mineralogical fraction (tourmaline, zircon,
rutile, garnet, andalousite, distene, epidote, diopside, apatite,
hornblende, sillimanite and staurolite). Supervised Pattern
Recognition was applied in this study. Linear discriminant
analysis was used for hard classification purposes, trying to
establish possible connections among groups of samples and
variables[4,25]. This procedure is useful for classifying the
oil lamp dataset into groups according to the places where the
samples were found. It generates a small number of functions
of quantitative measurements which are linear combinations
of the standardized pattern variables with weight coefficients.
These functions are called canonical discriminant functions
and help to discriminate among groups of oil lamp samples
with different origin. The procedure assumes that the vari-
ables are drawn from population with multivariate normal
distributions and that variables have equal variances.

3. Results and discussion

3.1. Chemical analysis

Major constituents, such as Si, Al, Ca, Fe, K, Mg, Mn, Na
and Ti, were determined in the samples and the results cal-
c ntent
2 2 2
ii) 9 variables corresponding to data of total mineralog
 ulated as percentage of their respective oxides. The co
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Fig. 2. Box & Whisker Plot of the chemical components.

of some minor elements (Cu, Cr, Ni, Pb and Zn) were also
obtained. The results deduced for each compound are repre-
sented in Box & Whisker Plot (Fig. 2). In this plot, each box
encloses the middle 50%, where the median is represented as
a horizontal line inside the box. Vertical lines extended from
each end of the box (called whiskers) enclose data within
1.5 interquartile ranges. Values falling beyond whiskers, but
within three interquartile ranges (suspect outliers), are plot-
ted as individuals points (©). Far outside points (outliers)
are distinguished by asterisks. This plot has been divided
into three different scale zones. SiO2 content is represented
in the left part of the diagram, where samples found in both
workshops,Cordoba andPalencia, show similar dispersion
with negative asymmetry.

Major chemical elements are represented in the central
part of the plot. A great variability in CaO content is observed,
mainly caused by lime milk treatments. Dispersion and mean
value are higher in samples found inCordoba than inPalen-
cia ones and both show a positive asymmetry. K2O and
Na2O have more dispersed values in samples found inCor-
doba, although the averages are similar for Na2O and higher
for K2O in Cordoba samples. There are more outliers and
extreme values in those fromPalencia corresponding to sam-
ples probably ofItalian origin.

Minor chemical elements, selected as indicators of the
raw materials as well as of the deliberated addition of cer-
tain substances to improve the properties of the ceramic
pastes are represented in the right part of the plot. In this
sense, concentrations of Cu, Pb and Zn are higher in samples
from Cordoba than those fromPalencia. Cr and Ni are non-
detected elements in all cases except in four isolated samples
from Palencia supposedly ofItalian origin.

A Supervised Patterns Recognition Study was applied
to all chemical results obtained for the 54 samples. Linear
discriminant analysis was designed to develop a set of dis-
criminating functions which can help to classify samples and
to extract all those lamps with significant differences in chem-
ical composition. 54 cases were applied to this study and 14
predictor variables were entered: 9 major constituents (SiO2,
Al2O3, CaO, Fe2O3, K2O, MgO, MnO, Na2O and TiO2) and
5 minor or trace elements (Cu, Cr, Ni, Pb and Zn).

Fig. 3 is a graphical representation of the samples as a
function of the two canonical discriminant functions. F1 rep-
resents 90.1% of the variance and F2 9.9%. These functions
with P-values less than 0.05 are statistically significant at
95% confidence level. The projection of each variable is also
represented in the figure. MnO variable was not considered
in this study since the analysis did not overcome the tolerance

analys
Fig. 3. Linear discriminant
 is of the chemical components.
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Fig. 4. Linear discriminant analysis of the total mineral components.

test (0.001). Three different categories were selected accord-
ing to the origin places (Cordoba,Palencia andItaly). Each
category is well represented inFig. 3and it is characterized
by a centroid (marked as a big point without filling) which is
the average for each group (unique value in the classification
factor field). The oil lamp samples belonging to each cate-
gory are group inside an enclosure. Only three points were
estimated as aberrant patterns (or outliers) and they were not
included in the group ofPalencia.

Suspected samples fromItaly are located really far away at
high values of F1, mainly due to the elevated concentrations
of Ni and Na2O, while samples fromCordoba and Palen-
cia have negative values of this function or very close to
zero. On the other hand, samples found inCordoba showed
more dispersive values than those inPalencia, as a conse-
quence of higher dispersion in the concentrations of K2O
and Na2O already mentioned above. Some additional sam-
ples were also analyzed. They were taken from clays found
in the surroundings of thePalencia andCordoba settlements.
The analytical results were introduced in this statistical study
and they are according with their corresponding sherds of oil
lamps results. This is an evidence that these specimens were
likely local products, and compositional differences between
local oil lamps might account for the use of different clays,
for clay mixing or for addition of different tempers or addi-
tives; besides, compositional variability with a single clay bed
m ita-
t he
f d
p

3

ples
w , cal-
c . In

general, samples found inCordoba showed a lower propor-
tion of feldspars and quartz and they were enriched in calcite.
A statistical study similar to the one carried out with the
chemical results was made with the nine crystalline phases
found by XRD as predictor variables in the 54 cases (Fig. 4).
Canonical discriminant functions were deduced from the
mineral composition (quartz (Q), calcite (C), dolomite (D),
feldspars (F), phyllosilicates (P), anorthite (A), wollastonite
(W), gehlenite (G) and pyroxene (P)). F1 represents 99.8%
of the total variance and it is affected mainly by the presence
of gehlenite and wollastonite. As it can be seen, there is also
an association of phyllosilicates, calcite, dolomite, felspars
and quartz. These minerals behave in different way to gehlen-
ite and wollastonite, whereas anorthite and pyroxene appear
more dispersed, with a more individualized behaviour and
with a scarcely influence in the score. F1 allows us again to
distinguish a group formed by four samples found inPalencia
settlement with a mineralogical composition clearly differ-
ent from the other samples. These samples are the same ones
that showed a noticeable difference in the chemical analysis.
They showed the strongest peaks for quartz and clay mineral
relics. Peaks of the diffractogram at 3.30Å and 2.85Å corre-
spond to calcite and gehlenite, respectively. In these samples
a displacement was observed in the peaks of calcium alumini-
umsilicate due to the solid solution of iron and magnesium
on the gehlenite similar to those observed by Peters and Iberg
[ nite
(
3 nd
l wol-
l e in
t e of
t
T
o -
e the
ight also be taken into account, particularly if the explo
ion went on for a relatively long period of time. Only t
our samples highly displaced inFig. 3seem to be importe
roducts owing to their really different composition.

.2. Mineralogical analysis

The mineralogical characterization of the original sam
as deduced by XRD. Quartz, phyllosilicates, feldspars
ite and dolomite were the major mineral constituents
26]. Similar effects were observed in the pseudowollasto
peaks at 2.98̊A and 2.94Å). Peaks at 3.27̊A, 3.22Å and
.18Å show the formation of anorthite, with small size a

ow crystallisation degree. The presence of gehlenite,
astonite and, in a lower extent, anorthite and diopsid
he supposedItalian samples are found is a consequenc
he reactions occurring when Ca-rich clays are fired[11].
hese samples will be considered ofItalian origin from now
n and they are displaced inFig. 4 due mainly to the pres
nce of gehlenite and wollastonite, both undetected in
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oil lamp samples fromPalencia andCordoba. Samples from
Cordoba andPalencia are also scattered in two zones with a
small communal area due to their differences in quartz, cal-
cite, dolomite and felspars contents. This grouping provides
the proper classification of 85.2% of the original cases.

In additional studies, it has been proved that the bulk of
Palencia samples showed a mineralogical composition (sili-
cates, phyllosilicates and carbonates) in agreement with local
muddy lodes sited in thePisuerga Valley [27].

On the other hand, samples were subjected to a treatment
with bromoform to isolate the heavy minerals from the light
ones. This separation drives to the characterization of the
heavy minerals that otherwise could not be detected due to
their low-level contents. Both fractions (heavy and light min-
erals) were analyzed by XRD. The light fraction was the most
abundant (84% in thePalencia samples and 94% in theCor-
doba samples). The diffractograms were very similar in all
cases to those obtained from the original sample. This fraction
was mainly constituted by phyllosilicates, quartz and calcite,
with important amounts of dolomite and feldspars in most
samples. It can be observed the presence of other crystalline
phases, such as wollastonite and gehlenite, only detected in

the four Italian samples and the presence of much higher
amounts of anorthite in these samples. The distributions of the
average values of minerals found in each fraction classified
by their origin are shown in the histograms ofFig. 5. Samples
were grouped in samples fromCordoba, Palencia andItaly.
The latter correspond to those samples found inPalencia with
a remarkable different composition and presumably with dif-
ferent origin. It was very interesting to detect the presence of
pyroxene, a mineral associated to volcanic rocks, in sam-
ples fromCordoba andItaly. The inclusion of these volcanic
materials has always been one of the main characteristics
of the ceramic productions from thecampano-lacial area, a
very famousItalian zone due to its remarkable volcanism.
In the same way, the presence of volcanic areas is nowadays
well documented in different zones of the south of the Iberian
Peninsula (Alboran SeaandBaetic Mountains) [28]. These
volcanic materials were frequently added to ceramic pastes
in order to decrease the plasticity of the pastes during the fir-
ing process avoiding cracks[7] and they are evidences of the
presumable local manufacture of ceramic pieces fromCor-
doba and ofItalian origin of those four anomalous samples
found inPalencia.
Fig. 5. Histograms of the average proportion of minerals in the stu
died oil lamps (top: total minerals; bottom: heavy mineral fractions).
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Fig. 6. Linear discriminant analysis of the heavy mineral components.

Heavy minerals are characteristic of the origin of the raw
materials employed in the manufacture of oil lamps. This
fraction was formed in a large extent by tourmaline and zir-
con. A noticeable difference in this fraction was the important
amount of garnet in theCordoba oil lamps, and rutile and
andalousite in thePalencia ones and it is also remarkable the
important amount of diopside in the fourItalian samples.
Minor minerals, such as distene, epidote, diopside, horn-
blende, sillimanite, staurolite and apatite, are present in some
samples.

Another lineal discriminant analysis was carried out with
the heavy mineral results (tourmaline (T), zircon (Z), rutile
(R), garnet (G), andalousite (An), distene (Ds), epidote (E),
diopside (Dp), hornblende (H), sillimanite (Si), staurolite (St)
and apatite (Ap)). The score plots for the two canonical dis-
criminant functions, F1 and F2, are represented inFig. 6.
They represent, respectively, 94.6% and 5.4% of the vari-
ance. Each mineral projection is also detailed in this figure.
The oil lamp samples fromCordoba are distributed in the
left area (negative values of F1) due to their high content of
zircon and garnet whereas samples fromItaly andPalencia
and located in the right one (positive values of F1). Major
differences betweenItaly andPalencia results are found in
the higher zircon and diopside contents inItalian samples.

3.3. Morphological and microscopical analysis

a
c (col-
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s e and
m etitive
u worn

out (“overmolding” technique)[29,30]. The principal objec-
tive of this local workshop was covering the basic necessities
of the military troops. Therefore, ceramic oil lamps were
manufactured to be employed by not very demanding users
with mainly a functional use. However, the consideredItal-
ian oil lamps showed a more careful aspect, such as the same
colour of the ceramic paste and the engobium, and clearer
ornamental pictures, representing a more decorative use.

Observations made by polarization microscopy, using thin
sections of the samples, allow us to distinguish different
material types in relation to their texture and mineral com-
position and the classification of the ceramic pastes as artifi-
cial micro-conglomerates. In all cases they were formed by
clayish–carbonaceous tempers and cement. Some micropho-
tographs representative of local and imported oil lamps are
shown inFig. 7. In local samples fromPalencia (Fig. 7A),
fine grains of quartz and feldspars, andalousite and distene
can be seen. In those fromCordoba (Fig. 7B), garnet, zircon,
diopside and apatite clearly appear, as well as certain fossils
corresponding to sedimentary rocks.Fig. 7C shows an image
of a sample found inPalencia considered ofItalian origin,
where an association of zircon, garnet, rutile, sillimanite and
tourmaline was identified, as well as quartz crystals, frag-
ments of metamorphic rocks and a fossil foreign toPisuerga
Valley, corroborating the external provenance of this oil lamp.

Some representative samples were analyzed by SEM–
E their
g ed by
C us
s ence
o uc-
t
a small
a rved
i e that
A great number ofPalencia oil lamp samples showed
areless manufacture process. Generally, the engobium
oidal solution used as external coating for the final app
nce enhancement) has not similar colour than the ce
aste as it is common in this type of ceramic pieces[4,7]. Most
amples showed unclear ornamental pictures and mor
ore reduced dimensions. It is a consequence of the rep
se of a reduced number of moulds that became to get
DX demonstrating that all of them are characterized by
reat porosity, due to decarbonatation processes follow
O2 elimination, and by an irregular distribution of poro
ize (many of them of big size). They showed the pres
f micaceous forms and long particles with vitrified str

ures from illite, as well as contents of K2O between 12%
nd 15%. The presence of pseudowollastonite and a
mount of anorthite, with secondary origin, could be obse

n these samples as well as grains of calcium carbonat
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Fig. 7. Microphotographs of oil lamp samples from (A)Palencia, (B) Cor-
doba and (C)Italy.

have produced bulks of CaO which break off during the orig-
inal thermal treatment.

Micaceous layers with different degrees of alteration as
well as feldspars and even big grains of rutile could be also
identified in these samples. Big masses can be attributed to
calcium carbonated destroyed in the original firing process (in
spite of a posterior partial recarbonatation). Whereas the sup-
posedItalian samples present a large proportion of gehlenite,
only small dark grains of gehlenite were observed in the rest
of the samples (not detected by XRD). A similar behaviour
was observed for wollastonite and anorthite. It could also be

observed that the iron minerals maintain their acicular shape
with contents of Fe2O3 higher than 18%. The observed dark
zones are rich in CaO (22%) and Fe2O3 (5%), whereas the
light ones are rich in CaO, Fe2O3 and MgO with a decarbon-
atation grade lower than 7%.

Fig. 8 shows a SEM microphotograph corresponding to
one of the samples collected inHerrera de Pisuerga (Palen-
cia) and considered ofItalian origin. This figure has been
chosen because it shows some differences with respect to the
Spanish oil lamps. It is remarkable the presence of important
amounts of gehlenite detected by XRD only in the four sam-
ples fromItaly and it is corroborated by SEM–EDX. In the
same way, the presence of glass filaments and some minerals,
such as anorthite and wollastonite, is observed in a large pro-
portion. It is a specific characteristic of thisItalian samples
and it is an evidence of an incipient vitrification process in
which large glass filaments are generated as consequence of
a higher firing temperature (about 900◦C). Higher tempera-
tures would drive to the transformation of gehlenite in mullite
[31,32]and the latter has not been detected. In contrast, the
proportion of these minerals in the Spanish samples is consid-
erably lower and it is difficult to detect them by SEM and the
glass filaments have been scarcely developed. TheseItalian
samples exhibit a defective synterization with the presence
of heterogeneous zones, since temperatures and times used
in the firing treatment probably were not homogeneous and
h and
c ture.
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igh enough, respectively. The internal zone is smooth
omposed by long filaments of glass with porous struc
he stability of gehlenite depends on Ca(II) diffusion in th
lass filaments. According to Peters and Iberg[26] when tem
erature increases, diffusion of Si(IV) and Al(III) leads to

ormation of wollastonite, diopside and anorthite. Big qu
rains are also observed, with diameters about 100�m that
o not seem to have been attacked in the centre. CaO, A2O3
nd Fe2O3 were present in concentrations up to 20% in
dges. The intermediate zone, with a thickness higher
�m, is more porous. The external zone is denser and
omposed by a vitrified area covered by filaments, which
n contact developing a continuous layer.

.4. Thermal analysis

The total dilation observed in the temperature range
5◦C to 1000◦C was lower than 1%, which represents m
um contraction–expansion effects and comparable to
reviously obtained in similar Roman materials[33]. A more
etailed study of these typical dilation–contraction cu
ersus temperature obtained for a large number of these
les showed two variations in the ranges of 550–650◦C and
50–700◦C. The expansive effect of about 600◦C can be
ttributed to the quartz transformation (�–�transformation)
he material contracts slightly until a temperature of 75◦C

s reached, in this moment the synterization step starts
resence of calcium carbonate causes a second exp
ffect about 700◦C due to the formation of CO2. In the sam
ay, the thermal effect observed around 800◦C is probably
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Fig. 8. SEM image of an oil lamp fromItaly with a very heterogeneous microstructure. Among others, quartz grains, gehlenite and various aluminiumsilicates
can be observed.

due to the transformation of calcite in gehlenite. In these
materials with high contents of calcium carbonate, up to
15%, an additional expansible effect is observed, at around
900◦C, attributed to the formation of crystalline calcium sil-
icate (wollastonite type) from breakdown of the previous
amorphous materials. At temperatures greater than 1050◦C,
at which the fusion begins, a new contraction appears,
probably due to the transformation of gehlenite in mullite
[31,32].

Some authors have found gehlenite at temperatures lower
than 800◦C [34]. In the kaolinitic clays with calcium car-
bonate, the formation of gehlenite at 850◦C from the lime
has been recognised by Maniatis et al.[35], who also refer-
ences the carbonate destruction between 850◦C and 1050◦C
[36] with the incorporation of calcium causing a vitrifica-
tion process. A quick diffusion of calcium ions toward quartz
grains, feldspar and clay minerals was observed and melilite
type, gehlenite and iron-gehlenite had to be formed from CaO
around 850◦C. According to Scḧuller [37], the growth is con-
trolled by the interface, and the range of diffusion is higher
when the concentration of silica and alumina is not similar
than calcium concentration.

Thermal analysis is often a very useful tool to discern
among different ceramic pastes since their thermal behaviour
depends on the raw materials employed. But in this particu-
lar case, the thermal study carried out does not allow us to
d min-
e mal

behaviour is similar in all analyzed samples, there are not sig-
nificant differences in the dilatometric study.

From the morphological and mineralogical studies, we
could conclude that the presence of large quantities of SiO2
indicates that the reached temperature was not high enough
for silicates formations. Samples also exhibited a defective
syntherization, high porosity and irregular distribution of
porous size with a higher density in the outside area, easily
detected by microscopy. These effects were a consequence
of a short and heterogeneous heating process that provides
decarbonatation processes followed by the elimination of
CO2, as well as the cracking of the ceramic material caused
by the quick transformation of calcite in CaO[35,38,39]. On
the other hand,Italian lamps were manufactured at higher fir-
ing temperatures than the localSpanish ones. The presence
of mineral geothermometers[14] in the Italian ones, such
as gehlenite (SiO2·Al2O3·2CaO), a compound formed at the
same time as CaCO3 decomposition (about 800◦C), and wol-
lastonite (SiO2·CaO), a compound formed after gehlenite at
higher temperature, is a consequence of a treatment at tem-
peratures close to 900◦C or higher.

4. Conclusions

A suitable combination of the physicochemical and
c amic
o clu-
istinguish samples according to their origin. Since the
ralogical composition of the elements with a critical ther
hemometric analytical techniques used for studying cer
il lamps provides useful information about texture, in
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sions, and chemical and mineralogical composition. It helps
to shed more light on the nature of the raw materials used
in the manufacture of the pieces, possible origin, production
and firing technology, providing arguments to predict and to
confirm archaeological hypothesis.

Morphological, physicochemical and chemometric analy-
ses showed a clear difference among samples corresponding
to different locations. In this sense, a difference in CaO, K2O
and Na2O content was observed betweenCordoba andPalen-
cia samples and there were more outliers and extreme values
in samples fromPalencia corresponding to samples ofItal-
ian origin. Among minor chemical elements, concentrations
of Cu, Pb and Zn were higher in samples fromCordoba
than those fromPalencia and Cr and Ni were non-detected
elements in all cases except in four isolated samples from
Palencia supposedly ofItalian origin. In the same way, these
Italian oil lamp samples showed a more careful aspect, such
as same colour of ceramic paste and engobium and clearer
ornamental pictures, thanPalencia ones, establishing differ-
ences in the technology used in each production centre during
the manufacturing process. Minerals, such as gehlenite and
wollastonite, undetected in the oil lamp samples fromPalen-
cia andCordoba, were presented in samples fromItaly and
lead us to the conclusion thatItalian lamps were manufac-
tured at higher firing temperatures than theSpanish ones. It
was also very interesting to detect the presence of pyroxene,
a
d ocal
m l clay
s
d sults
a mps
r likely
l local
o for
c es
a on.
O e
i ion.
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