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Abstract

A chemical, mineralogical and morphological characterization of 54 fragments of oil lamps found in two Spanish archaeological sites
(Cordoba andHerrera de Pisuerga (Palencia)) has been performed. Flame atomic absorption and emission spectrometry were used for the
determination of AlOz;, CaO, FegOs;, K,0, MgO, MnO, NaO and TiQ as major constituents and Cu, Cr, Ni, Pb and Zn as minor and
trace selected elements. Physical, mineralogical and morphological analyses were made by using dilatometry at constant heating rate for t
thermal behaviour, X-ray diffraction spectrometry for the mineralogical composition and, in a group of selected samples, scanning electror
microscopy and polarizing petrographic microscopy for the observation of thin layers and mineral identification. Separations of light and
heavy minerals were carried out with bromoform and X-ray diffraction analysis was applied to both fractions. Multivariate statistical analysis
was used to establish correlations between variables and to deduce factors which allow the gathering of oil lamp samples in groups as
function of their composition.

The results of these analyses allow the comparison among pieces and the establishment of conclusions about several aspects of th
manufacture, the origin of the raw materials and the provenance of the oil lamps (local or imported). They provide information supporting
certain archaeological hypothesis. For example, some oil lamps foulieriara de Pisuerga showed a clearly different physicochemical
composition. They were probably brought frdmly by the Roman Legions together with their initial furniture household.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction used1,2]to establish decomposition procedures and analysis
schemes using different techniques, such as ICP-AES, NAA,
Traditional methods with a largely archaeological and XRF and results, were statistically evaluated. Other large
typological basis did not enable us to obtain enough informa- number of appeared articles introduce us into the importance
tion about several aspects regarding the nature and origin ofof physicochemical and chemometric data for classification
ancient ceramic materials. Thisis the reason why a large num-of ceramic pieces within archaeological realm. Inthese sense,
ber of articles have recently emerged devoted to study thesetile fragmentq3,4], amphorae sherds and fine w§e10],
materials using physical and chemical analyses. Among theseancient brickd11], figure vase$12], etc. were analyzed by
studies, geological and ceramic reference materials have beewlifferent techniques and data were subjected to statistical
treatment by multivariate analysesin order to classify ceramic
pieces into compositional groups, where the obtained results
* Corresponding author. Tel.: +34 91 497 76 25; fax: +34 91 497 49 31, Oftén supported archaeological hypothesis previously estab-
E-mail address: mdolores.petit@uam.es (M.D. Petit Donguez). lished.
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During the last decades, ancient roman pottery oil lamps on the manufacture technology and the use of these oil
have been one of the ancient ceramic types studied in greatamps.
profusion due to the interest of scientists to reach a better
knowledge of Roman society through the investigation of
these ceramic objecf{43,14]. The main objectives of these 2. Experimental
studies were the following: (i) the determination of chrono-
logical data. Roman pottery oil lamps present a well known 2.1. Description of the samples
morphological evolution that allows us to date archaeological
quarries with a quite precision. (ii) The establishment of geo-  Samples consisted of fragments of 54 different pottery
graphical origin of the ceramic paste and the technology usedoil lamps from archaeological deposits located in two Span-
in their manufacture process. (iii) The location of production ish provinces:Palencia and Cordoba (seeFig. 1A). They
centres and the commercial ties that link these centres withwere selected from an archaeological point of view; 32 of
the different Roman Empire cities. Although the first item them were collected in the archaeological excavatiof&of
has been well studied in this type of archaeological objects rera de Pisuerga (Palencia, Spain) and dated from ¥c. to
[15], the others require a most deep research in the field of40a.p. [15] and 22 were collected in another archaeologi-
the physicochemical characterization of these materials, thecal excavation sited ifordoba together withHispanic terra
interpretation of the data and statistical study of the results sigillata pottery, and as a consequence they are dated in the
that help us to classify them in groups sharing a similar com- Julius—Claudius periofll9]. All samples are Late Republi-
position. cans. As an example, a photograph and a scheme of their
Iberian Peninsula constitutes one of the most important different parts are included iRig. 1B and C.
places where Roman archaeological sites containing pottery Samples were obtained by taking a minimum part of the
oil lamps were discovered. Among others, Mori[ltb] is archaeological object, with the aid of a scalpel with dia-
one of the scientists that studied complete serigéigianic mond tip, to minimize any damage and contamination. These
workshops and looked into the military policy of Augustus samples were ground in an agate mortar and pestle before
in the Norwest of the Iberian Peninsula. An example of these analyses, in order to reduce the particle size and to secure
archaeological quarries is the ancient Roman military settle- homogeneity.
ment sited inHerrera de Pisuerga (Palencia, Spain) where
the Third Macedonian Legion remained from the 20-15- 2.2. Physicochemical analyses
years.c. to about the 39-year.p., during the Augustus and
Tiberius commands. A great number of pottery oil lamps Flame atomic absorption spectroscopy (FAAS), using a
were found therdg15,16], most of them corresponding to  Perkin-Elmer 503 spectrometer, was employed for determin-
Vogelkpoflamper or Dressel 4 type (so called “bird headed ing several major and minor elements, including Al, Ca, Cu,
type”) [17]. Cr, Fe, Mg, Mn, Ni, Pb, Ti and Zn. K and Na were measured
The purpose of this paper was to discern if pottery oil using the same instrument in flame emission mode. Silica
lamps found during the archaeological excavation in the areacontent was deduced by difference. The previous sample
of Herrera de Pisuerga (Palencia, Spain) were manufac-  dissolution was carried out in the following way: a mini-
tured by the local military settlement workshop or maybe mum amount of sample was treated with hydrofluoric acid
they were imported frondtaly either through the Hispanic  in an open vessel and heated on a hot plate. It was followed
Mediterranean and thEbro Valley ports or through Roman by addition of aqua regia, heating again until dryness. The
Legions together with their initial furniture. residue was dissolved with 1 ml of concentrated hydrochloric
The analytical chemistry is an essential and indispens- acid and diluted with water to the mark in Teflon volumetric
able discipline to tackle these studies. Therefore, a chemical,flasks. Care was taken to keep the contamination to a mini-
mineralogical and physical characterization of pottery oil mum. Ultrapure water was used throughout and all reagents
lamps fromHerrera de Pisuerga was made to carry out this  used were of analytical grade. In all flame and emission spec-
investigation. The composition of these oil lamps was com- troscopy determinations, blanks of reactive were analyzed
pared with those of the clay materials from the surrounding giving signals under the detection limits.
areas of the archaeological site in order to support the the- Lightand heavy mineralogical fractions were separated by
ories exposed above. In the same way, a physicochemicalusing bromoform (2.89 of specific gravit{g0]. The lighter
comparison with pottery oil lamps from another Roman set- fraction remains floating in the surface while the heavier one
tlement discovered in the south of the Iberian Peninsula, is deposited at bottom. Grains were identified through opti-
specifically inCordoba (Spain)[18], was carried out. Owing  cal microscopy21]. The mineral composition of the original
to the large number of chemical and mineralogical results, samples and of heavy and light fractions was determined
several multivariate statistical studies were additionally per- by X-ray diffraction spectrometry (XRD), with the powder
formed in order to obtain relations among pottery oil lamps method[22—24]by using a Siemens D-5000 diffractometer
with similar characteristics and to establish significant dif- and working with Cu Karadiation and Nifilter. Applied volt-
ferences among them that might help to shed more light age and anodic current were 40 kV and 20 mA, respectively.
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Fig. 1. (A) Location map of the archaeological sites. (B) Oil lamp photograph. (C) Oil lamp elements.

Transversal thin sections of the samples (2028 were composition (calcite, quartz, dolomite, gehlenite, anorthite,
cut off. When it was impossible to obtain thin sections of feldspars, phyllosilicates, piroxene and wollastonite) and (iii)
samples, they were consolidated with resin and cut off after those 12 for heavy mineralogical fraction (tourmaline, zircon,
drying as described. Mineral components and ceramic pasterutile, garnet, andalousite, distene, epidote, diopside, apatite,
texture were observed using a Petrographic Polarisation Ortohornblende, sillimanite and staurolite). Supervised Pattern
Plan Pol Leitz Microscope. In addition, observations pit Recognition was applied in this study. Linear discriminant
layers corresponding to some ceramic samples, polished withanalysis was used for hard classification purposes, trying to
diamond, were made by scanning electron microscopy (SEM) establish possible connections among groups of samples and
using a Carl Zeiss 500E microscope and quantified with an variableg4,25]. This procedure is useful for classifying the
energy dispersive X-ray (EDX) analyzer. oil lamp dataset into groups according to the places where the

Thermal behaviour of samples was studied using a samples were found. It generates a small number of functions
Adamel-Lhomargy dilatometer in the following conditions: of quantitative measurements which are linear combinations
a 7 mm of length cylinder was used in an air stream in a range of the standardized pattern variables with weight coefficients.
of temperatures from 28C to 1000°C, with a heating rate  These functions are called canonical discriminant functions

of 5°C min~1, using an alumina standard. and help to discriminate among groups of oil lamp samples
with different origin. The procedure assumes that the vari-

2.3. Statistical study of some chemical and ables are drawn from population with multivariate normal

mineralogical parameters distributions and that variables have equal variances.

A statistical processing of the data was carried out using
the SPSS program, version 11.5 for Wind8w€orrelation 3. Results and discussion
and multivariate statistical analyses were performed by using
chemical and mineralogical data of the 54 studied samples.3.1. Chemical analysis
The variables were grouped in three different studies: (i) 14
corresponding to chemical data (Si@\ 203, CaO, FeOs, Major constituents, such as Si, Al, Ca, Fe, K, Mg, Mn, Na
K20, MgO, MnO, NaO, TiO,, Cu, Cr, Ni, Pb and Zn), and Ti, were determined in the samples and the results cal-
(ii) 9 variables corresponding to data of total mineralogical culated as percentage of their respective oxides. The content
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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  Minor chemical elements, selected as indicators of the
obtained. The results deduced for each compound are repreraw materials as well as of the deliberated addition of cer-
sented in Box & Whisker Plot (Fig. 2). In this plot, each box tain substances to improve the properties of the ceramic
encloses the middle 50%, where the median is represented apastes are represented in the right part of the plot. In this
a horizontal line inside the box. Vertical lines extended from sense, concentrations of Cu, Pb and Zn are higher in samples
each end of the box (called whiskers) enclose data within from Cordoba than those fronPalencia. Cr and Ni are non-
1.5 interquartile ranges. Values falling beyond whiskers, but detected elements in all cases except in four isolated samples
within three interquartile ranges (suspect outliers), are plot- from Palencia supposedly oftalian origin.
ted as individuals points (). Far outside points (outliers) A Supervised Patterns Recognition Study was applied
are distinguished by asterisks. This plot has been dividedto all chemical results obtained for the 54 samples. Linear
into three different scale zones. SiContent is represented  discriminant analysis was designed to develop a set of dis-
in the left part of the diagram, where samples found in both criminating functions which can help to classify samples and
workshops,Cordoba and Palencia, show similar dispersion  to extractall those lamps with significant differences in chem-
with negative asymmetry. ical composition. 54 cases were applied to this study and 14
Major chemical elements are represented in the centralpredictor variables were entered: 9 major constituentsfSiO
part of the plot. A great variability in CaO contentis observed, Al,03, CaO, FeO3, K20, MgO, MnO, NaO and TiQ) and
mainly caused by lime milk treatments. Dispersion and mean 5 minor or trace elements (Cu, Cr, Ni, Pb and Zn).

value are higher in samples found@ardoba than inPalen- Fig. 3is a graphical representation of the samples as a
cia ones and both show a positive asymmetrgOKand function of the two canonical discriminant functions. F1 rep-
NaO have more dispersed values in samples fountoin resents 90.1% of the variance and F2 9.9%. These functions

doba, although the averages are similar for,eand higher with P-values less than 0.05 are statistically significant at

for K20 in Cordoba samples. There are more outliers and 95% confidence level. The projection of each variable is also
extreme values in those froRalencia corresponding to sam-  represented in the figure. MnO variable was not considered
ples probably ofzalian origin. in this study since the analysis did not overcome the tolerance

Canonical discriminant functions — Chemical analysis
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Fig. 3. Linear discriminant analysis of the chemical components.
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Canonical discriminant functions — Total Minerals
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Fig. 4. Linear discriminant analysis of the total mineral components.

test (0.001). Three different categories were selected accord-general, samples found €ordoba showed a lower propor-
ing to the origin places (CordobdPalencia andltaly). Each tion of feldspars and quartz and they were enriched in calcite.
category is well represented Iig. 3and it is characterized A statistical study similar to the one carried out with the
by a centroid (marked as a big point without filling) which is chemical results was made with the nine crystalline phases
the average for each group (unique value in the classificationfound by XRD as predictor variables in the 54 cases (Fig. 4).
factor field). The oil lamp samples belonging to each cate- Canonical discriminant functions were deduced from the
gory are group inside an enclosure. Only three points were mineral composition (quartz (Q), calcite (C), dolomite (D),
estimated as aberrant patterns (or outliers) and they were nofeldspars (F), phyllosilicates (P), anorthite (A), wollastonite
included in the group oPalencia. (W), gehlenite (G) and pyroxene (P)). F1 represents 99.8%
Suspected samples framly are located really faraway at  of the total variance and it is affected mainly by the presence
high values of F1, mainly due to the elevated concentrations of gehlenite and wollastonite. As it can be seen, there is also
of Ni and NgO, while samples fronCordoba and Palen- an association of phyllosilicates, calcite, dolomite, felspars
cia have negative values of this function or very close to and quartz. These minerals behave in different way to gehlen-
zero. On the other hand, samples found’indoba showed ite and wollastonite, whereas anorthite and pyroxene appear
more dispersive values than thoseHAwencia, as a conse-  more dispersed, with a more individualized behaviour and
quence of higher dispersion in the concentrations g®K  with a scarcely influence in the score. F1 allows us again to
and NaO already mentioned above. Some additional sam- distinguish a group formed by four samples foun&dtencia
ples were also analyzed. They were taken from clays found settlement with a mineralogical composition clearly differ-
in the surroundings of thBulencia andCordoba settlements.  ent from the other samples. These samples are the same ones
The analytical results were introduced in this statistical study that showed a noticeable difference in the chemical analysis.
and they are according with their corresponding sherds of oil They showed the strongest peaks for quartz and clay mineral
lamps results. This is an evidence that these specimens wereelics. Peaks of the diffractogram at 3A@nd 2.854 corre-
likely local products, and compositional differences between spond to calcite and gehlenite, respectively. In these samples
local oil lamps might account for the use of different clays, adisplacementwas observed inthe peaks of calcium alumini-
for clay mixing or for addition of different tempers or addi- umsilicate due to the solid solution of iron and magnesium
tives; besides, compositional variability with a single clay bed on the gehlenite similar to those observed by Peters and Iberg
might also be taken into account, particularly if the exploita- [26]. Similar effects were observed in the pseudowollastonite
tion went on for a relatively long period of time. Only the (peaks at 2.98 and 2.945\). Peaks at 3.2&, 3.22A and
four samples highly displaced Fig. 3seem to be imported 3.18A show the formation of anorthite, with small size and

products owing to their really different composition. low crystallisation degree. The presence of gehlenite, wol-
lastonite and, in a lower extent, anorthite and diopside in
3.2. Mineralogical analysis the supposedtalian samples are found is a consequence of

the reactions occurring when Ca-rich clays are fifed].
The mineralogical characterization of the original samples These samples will be consideredieflian origin from now
was deduced by XRD. Quartz, phyllosilicates, feldspars, cal- on and they are displaced Fg. 4 due mainly to the pres-
cite and dolomite were the major mineral constituents. In ence of gehlenite and wollastonite, both undetected in the
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oil lamp samples fronfalencia andCordoba. Samples from the four Italian samples and the presence of much higher

Cordoba andPalencia are also scattered in two zones with a amounts of anorthite in these samples. The distributions of the
small communal area due to their differences in quartz, cal- average values of minerals found in each fraction classified
cite, dolomite and felspars contents. This grouping provides by their origin are shown in the histogramgog. 5. Samples

the proper classification of 85.2% of the original cases. were grouped in samples froG@vrdoba, Palencia andltaly.

In additional studies, it has been proved that the bulk of The latter correspond to those samples fouriéhancia with
Palencia samples showed a mineralogical composition (sili- aremarkable different composition and presumably with dif-
cates, phyllosilicates and carbonates) in agreement with localferent origin. It was very interesting to detect the presence of
muddy lodes sited in thBisuerga Valley [27]. pyroxene, a mineral associated to volcanic rocks, in sam-

On the other hand, samples were subjected to a treatmenples fromCordoba andltaly. The inclusion of these volcanic
with bromoform to isolate the heavy minerals from the light materials has always been one of the main characteristics
ones. This separation drives to the characterization of theof the ceramic productions from thempano-lacial area, a
heavy minerals that otherwise could not be detected due tovery famousitalian zone due to its remarkable volcanism.
their low-level contents. Both fractions (heavy and light min- In the same way, the presence of volcanic areas is nowadays
erals) were analyzed by XRD. The light fraction was the most well documented in different zones of the south of the Iberian
abundant (84% in thBalencia samples and 94% in th€or- Peninsula (Alboran Seaand Baetic Mountains) [28]. These
doba samples). The diffractograms were very similar in all volcanic materials were frequently added to ceramic pastes
casestothose obtained fromthe original sample. This fractionin order to decrease the plasticity of the pastes during the fir-
was mainly constituted by phyllosilicates, quartz and calcite, ing process avoiding cracks] and they are evidences of the
with important amounts of dolomite and feldspars in most presumable local manufacture of ceramic pieces ftam
samples. It can be observed the presence of other crystallineloba and ofItalian origin of those four anomalous samples
phases, such as wollastonite and gehlenite, only detected irfound in Palencia.
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Fig. 5. Histograms of the average proportion of minerals in the studied oil lamps (top: total minerals; bottom: heavy mineral fractions).
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Canonical discriminant functions — Heavy Minerals
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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 th€ordoba oil lamps, and rutile and
andalousite in th@alencia ones and it is also remarkable the
important amount of diopside in the fodtalian samples.

Minor minerals, such as distene, epidote, diopside, horn-

out (“overmolding” techniquel29,30]. 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 considefed

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.

blende, sillimanite, staurolite and apatite, are presentin some Observations made by polarization microscopy, using thin

samples.
Another lineal discriminant analysis was carried out with

sections of the samples, allow us to distinguish different
material types in relation to their texture and mineral com-

the heavy mineral results (tourmaline (T), zircon (2), rutile position and the classification of the ceramic pastes as artifi-
(R), garnet (G), andalousite (An), distene (Ds), epidote (E), cial micro-conglomerates. In all cases they were formed by
diopside (Dp), hornblende (H), sillimanite (Si), staurolite (St) clayish—carbonaceous tempers and cement. Some micropho-
and apatite (Ap)). The score plots for the two canonical dis- tographs representative of local and imported oil lamps are
criminant functions, F1 and F2, are representedFion 6. shown inFig. 7. In local samples fromRalencia (Fig. 7A),

They represent, respectively, 94.6% and 5.4% of the vari- fine grains of quartz and feldspars, andalousite and distene

ance. Each mineral projection is also detailed in this figure.

The oil lamp samples fron€ordoba are distributed in the

can be seen. In those fro@vrdoba (Fig. 7B), garnet, zircon,
diopside and apatite clearly appear, as well as certain fossils

left area (negative values of F1) due to their high content of corresponding to sedimentary rockgy. 7C shows animage

zircon and garnet whereas samples frbaty and Palencia
and located in the right one (positive values of F1). Major
differences betweefaly and Palencia results are found in
the higher zircon and diopside contentdswian samples.

3.3. Morphological and microscopical analysis

A great number ofPalencia oil lamp samples showed a

of a sample found iPalencia considered oftalian 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 foreig®taterga
Valley, corroborating the external provenance of this oil lamp.
Some representative samples were analyzed by SEM-
EDX demonstrating that all of them are characterized by their
great porosity, due to decarbonatation processes followed by

careless manufacture process. Generally, the engobium (colCO; elimination, and by an irregular distribution of porous
loidal solution used as external coating for the final appear- size (many of them of big size). They showed the presence
ance enhancement) has not similar colour than the ceramicof micaceous forms and long particles with vitrified struc-

paste asitiscommon in this type of ceramic piddes]. Most

tures from illite, as well as contents of,R between 12%

samples showed unclear ornamental pictures and more andnd 15%. The presence of pseudowollastonite and a small
more reduced dimensions. Itis a consequence of the repetitiveamount of anorthite, with secondary origin, could be observed
use of a reduced number of moulds that became to get wornin these samples as well as grains of calcium carbonate that
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Fig. 7. Microphotographs of oil lamp samples from B)encia, (B) Cor-
doba and (C)ltaly.

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

observed that the iron minerals maintain their acicular shape
with contents of FgO3 higher than 18%. The observed dark
zones are rich in CaO (22%) andJe® (5%), whereas the
light ones are rich in CaO, E®3 and MgO with a decarbon-
atation grade lower than 7%.

Fig. 8 shows a SEM microphotograph corresponding to
one of the samples collected Mferrera de Pisuerga (Palen-
cia) and considered aftalian 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 fromltaly 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 thiglian 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). 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 samplesis consid-
erably lower and it is difficult to detect them by SEM and the
glass filaments have been scarcely developed. Tk
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
high enough, respectively. The internal zone is smooth and
composed by long filaments of glass with porous structure.
The stability of gehlenite depends on Ca(ll) diffusion in these
glassfilaments. According to Peters and If&&] when tem-
perature increases, diffusion of Si(IV) and Al(lll) leads to the
formation of wollastonite, diopside and anorthite. Big quartz
grains are also observed, with diameters aboutpfiGhat
do not seem to have been attacked in the centre. Ca03zAl
and FeOs were present in concentrations up to 20% in the
edges. The intermediate zone, with a thickness higher than
5wm, is more porous. The external zone is denser and it is
composed by a vitrified area covered by filaments, which are
in contact developing a continuous layer.

3.4. Thermal analysis

The total dilation observed in the temperature range from
25°C to 1000°C was lower than 1%, which represents mini-
mum contraction—expansion effects and comparable to those
previously obtained in similar Roman materigd8]. A more
detailed study of these typical dilation—contraction curves

Micaceous layers with different degrees of alteration as versus temperature obtained for a large number of these sam-
well as feldspars and even big grains of rutile could be also ples showed two variations in the ranges of 550-65@nd
identified in these samples. Big masses can be attributed toc650-700°C. The expansive effect of about 600 can be
calcium carbonated destroyed in the original firing process (in attributed to the quartz transformation (atr@nsformation).
spite of a posterior partial recarbonatation). Whereas the sup-The material contracts slightly until a temperature of 760

posedtalian samples present a large proportion of gehlenite,

is reached, in this moment the synterization step starts. The

only small dark grains of gehlenite were observed in the rest presence of calcium carbonate causes a second expansive

of the samples (not detected by XRD). A similar behaviour

effect about 700C due to the formation of C® In the same

was observed for wollastonite and anorthite. It could also be way, the thermal effect observed around 8Q0s probably
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Fig. 8. SEM image of an oil lamp frothaly 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 behaviour is similarin all analyzed samples, there are not sig-
materials with high contents of calcium carbonate, up to nificant differences in the dilatometric study.
15%, an additional expansible effect is observed, at around From the morphological and mineralogical studies, we
900°C, attributed to the formation of crystalline calcium sil- could conclude that the presence of large quantities of SiO
icate (wollastonite type) from breakdown of the previous indicates that the reached temperature was not high enough
amorphous materials. At temperatures greater than 1050 for silicates formations. Samples also exhibited a defective
at which the fusion begins, a new contraction appears, syntherization, high porosity and irregular distribution of
probably due to the transformation of gehlenite in mullite porous size with a higher density in the outside area, easily
[31,32]. detected by microscopy. These effects were a consequence

Some authors have found gehlenite at temperatures lowerof a short and heterogeneous heating process that provides
than 800°C [34]. In the kaolinitic clays with calcium car- decarbonatation processes followed by the elimination of
bonate, the formation of gehlenite at 88D from the lime CO,, as well as the cracking of the ceramic material caused
has been recognised by Maniatis et[@b], who also refer- by the quick transformation of calcite in C48b,38,39]. On
ences the carbonate destruction betweerf85&nd 1050C the other handtalian lamps were manufactured at higher fir-
[36] with the incorporation of calcium causing a vitrifica- ing temperatures than the locglanish ones. The presence
tion process. A quick diffusion of calcium ions toward quartz of mineral geothermometefé4] in the Izalian ones, such
grains, feldspar and clay minerals was observed and meliliteas gehlenite (Si@Al,03-2Ca0), a compound formed at the
type, gehlenite and iron-gehlenite had to be formed from CaO same time as CaCG@ecomposition (about 80C), and wol-
around 850C. According to Schiller[37], the growthiscon-  lastonite (SiQ-CaO), a compound formed after gehlenite at
trolled by the interface, and the range of diffusion is higher higher temperature, is a consequence of a treatment at tem-
when the concentration of silica and alumina is not similar peratures close to 90 or higher.
than calcium concentration.

Thermal analysis is often a very useful tool to discern
among different ceramic pastes since their thermal behaviour4. Conclusions
depends on the raw materials employed. But in this particu-
lar case, the thermal study carried out does not allow usto A suitable combination of the physicochemical and
distinguish samples according to their origin. Since the min- chemometric analytical techniques used for studying ceramic
eralogical composition of the elements with a critical thermal oil lamps provides useful information about texture, inclu-
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sions, and chemical and mineralogical composition. It helps [3] S. Sanchez Ramos, F. Bosh Reig, J.V. Gimeno Adelantado, D.J.
to shed more ||ght on the nature of the raw materials used Yusa Marco, A. Domenech Carbo, Anal. Bioanal. Chem. 373 (2002)
in the manufacture of the pieces, possible origin, production 893 iy .

- . . [4] R. Garcia Gimenez, R. Vigil de la Villa, P. Recio de la Rosa, M.D.
and firing technology, providing arguments to predict and to

confirm archaeological hypothesis.

Morphological, physicochemical and chemometric analy-

Petit Doninguez, M.l. Rucandio, Talanta 65 (2005) 861.
[5] P. Mirti, A. Casoli, Ann. Chim. 85 (1995) 519.
[6] J.A. Remola, Talanta 40 (1993) 1749.

ses showed a clear difference among samples corresponding(?] R. Vigil de la Villa, R. Garcia Ginénez, M.D. Petit Dofmguez,

to different locations. In this sense, a difference in CagDK
and NaO content was observed betwa@srdoba andPalen-

M.l. Rucandio, Microchim. Acta 142 (2003) 115.
[8] M.J. Feliu, M.C. Edreira, J. Maim, Anal. Chim. Acta 502 (2004)
241

cia samples and there were more outliers and extreme values g MD. Petit Doninguez, R. Garcia Giémez, M.l Rucandio,

in samples fromPalencia corresponding to samples bhil-

Microchim. Acta 141 (2003) 63.

ian origin. Among minor chemical elements, concentrations [10] M.D. Petit Dominguez, J. Martinez Maganto, Talanta 51 (2000) 727.

of Cu, Pb and Zn were higher in samples frafardoba
than those fronPalencia and Cr and Ni were non-detected

elements in all cases except in four isolated samples from

Palencia supposedly oftalian 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 cleare

ornamental pictures, thafulencia ones, establishing differ-

ences inthe technology used in each production centre during
the manufacturing process. Minerals, such as gehlenite and

wollastonite, undetected in the oil lamp samples fi@rten-
cia andCordoba, were presented in samples frdmly and
lead us to the conclusion thatilian lamps were manufac-
tured at higher firing temperatures than Spenish ones. It

was also very interesting to detect the presence of pyroxene,

a mineral associated to volcanic rocks, in samples f€am

doba andltaly being another evidence of the presumable local

[11] P. Cardiano, S. loppolo, C.D. Stefano, A. Pettignano, S. Sdgu
Piraino, Anal. Chim. Acta 519 (2004) 103.

[12] P. Mirti, M. Gulmini, A. Perardi, P. Davit, D. Elia, Anal. Bioanal.
Chem. 380 (2004) 712.

[13] M.J. Hughes, M.N. Leese, R.J. Smith, D.M., A Catalogue of the
Lamps in the British Museum, 1lll: Roman Provincial Lamps, Bailey
(Ed.), London, 1988, p. 461.

f14] G. Schneider, The inscribed economy. Production and distribution

in the Roman Empire in the light of instrumentum domesticum, in:

W.V. Harris (Ed.), JRA Supplementary Series, vol. 6, Ann Arbor,

1993, p. 129.

[15] A. Morillo, Lucernas romanas en la régi septentrional de la
Perinsula Ikrica, Monographies instrumentum, Montagnac, Editions
Monique Mergoil, 1999.

[16] A. Garda Bellido, M.A. Feriandez de Aviés, A. Balil, A. Vigil,

Herrera de Pisuerga2lCampdia (Excavaciones Arquemgicas en

Espdia, 2), Madrid, 1962.

[17] S. Loeschcke, Lampen aus Vindonissa, Ein Beitrag zur Geschichte
von Vindonissa und des Antiken Beleuchtngwesens, Zurich,
1919.

manufacture of these ceramic pieces. Some additional clay[l8] D. Bemal, R. Garia-Giménez, Anales de Arqueolém Cordobesa 6

samples found in the surroundings of #@encia and Cor-

(1995) 175.

doba settlements were also analyzed and analytical results[19] R. Garéa Ginénez, D. Bernal Casasola, A. Morillo Cérg in: J.

are according with their corresponding sherds of oil lamps
results. This was a proof that these specimens were likely
local products, and compositional differences between local

Capel Marinez (Ed.), Arqueomei y Arqueologa, Universidad de
Granada, Granada, 1999, p. 187.

I[20] M.P. Jones, M.G. Fleming, Identification of Mineral Grains, Elsevier,

Amsterdam, 1965, 242 pp.

oil lamps might account for the use of different clays, for [21] p.F. williams, in: D.P.S. Pescock (Ed.), Pottery and Early Com-

clay mixing, for addition of different tempers or additives

and for a relatively long period that the exploitation went on.

Only the four isolated samples froRalencia seemed to be

imported products due to their clearly different composition.
All these results supported archaeological hypothesis previ-

merce, Academic Press, London, 1977, p. 163.

[22] Powder Diffraction File, Inorganic Phases, International Centre for
Diffraction Date Swarthmore, PA, USA, 1989.

[23] D.M. Moore, R.C. Reynolds, X-Ray Diffraction and the Identifica-
tion and Analysis of Clay Minerals, Oxford University Press, New
York, 1989, p. 332.

ously established about locations of production centres in[24] L.G. Schultz, Quantitative Interpretation of Mineralogical Composi-

Cordoba andPalencia and thdtalian origin of some isolated
samples found ialencia.
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