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Abstract

Thirty-two ceramic fragments dating from the Early Iberian Age were collected in Canto Tortoso, an archaeological site located about 100 km
from the city of Granada (Spain). The site is on a hill bordered by two rivers, the Fardes and the Guadiana Menor.
The ceramics are divided equally into amphorae and vessels and half of them have black cores. The samples are rich in SiO2 and Al2O3, with

varying amounts of CaO, Fe2O3, MgO and K2O. The most common mineral is quartz and almost all the samples have muscovite-type
phyllosilicates. Calcite appears as small grains dispersed in the matrix and sometimes also of secondary origin covering the surface of samples or
filling the pores. One ceramic was richer in calcite grains than quartz. An incipient decomposition of this carbonate is detected even at low firing
temperatures. Samples fired at high temperatures are characterised by the presence of mullite or gehlenite and/or diopside phases. These silicates
are also accompanied by a vitreous phase that increases the interlocking between the particles and changes the morphology of the pores from
angular to round. The precipitation of phases of secondary origin on the surface of the ceramics may have minimised the chromatic differences
between Ca-rich and Ca-poor samples. The combined use of chemical, petrographic and physical techniques allowed us to estimate the firing
temperature of the ceramic samples (most samples were well-fired) and to discover the provenance of the raw material (a clayey material found
near a kiln located just 3 km away from the settlement has a mineralogical composition compatible with that of the ceramics).
& 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The Iberian people lived in settled communities in the East
and South of the Iberian Peninsula from the VII to the end of
III century BC when the Romans conquered the region. They
shared a number of common features such as language, art,
urban planning and religious rituals, while diverging in other
typical aspects of a larger, more established state government
such as politics and the economy [1].

The settlement of Canto Tortoso belonged to Bastetania, a
region of the southern Iberian Peninsula, and the surviving
archaeological remains are today located within the municipal
10.1016/j.ceramint.2014.03.072
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borders of Gorafe (Granada, Spain) in an area of 1.4 ha. This
site was discovered during archaeological excavations in 1992
and the findings were described in a monographic work [2].
The settlement was founded on a hill with steep sides that

overlook the confluence of two rivers, the Guadiana Menor
and the Fardes (Fig. 1) and appears to have gone through three
different chronological phases: the first settlement located at
the eastern end dates from the Early Calcolitic Age; the second
about which we have scant information is from the End of the
Bronze Age; and the third and most important from the Early
Iberian Age covers almost all of the site and contains the only
architectural structures identified. These structures include a
wall with a perimeter of 840 m, which has collapsed in many
places due to the erosion of the hillside. There are also the
remains of several rectangular-shaped houses. A path to the
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Fig. 1. Geological map of the Canto Tortoso area (Granada, Spain):
(a) bioclastic limestones from the Turolian Age; (b) grey, white and ochre
clays with levels of conglomerates, silts and carbonates from the Upper
Turolian-Pliocene Age; (c) salmon-red clays with conglomerates, silts and
carbonates from the Plio-Pleistocene Age (Guadix Formation); (d) depositional
pediments composed of clayey-silt sediments with dispersed carbonates from
the Middle Holocene Age; (e) present day alluvial fans from the Holocene
Age; (f) talus cone from the Holocene Age; and (g) floodplain from the
Holocene Age. From Roldán García et al. [51], modified. The perimeter of the
settlement is marked with a dashed line. Stars followed by numbers 1–6
represent the location of the raw materials (RAW1–RAW6) we collected, while
the square indicates the position of the kiln.
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fortified area (about 3 m wide which narrows as it approaches
the settlement) is still visible and is unique in the archae-
ological context of other contemporary settlements.

The recovery of Iberian Age ceramic fragments on Canto
Tortoso hill suggests that this fortified settlement was a staging
post on the trade route between the northern Guadalquivir
(Castulo) and the coast of Almeria (Baria) [3]. The lack of any
direct data from the archaeological excavations prevents us from
specifying what goods were being traded. Adroher Auroux and
López Marcos [4] suggest that wine and salted fish from the coast
were exchanged for beer from more inland areas, all products
likely to have been transported in amphorae and similar containers.

Although no previous archaeometric studies have been carried
out on the ceramics from Canto Tortoso, there is an extensive
bibliography dealing with ceramic artifacts from the Iberian Age,
which provides compositional, technological and provenance
information. As examples, several studies have been conducted
on the ceramics discovered in the South [among others, 1,5,6]
and North-East of the Iberian peninsula as well as on trade with
neighbours [7–9]. Ceramics were one of the most significant
elements of Iberian culture [10] and research has shown that
potters had acquired a certain degree of skill not only in the
manufacture of more elaborate products [1,11], but also in their
knowledge of the raw materials. They learned for example how to
prevent “lime blowing” in ceramics made with carbonate-rich
clays [12], a skill they were perhaps obliged to attain due to the
limited choice of raw materials in the area. The use of one type of
raw material rather than another was dictated by the position of
the settlement since clays tended to be quarried somewhere in the
vicinity [13]. Hence, potters had to use forcedly local clays to
make different types of products by varying the proportion of
clay, silt and sand fractions and changing the firing temperature
and/or the atmosphere [14].
The purpose of our research was to make an initial
mineralogical and textural characterisation of the ceramics
from Canto Tortoso, to investigate the provenance and the
types of raw materials used in their production and to establish
the range of firing temperatures. We began by conducting a
petrographic study which we then complemented and com-
pleted with a series of physical tests. Given that ceramics can
provide an insight into the society that manufactured and used
them, an accurate characterisation of these materials can
contribute to a better understanding of this ancient period of
our history.

2. Materials and methods

2.1. Description of the samples

Thirty-two fragments of amphorae and vessels from the Early
Iberian Age (VI century BC) were collected in the archaeological
settlement of Canto Tortoso. They were selected after an archae-
ological survey of a larger group of fragments according to their
archaeological significance and function. Macroscopically they are
red-brown to pale-yellow coloured (Table 1). However, the original
colours of ceramics may have been altered by the long exposure to
the environmental conditions in the archaeological site. In some
cases, the surface is covered by a discontinuous thin white patina.
About half of the ceramics have a black core 2–4 mm thick
measured on cross-sections (Table 1). Previous authors have
attributed the presence of this dark level, sandwiched between
the red (or yellow) surfaces, to the use of too fine ceramic body
that have after firing a too fine porous texture [15], and the
presence of organic matter or other reducing substances in the raw
material [16–18]. In this case the poor oxidation of the core of
ceramics caused the incomplete burning of organic matter, which
was carbonized, and the reduction of iron compounds [19].
Six clayey materials outcropping in the vicinity of the settlement

were collected for comparison with the ceramics in order to
identify, if possible, the provenance of the raw materials used by
the Iberian potters: two of the clays were found close to the
settlement, one of these was from the Upper Turolian-Pliocene Age
and the other was from the Guadix Formation from the Plio-
Pleistocene Age; one was located in the talus cone just below the
settlement and another in the sediments of the Guadiana Menor
River; the last two were from the Holocene sediments (alluvial fans
and floodplain) in the Fardes River. One of these last two
sediments was collected near an Iberian Age kiln situated about
3 km away from the settlement, which is thought to date from the
VI century BC (Fig. 1 and Table 1).

2.2. Analytical techniques

Major elements of the ceramic samples were determined by
X-ray fluorescence (XRF) on fused Li-tetraborate beads using
a Philips MagiX PRO model PW2440 spectrometer with Rh
4 kW tube. Prior to the analysis, 5 g per sample was finely
milled in an agate mortar. The white patina, observed on the
surface of some samples, was removed before milling. The
accuracy of our analytical results was evaluated by comparison



Table 1
List of the studied samples (ceramics and raw materials). Legend of the analytical techniques performed on ceramics: XRF¼X-ray fluorescence; PXRD¼powder
X-ray diffraction; POM¼polarised optical microscopy; FESEM¼field emission scanning electron microscopy; Hydric¼hydric tests (water absorption and drying);
and MIP¼mercury intrusion porosimetry.

Ceramic type Colour Black core Techniques used

GRF2 Amphora Yellow–orange XRF, PXRD, POM, FESEM, Hydric
GRF6 Vessel Dark orange X XRF, PXRD, POM, FESEM, Hydric
GRF7 Amphora Dark orange XRF, PXRD, POM, FESEM, Hydric
GRF11 Amphora Brown X XRF, PXRD, POM, FESEM, Hydric
GRF12 Amphora Dark yellow X XRF, PXRD, POM, FESEM, Hydric, MIP
GRF13 Amphora Yellow XRF, PXRD, POM, FESEM, Hydric
GRF15 Amphora Brown X XRF, PXRD, POM, FESEM, Hydric
GRF16 Vessel Dark orange XRF, PXRD, MIP
GRF17 Amphora Yellow–orange X XRF, PXRD, POM, FESEM, Hydric, MIP
GRF18 Amphora Brown X XRF, PXRD, Hydric
GRF19 Amphora Yellow–orange X XRF, PXRD, POM, FESEM, Hydric, MIP
GRF20 Amphora Yellow–orange X XRF, PXRD, Hydric
GRF21 Vessel Brown X XRF, PXRD, POM, FESEM, MIP
GRF22 Vessel Brown X XRF, PXRD, POM, FESEM, MIP
GRF23 Amphora Brown XRF, PXRD, POM, FESEM, Hydric, MIP
GRF24 Vessel Dark orange XRF, PXRD, MIP
GRF25 Vessel Yellow–orange X XRF, PXRD, Hydric
GRF26 Vessel Yellow–orange XRF, PXRD, POM, FESEM, Hydric
GRF27 ? Yellow–orange XRF, PXRD, POM, FESEM, Hydric, MIP
GRF28 Amphora Pale yellow XRF, PXRD, POM, FESEM, Hydric, MIP
GRF29 Vessel Brown XRF, PXRD, POM, FESEM, MIP
GRF30 Vessel Brown XRF, PXRD
GRF31 Vessel Brown XRF, PXRD, MIP
GRF32 Vessel Yellow–orange X XRF, PXRD, MIP
GRF33 Vessel Orange X XRF, PXRD, POM, FESEM, MIP
GRF34 Vessel Yellow–orange XRF, PXRD, MIP
GRF35 Amphora Yellow X XRF, PXRD, Hydric
GRF36 Amphora Yellow–orange X XRF, PXRD, POM, FESEM, Hydric
GRF37 Amphora Yellow–orange XRF, PXRD, Hydric
GRF38 Vessel Yellow–orange X XRF, PXRD, Hydric, MIP
GRF39 Vessel Yellow–orange X XRF, PXRD, POM, FESEM, Hydric
GRF40 Vessel Orange XRF, PXRD, POM, FESEM, Hydric, MIP

Age Details of raw materials
Raw1 Plio-Pleistocene Red-brown clay at the settlement, on Canto Tortoso hill
Raw2 Turolian-Pliocene Pale grey clay near the settlement, on Canto Tortoso hill
Raw3 Holocene Pale brown clay in talus cone near Guadiana Menor River
Raw4 Holocene Grey clay in the alluvial fan of Guadiana Menor River
Raw5 Holocene Brownish clay in the alluvial fan of Fardes River
Raw6 Holocene Dark grey clay in the floodplain of Fardes River (near the kiln)
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with certified values of the analysed reference materials [20].
Typical precision is higher than 1.5% relative to a concentration
of 10%. Loss on ignition was determined gravimetrically as the
weight loss was recorded between 110 1C and 1000 1C. The De
Jongh model [21] was followed to convert the measured
intensities to concentrations, using Alpha-coefficients.

The chemical elements in the samples were correlated to the
mineral phases determined by means of powder X-ray
diffraction (PXRD). A Philips X'Pert Pro diffractometer was
used; the working conditions were: CuKα radiation emission
(λ¼1.5405 Å), 45 kV voltage, 40 mA current, 3–701 2θ
explored area and 0.11 2θ s�1 goniometer speed. The X-ray
diffraction patterns were interpreted using the XPowder©

program [22].
The mineralogical study was completed with the observation

of mineral sizes and shapes and ceramic textures using a Zeiss
Jenapol polarised optical microscope (POM). Images were
obtained by means of an Olympus DP-10 microphotography unit.
The microtexture, degree of vitrification and composition of

detailed mineral phases were determined using a Leo Gemini
1530 Field Emission Scanning Electron microscope (FESEM)
coupled with Oxford Inca 200 EDS microanalysis. FESEM
back-scattered electron (BSE) images were obtained using
polished carbon-coated thin sections.
Various authors consider a porosity study a valid tool for

obtaining information on the firing temperature and the
technology used in making ceramics [23–25]. For this purpose,
we carried out free and forced water absorption [26] and
drying tests [27] in order to determine the influence of the open
porosity on the water flow through the ceramic samples. The
saturation coefficient, drying index, bulk and real (skeletal)
densities and open porosity [28] were calculated. The only
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deviation from the EN, Normal and RILEM standard procedures is
that we did not have cylindrical- or cubic-shaped samples of 5 cm
edge at our disposal, but only irregular fragments of different sizes,
shapes and weights. This test was carried out on samples with a
dry weight of over 15 g. We determined the porosity and pore size
distribution of lighter samples by means of mercury intrusion
porosimetry (MIP) using a Micromeritics Autopore III 9410
apparatus, which measures pores with radii of between 0.003
and 360 mm and to exert a maximum pressure of 414 MPa. Two
fragments of �2 cm3 per sample were oven-dried for 24 h at
100 1C prior to the analysis. The samples with distinctive hydric
test results were also chosen for the pore system analysis by MIP.

3. Results and discussions

3.1. XRF

Table 2 shows the chemical composition of ceramics in
percentage terms. Samples are rich in SiO2 with a mean content
of 55 wt%, where the richest, GRF7, reaches 70 wt% and the
poorest, GRF21, 44 wt%. The second most abundant compound is
Table 2
Chemical analyses of ceramic samples (in wt%). Ceramics are divided on the bas
(CaOo6 wt%). GRF23 sample is included in calcareous ceramics because of its h

SiO2 Al2O3 Fe2O3 MnO MgO

Calcareous ceramics
GRF6 53.83 18.99 6.94 0.04 2.24
GRF12 52.66 21.87 7.21 0.04 2.33
GRF13 55.15 21.13 6.69 0.04 2.25
GRF17 52.83 18.23 6.30 0.04 2.22
GRF21 43.58 13.32 4.32 0.02 1.83
GRF23 50.53 18.00 8.58 0.10 7.71
GRF25 50.26 20.47 7.31 0.03 2.08
GRF26 59.93 15.78 5.29 0.03 2.41
GRF28 55.51 19.40 6.95 0.04 1.91
GRF32 50.83 19.07 7.07 0.04 2.24
GRF34 57.10 17.39 5.61 0.03 2.57
GRF35 55.42 20.10 6.04 0.04 2.09
GRF36 55.96 19.18 5.84 0.03 1.87
GRF37 54.31 20.92 6.42 0.04 1.88
GRF39 53.12 18.90 6.96 0.04 2.40
GRF40 53.96 18.19 5.94 0.03 2.85

Non-calcareous ceramics
GRF2 61.29 21.37 6.12 0.03 1.90
GRF7 70.33 14.78 5.74 0.05 0.89
GRF11 60.67 22.28 5.71 0.03 1.64
GRF15 55.10 22.32 7.68 0.03 2.04
GRF16 60.42 20.47 6.05 0.03 2.02
GRF18 54.23 21.82 7.79 0.03 2.07
GRF19 54.29 20.15 7.30 0.04 1.91
GRF20 53.42 18.98 7.07 0.05 2.09
GRF22 64.83 18.19 7.17 0.10 1.31
GRF24 55.74 21.03 7.56 0.04 2.19
GRF27 62.70 20.18 5.81 0.06 1.01
GRF29 59.98 21.05 6.95 0.08 1.35
GRF30 53.88 18.46 7.34 0.06 1.15
GRF31 57.22 20.72 7.41 0.04 2.43
GRF33 53.34 22.88 8.61 0.03 2.37
GRF38 55.74 21.83 7.42 0.03 2.07
Al2O3 which varies from 13 wt% (GRF21) to 23 wt% (GRF33).
GRF21 sample has the highest CaO content (17.5 wt%). Maniatis
and Tite [29] proposed that ceramics are classified as non-
calcareous or calcareous when the CaO content is less or more
of 6 wt% respectively. Using this classification, we identified 17
non-calcareous ceramics (of which GRF22 had the lowest CaO
content) and 15 calcareous ceramics. The difference in the amount
of CaO can be attributed to various factors, such as the use of
different raw materials (rich and poor in carbonates) or the addition
of calcite when the potter wanted to produce a piece for certain
specific purposes [6,30,31]. Moreover, we cannot discard an
enrichment in CaO caused by the circulation of Ca-rich solutions
from the ground to the pore system of the ceramics [32]. The
samples we studied are also characterised by variable amounts of
Fe2O3, MgO and K2O. The GRF23 sample is worthy to mention
because it has the highest MgO content, over two times higher
(7.7 wt%) than the other samples (0.9–2.8 wt%), the highest K2O
content (4.6 wt%) and the second highest Fe2O3 content (8.6 wt%).
Despite its CaO content was less than 6 wt%, this sample was also
included within the calcareous ceramics in which presumably
dolomite prevailed on calcite.
is of CaO content in calcareous (CaO46 wt%) and non-calcareous ceramics
igh MgO content.

CaO Na2O K2O TiO2 P2O5 LOI

7.52 0.47 3.29 0.79 0.19 5.05
7.66 0.54 3.68 0.62 0.20 2.70
6.10 0.56 3.40 0.60 0.14 3.48
10.37 0.44 3.17 0.57 0.19 5.13
17.49 0.13 2.28 0.61 0.10 15.66
5.55 0.56 4.62 1.07 0.19 2.88
6.68 0.40 3.62 0.58 0.19 7.62
8.08 0.07 3.99 0.81 0.13 2.86
8.05 0.41 3.08 0.88 0.17 2.91
9.35 0.47 3.37 0.66 0.23 6.06
8.76 0.25 4.10 0.81 0.11 2.89
6.91 0.58 3.50 0.54 0.17 3.93
7.92 0.52 3.30 0.73 0.19 3.98
6.03 0.56 3.68 0.64 0.14 4.94
8.74 0.49 3.28 0.85 0.22 4.51
8.54 0.03 4.06 0.89 0.13 4.88

1.31 0.60 3.63 0.77 0.09 2.54
1.04 0.45 2.37 0.98 0.08 2.76
1.29 0.51 3.72 0.82 0.11 2.70
3.56 0.64 3.88 0.59 0.16 3.46
2.06 0.75 3.63 0.75 0.08 3.07
4.07 0.64 3.85 0.58 0.16 4.09
5.12 0.50 3.58 0.61 0.19 5.94
5.94 0.37 3.45 0.66 0.22 7.12
0.99 0.51 2.75 0.94 0.09 2.51
5.26 0.60 3.58 0.93 0.17 2.50
1.05 0.98 3.69 0.86 0.12 3.01
1.78 0.56 3.24 1.25 0.10 2.89
5.77 n.d. 3.57 0.69 0.11 8.50
4.16 0.67 3.62 0.83 0.19 2.05
4.94 0.58 3.80 0.63 0.20 1.91
4.36 0.65 3.85 0.69 0.62 2.15
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3.2. PXRD

The PXRD results (Table 3) are clearly linked to the
chemistry described above. The 32 ceramics are almost all
rich in quartz; this phase is indicated as abundant to very
abundant in Table 3. The only exception was sample GRF21
where calcite predominates. This carbonate was identified in
slightly more than half the samples but generally in scarce or
trace concentrations. The other carbonate, dolomite, was
detected in very low concentration only in GRF18 and
GRF25. The presence of dolomite and calcite, when the latter
is not of secondary origin, suggest that ceramics were fired at
low temperatures, of around 700–750 1C in an oxidising
atmosphere [33] or at a temperature 50 1C higher in a reducing
atmosphere and submerging the fired product in cold water
[34]. The only phyllosilicate identified is illite which appears
in all the samples albeit in moderate amounts. Feldspars s.l.
were detected in many samples but generally in very low
quantities and mainly as K-feldspars and to a lesser extent
Ca–Na plagioclases. Low concentrations of haematite and, in
some samples, of gehlenite, diopside and mullite were detected.
GRF23 stands out when compared to the other ceramics
because it has the highest gehlenite and diopside concentra-
tions. The presence of gehlenite, diopside and mullite indicates
that the ceramics were fired at a high temperature (4900 1C)
[35]. The literature on the mineralogical reactions occurring in
ceramics during firing indicates that gehlenite (Ca2Al2SiO7) is
formed after the decomposition of calcite and the reaction of
CaO with dehydroxylated phyllosilicates [36], while diopside
(CaMgSi2O6) develops at the interface between silicates
(quartz plus phyllosilicates) and dolomite, which provides Ca
and Mg [33] or during firing of calcareous clays containing
chlorite [37]. Mullite (Al6Si2O13) is formed after muscovite
breakdown while preserving its structure (epitactic replacement
[38]). However, the above reactions do not exclude the
possibility of temperature variations of hundreds of degrees
inside the kiln, both in pieces fired at the same time and within
the same ceramic piece if it is large-sized [14,39]. As regards
the firing temperature, we have also considered the presence of
an amorphous or vitreous phase detected from the background
noise in the X-ray diffraction patterns [40]. The highest noise
was detected in the GRF23 sample in which we also observed
the highest amount of new silicate phases.

The raw materials were found to have different mineralogy
and three of them, Raw1, Raw2 and Raw3, can be discarded as
they are too rich in calcite and poor in quartz and clay
minerals. This would make them difficult to use in ceramic
production and might also lead to lime blowing phenomena
after firing. The other three raw materials (Raw4, Raw5 and
Raw6) seem to be more suitable for making pottery and their
composition is closer to that of our ceramics. They came from
the sediments from the Guadiana Menor and Fardes rivers and
are rich in phyllosilicates of illitic composition plus smaller
amounts of chlorite and paragonite. Raw5 and Raw6 are the
most similar to the ceramics, especially the latter, which is the
richest in quartz and phyllosilicates and has the lowest
carbonate concentration of the six sediments. Notice that
Raw6 was the closest to the Iberian Age kiln discovered near
the settlement. Raw4 might have been used to make GRF21
because of its higher calcite content. All of the raw materials
we studied contain calcite. This might suggest that the
ceramics that do not contain this carbonate and/or Ca silicates
were made using raw materials from another, more distant,
source. However, if we assume that potters almost certainly
sourced the raw material nearby, from along the banks of the
Fardes River (Raw6), it is logical that the composition of the
soil could vary in composition, for example in the amount of
carbonates, depending on the flow rate and the sediments
transported by the river. This is proved by the mineralogical
variations between the Raw4, Raw5 and Raw6 samples
collected at relatively short distances from one another.

3.3. POM

The main petrographic features of the ceramics are sum-
marised in Table 4. Quartz is the most common mineral in the
ceramic samples and can be observed in isolated crystals or as
a constituent of gneiss and micaschist fragments (Fig. 2a).
It has an angular shape, undulose extinction and varying size,
from a few micrometres to 3–4 mm in the case of gneisses.
This is the main component of the ceramic temper, although in
some cases we also observed calcite grains measuring a few
millimeters-thick. In all the samples there was more quartz
than calcite, except for GRF21 where calcite predominates, as
shown also by PXRD. In this sample, the typical double
exfoliation system and polysynthetic twinning of calcite as
well as the high order interference colours under crossed nicols
clearly suggest a low firing temperature, below 750 1C
(Fig. 2b). The presence of calcite grains angular in shape
and irregular in size suggests that they may have been crushed
and intentionally added to the mixture for the use of artefact as
cooking ceramic [34]. Calcite grains with similar morphology
but in lower amount have been also observed in GRF6, GRF17
and GRF36 samples (Table 4). As the firing temperature
increases the carbonate turns darker in colour (Fig. 2c). On
occasions we also observed plagioclase crystals twinned
according to the albite law (Fig. 2d). As can be seen in
Fig. 2 and Table 4, the matrix of the ceramics varies from fine
to coarse, due to the fact that some pieces have higher temper
content. These textural data can provide information as to the
purpose of the ceramics (ritual, domestic, for transport). It is
likely that the potters added different amounts of temper
depending on the particle-size distribution of the raw material
to avoid high shrinkage during drying and firing. In addition, a
high temper content could reflect the potters' interest in
ceramics with high toughness and thermal shock resistance
[41], while low temper concentrations would have produced
pieces with high strength [34].
Phyllosilicates are mainly of the muscovite-type and in some

cases they are aligned due to the pressure exerted by the potter
on the raw material during the kneading (Fig. 2e). They have a
laminar habit and can be observed as dispersed crystals in the
matrix or as components of gneisses and micaschists frag-
ments. The degree of matrix vitrification is indicative of the



Table 3
Mineralogical composition of ceramic samples and raw materials on the basis of PXRD analysis. Qz¼quartz; Ilt¼ illite/muscovite; Cal¼calcite; Kfs¼K-feldspar; Hem¼haematite; Dol¼dolomite; Pl¼plagioclase;
Gh¼gehlenite; Di¼diopside; Mul¼mullite; m¼melt; Sme¼smectite; Pg¼paragonite; Chl¼chlorite; Gp¼gypsum; � � � � ¼very abundant; � � � ¼abundant; � � ¼moderate; � ¼scarce; and tr¼ in traces
(mineral symbols after Whitney and Evans [52]).

Qz Ilt Cal Kfs Hem Dol Pl Gh Di Mul m

Calcareous ceramics
GRF6 � � � � � � tr �
GRF12 � � � � � � tr � � � �
GRF13 � � � � � � � tr �
GRF17 � � � � � � � tr �
GRF21 � � tr � � � �
GRF23 � � � � � � � � � � � � �
GRF25 � � � � � � tr tr �
GRF26 � � � � � � � �
GRF28 � � � � � tr � � �
GRF32 � � � tr � � � tr � �
GRF34 � � � tr � � tr � �
GRF35 � � � � � � � �
GRF36 � � � � � � � �
GRF37 � � � � � � � tr �
GRF39 � � � tr � tr � tr � �
GRF40 � � � � � � � � �

Non-calcareous ceramics
GRF2 � � � � � tr �
GRF7 � � � � � � tr
GRF11 � � � � � � �
GRF15 � � � � � � � tr � � �
GRF16 � � � � tr tr � �
GRF18 � � � � tr � � tr tr �
GRF19 � � � � tr � � tr � �
GRF20 � � � � � � tr � �
GRF22 � � � � � � tr �
GRF24 � � � � � � tr �
GRF27 � � � � � tr �
GRF29 � � � � � � tr �
GRF30 � � � tr � � tr � �
GRF31 � � � � � � tr � �
GRF33 � � � tr � � � tr � � �
GRF38 � � � � tr tr � � � �

Qz Ilt Cal Kfs Hem Dol Pl Sme Pg Chl Gp
Raw1 � tr � � � � tr tr tr �
Raw2 � � tr � � � tr tr tr � �
Raw3 � � � � � � � tr tr
Raw4 � � � � � � � � � tr tr � �
Raw5 � � � � � � � � � � � tr
Raw6 � � � � � � � � � � � �
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Table 4
Textural features of ceramics by means of MOP observations. Q, C, M, G and P are, respectively, quartz, calcite, micaschist, gneiss and plagioclase temper
fragments; I, E and R refer, respectively, to irregular, elongated and rounded-shaped pores.

Temper Texture Matrix birefringence Pore shape

Calcareous ceramics
GRF6 Q, G, C Coarse High I, E
GRF12 Q, G Fine Low E, R
GRF13 Q, G, M Fine High I
GRF17 Q, G, C Intermediate High I
GRF21 C, Q Coarse High E, I
GRF23 Q, P Coarse Low E
GRF26 Q Fine Low R, E
GRF28 Q, G, M Intermediate Low I, E
GRF36 Q, G, C Intermediate High I
GRF39 Q, G, M Fine Low E
GRF40 Q Fine Low I, E

Non-calcareous ceramics
GRF2 Intermediate High E
GRF7 Q, G, M Coarse High I, E
GRF11 Intermediate High I, E
GRF15 Q, G Fine Low E
GRF19 Intermediate Low E, I
GRF22 Q, G, M Coarse High I, E
GRF27 Coarse High I
GRF29 Q, G, M Intermediate High I, E
GRF33 Q, G Fine Low R, E

G. Cultrone et al. / Ceramics International 40 (2014) 10803–10816 10809
firing temperature: low-fired samples are more birefringent
than high-fired ones. This occurred in half of the samples
observed by POM (Table 4).

Among accessory minerals, epidote and Fe-oxides are the
most common but graphite and metal ores were also observed.

The pores differ in terms of size and shape, the latter varying
generally from irregular vughs to elongated, and sometimes
also rounded. In some cases, the edges of the pores are coated
by a thin micritic calcite fringe of secondary origin, precipi-
tated from Ca-rich solutions circulating in the ground where
the ceramics were buried (Fig. 2f). This explains the presence
of this carbonate in GRF12, GRF34, GRF39 and GRF40, as
detected by PXRD together with mullite, gehlenite and/or
diopside (see Table 3), which formed at high temperatures.
Calcite of secondary origin has also been found covering the
surface of some ceramics as an irregular layer about 200 mm
thick, which forms the white patina described above.

3.4. FESEMþEDS

This technique was very helpful when observing the micro-
texture of ceramics and the presence of new minerals grew during
firing at certain temperatures and for identifying the presence of
various scarce phases which passed unnoticed under PXRD and
POM. The observation of ceramics at low magnification confirms
the abundance of quartz grains and the two types of matrices,
coarse and fine (Fig. 3a and b). FESEM images highlight the
presence of fissures at grain boundaries in samples with a coarse
matrix (Fig. 3a). Kilikoglou et al. [42] argued that these fissures
were the result of the shrinkage of clay minerals during drying
and the expansion of quartz crystals during firing (from α phase
to polymorph β), a beneficial phenomenon in that it increases the
toughness of the ceramics. Besides the minerals already identified
by PXRD, small bright ilmenite and rutile crystals were also
observed in almost all samples.
A general view of the GRF21 sample confirms that, unlike the

other samples, the temper used in this vessel is mainly composed
of calcite grains (Fig. 3c). In this ceramic, the calcite has an
angular shape and cleavage surfaces are visible. However, higher
magnification of the calcite crystals revealed that there are
nanometric pores along these planes. These pores were presum-
ably generated by the incipient decomposition of carbonate and
the release of CO2 (Fig. 3d). Therefore, even if calcite appears
unchanged under an optical microscope (see Fig. 2b), the firing
temperature is high enough to start damaging its crystal structure.
On this question, Rodriguez Navarro et al. [43] observed that the
initial thermal decomposition of calcite is accompanied by the
development of nanopores inside the crystals. However, we did
not detect any new silicate phases along the edges of the calcite
grains (i.e. no reaction with silicates started) denoting the low
firing temperature of this ceramic.
In Ca-rich ceramics fired at higher temperatures, bright

reaction rims developed between decomposed carbonates and
silicates (quartz plus phyllosilicates). New silicates, such as
gehlenite and diopside formed (Fig. 3e), and plagioclase turned
anorthitic in composition.
As regards muscovite, low fired samples show the typical

laminar habit of unaltered mica, although the crystals show a
marked basal exfoliation due to dehydroxylation (Fig. 3f).
In ceramics fired at high temperatures, muscovite lost its habit
and developed a secondary porosity indicating extensive
melting (Fig. 3g). Some melted muscovite crystals maintained



Fig. 2. Optical microscopy images of (a) quartz fragments with undulose extinction and a gneiss fragment with birefringent muscovite crystals in sample GRF7
with coarse matrix (cross-polarised light); (b) twinned and exfoliated calcite crystals with angular morphology in sample GRF21 (cross-polarised light); (c) dark
calcite grain in high-fired sample GRF23 (plane-polarised light); (d) plagioclase crystals twinned according to the albite law in sample GRF23 (cross-polarised
light); (e) small birefringent muscovite crystals aligned in a fine matrix in sample GRF15 (cross-polarised light); and (f) irregular calcite layer of secondary origin
covering the surface of sample GRF33 (cross-polarised light).
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a relatively intact core (Fig. 3g). A detailed image reveals the
presence of nanometric bright mullite crystals embedded in
part of the melted crystal (Fig. 3h), thus confirming PXRD
analysis (Table 3). The development of mullite from rich
muscovite materials under high firing temperatures has been
described by several authors in peraluminous rocks that had
suffered pyrometamorphism [35,44,45] and in ceramics
[38,46,47]. The mullite composition is very similar to that of
muscovite but with a higher Al content (see the insets spectrum
in Fig. 3h). It is interesting that mullite is distributed on the
melted edges (comparable to “mullite buchites” of peralumi-
nous xenoliths [48]) and not in the still preserved core of the
crystals.

High magnification images allowed us to distinguish the
degree of vitrification reached by the matrix. Low fired
samples have angular pores that were produced during the
moulding of the pieces and there is limited interlocking
between particles (Fig. 3f). In samples fired at higher tem-
perature a new type of pore with spherical and ellipsoidal
morphology appear, as a result of the melting of clay minerals
in the matrix and the release of gas [49] (Fig. 3g).

3.5. Hydric tests

The first thing we noted is that the CaO content has no
influence on the hydric behaviour of ceramics (Table 5). Free
water absorption (Ab) varies from 10–11% to 19–21% in both
calcareous and non-calcareous samples. These values suggest
that the ceramics we studied have quite high compactness
when compared with similar products [6,25,50,51]. There is no
great difference between free (Ab) and forced water absorption
(Af), which means a relatively good pore interconnection.



Fig. 3. BSE images and EDS analyses of ceramic samples: (a) general view of GRF7 sample showing a coarse texture with fissures at quartz grain boundaries (Qz);
(b) general view of GRF26 sample showing a fine texture; (c) general view of low-fired GRF21 ceramic in which the abundance of calcite crystals (Cal) with
angular morphology and double exfoliation system are visible (see spectrum); (d) detailed image of a calcite crystal that shows the development of nanopores along
weakness lines; (e) development of a bright reaction rim around a former calcite crystal that is composed of gehlenite (Gh) (see spectrum) in a high-fired GRF23
sample; (f) typical habit of phyllosilicate crystals (Ilt) showing separation along the basal planes in the GRF7 sample; (g) partially melted phyllosilicate crystals in
the high-fired GRF33 sample. Primary porosity is easily distinguishable from more rounded secondary porosity; and (h) detailed image of a phyllosilicate in the
same sample showing that melting develops from the outside to the inside of the still-preserved crystal (Ilt). Extensive nanometric bright mullite crystals were
growing in the melted phyllosilicate (see spectrum).
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Indeed, the saturation coefficient (S) is around 90% or higher.
The only exception is GRF23, which has an S value of 69%.
The samples that absorb less water tend to dry slowly (higher
Di values). This is because they are more compact, as can be
deduced by their higher apparent density values (ρb), which are
slightly different from those for skeletal density (ρsk), i.e. there
are less empty spaces in these ceramics. This is the case of
GRF17, GRF36 and GRF39 in the group of calcareous ceramics
and of GRF7, GRF11 and GRF23 in non-calcareous ceramics
(Table 5). On the contrary, the samples that absorb more water,
such as GRF38 and GRF40, are characterised by a low ρa and the
highest open porosity (Po around 34%). It is worth remembering



Table 5
Hydric parameters of calcareous and non-calcareous ceramics. Ab¼ free water absorption (%); Af¼ forced water absorption; S¼saturation coefficient (%);
Di¼drying index; ρb¼apparent density (g/cm3); ρsk¼skeletal (real) density (g/cm3); Po¼open porosity (%); SSA¼specific surface area (m2/g, determined by
MIP); and PoMIP¼open porosity (%, determined by MIP).

Ab Af S Di ρb ρsk Po SSA PoMIP

Calcareous ceramics
GRF6 15.96 16.85 89.70 0.916 1.75 2.48 29.43
GRF12 16.06 16.31 93.08 0.921 1.77 2.49 28.87 5.08 31.16
GRF13 18.59 19.35 92.53 0.911 1.72 2.58 33.33
GRF17 11.54 11.89 93.00 0.940 1.86 2.39 22.15 5.02 28.15
GRF21 6.36 20.06
GRF23 10.12 12.32 69.09 0.935 2.00 2.65 24.61 6.08 24.44
GRF25 16.34 16.62 96.47 0.926 1.79 2.54 29.71
GRF26 14.89 14.99 89.67 0.924 1.83 2.51 27.37
GRF28 18.75 19.27 93.41 0.915 1.74 2.61 33.44 8.36 33.62
GRF32 5.96 29.17
GRF34 4.44 32.20
GRF35 14.10 14.62 90.39 0.926 1.81 2.47 26.53
GRF36 12.18 12.42 95.94 0.938 1.85 2.40 22.94
GRF37 16.24 16.58 94.49 0.923 1.76 2.48 29.17
GRF39 12.95 13.24 94.37 0.933 1.85 2.46 24.55
GRF40 20.88 21.41 90.08 0.906 1.63 2.50 34.91 6.41 34.68

Non-calcareous ceramics
GRF2 15.35 15.59 94.12 0.926 1.79 2.48 27.87
GRF7 10.97 11.39 91.40 0.939 1.96 2.53 22.37
GRF11 11.72 11.83 95.76 0.936 1.93 2.50 22.83
GRF15 17.19 17.95 91.60 0.916 1.74 2.53 31.22
GRF16 7.89 31.32
GRF18 17.68 18.06 94.15 0.920 1.75 2.55 31.55
GRF19 17.81 18.03 95.29 0.920 1.74 2.53 31.36 10.42 27.35
GRF20 16.51 17.09 93.83 0.924 1.80 2.59 30.69
GRF22 7.12 23.04
GRF24 3.22 29.84
GRF27 15.67 16.87 87.33 0.919 1.82 2.62 30.62 5.58 29.13
GRF29 5.23 24.46
GRF31 2.54 27.72
GRF33 6.48 30.59
GRF38 19.54 20.28 89.08 0.908 1.68 2.54 34.03 2.27 34.59

Fig. 4. MIP pore-size distribution curves (log differential intruded volume, in ml g�1, versus pore radius, in mm) of GRF12 (a) and GRF23 (b) samples.
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that the porosity values obtained may not reflect the original
porosity of the ceramics since after many centuries buried in the
soil, the pore system could have changed due to the crystal-
lisation of phases of secondary origin in the empty spaces (as
observed under the microscope, see Fig. 2) or leaching processes
which may have created new pores [51]. This is why, contrary to
what one might have expected, samples with a high degree of
vitrification and a fine texture, such as for example GRF40, show
a higher porosity and lower apparent density values than less
vitrified samples with a coarser texture, such as GRF17.
3.6. MIP

We have noticed that the type of matrix, coarse or fine,
identified by POM and FESEM, is by far the most important



Table 6
Summary of chemical, mineralogical, textural and physical characteristics of Iberian ceramics from Canto Tortoso. The firing temperature (1C), in oxidising atmosphere, has been estimated on the basis of distinctive
factors extrapolated from the techniques we used. Legend: Ilt¼ illite/muscovite; Cal¼calcite; Dol¼dolomite; Kfs¼K-feldspar; Pl¼plagioclase; Gh¼gehlenite; Di¼diopside; Mul¼mullite; and m¼melt (mineral
symbols after Whitney and Evans [52]). Estimated firing temperature legend: A¼r750 1C; B¼751–850 1C; C¼851–950 1C; and D¼4950 1C.

Type Colour XRF PXRD POMþFESEM Hydric testsþMIP Estimated firing
temperature

CaO content a Mineralogy Type of texture Vitrification degree Porosity (%) Porometric curve

GRF6 Vessel Dark orange 46 wt% Ilt, Cal, Kfs Coarse Low 29 B
GRF12 Amphora Dark yellow Mul, m Fine High 29 Unimodal D
GRF13 Amphora Yellow Ilt, Cal, Kfs Fine Low 33 B
GRF17 Amphora Yellow–orange Ilt, Cal, Kfs Intermediate Low 22 Unimodal B
GRF21 Vessel Brown Cal Coarse Low Polymodal A
GRF23 Amphora Brown Pl, Gh, Di, m Coarse High 25 POLYMODAL D
GRF25 Vessel Yellow–orange Cal, Dol 30 A
GRF26 Vessel Yellow–orange Gh, Di Fine High 27 D
GRF28 Amphora Pale yellow Pl, Di Intermediate Medium 33 Unimodal C
GRF32 Vessel Yellow–orange Cal, m Polymodal C
GRF34 Vessel Yellow–orange Pl, Di Unimodal C
GRF35 Amphora Yellow Ilt, Cal, Kfs 27 B
GRF36 Amphora Yellow–orange Ilt, Cal, Pl Intermediate Medium 23 B
GRF37 Amphora Yellow–orange Ilt, Mul 29 C
GRF39 Vessel Yellow–orange Pl, Di Fine High 25 D
GRF40 Vessel Orange Di, m Fine High 35 Unimodal D

GRF2 Amphora Yellow–orange o6 wt% Ilt, Kfs Intermediate Low 28 B
GRF7 Amphora Dark orange Ilt Coarse Low 22 A
GRF11 Amphora Brown Ilt, Kfs Intermediate Low 23 B
GRF15 Amphora brown Mul, m Fine High 31 D
GRF16 Vessel Dark orange Kfs Polymodal C
GRF18 Amphora Brown Kfs, Dol 32 A
GRF19 Amphora Yellow–orange Kfs, m Intermediate Medium 31 Unimodal C
GRF20 Amphora Yellow–orange Kfs, m 31 C
GRF22 Vessel Brown Ilt Coarse Low Polymodal B
GRF24 Vessel Dark orange Ilt, Kfs Unimodal B
GRF27 ? Yellow–orange Ilt Coarse Low 31 Polymodal B
GRF29 Vessel Brown Ilt, Kfs Intermediate Low Unimodal B
GRF30 Vessel Brown Kfs, m C
GRF31 Vessel Brown Kfs, m Unimodal C
GRF33 Vessel Orange Kfs, Mul, m Fine High Unimodal D
GRF38 Vessel Yellow–orange Pl, Mul, m 34 Unimodal D

XRF: X-ray fluorescence; PXRD: powder X-ray diffraction (bold letters stand for high content); POM: polarised optical microscopy; FESEM: Field Emission Scanning Electron Microscopy; and MIP: mercury
intrusion porosimetry.

aIn GRF23 CaO is less than 6 wt% but MgO is more than 6 wt%.
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factor influencing the size and distribution of the pores we
have obtained by MIP. In fact, samples with a fine to
intermediate texture have a well-defined unimodal pore size
distribution and the main peak of pores have a radius
comprised between 0.2 and 0.4 mm (Fig. 4a). Whereas,
samples with a coarse texture present a polymodal curve with
one peak centred at 0.03 and a second, less marked, at 4.2 mm
(Fig. 4b). The total correspondence between the type of texture
observed under POM and the pore size distribution obtained
by MIP allows us to predict whether the texture of a ceramic is
coarse or fine just by analysing the porometric curve when it is
impossible to prepare thin sections, as happened with some of
the samples in this paper. Porosity values (PoMIP, Table 5) are
similar to those obtained by hydric tests and range from 20%
to 34%, with both analyses showing comparable results in
most samples. The specific surface area (SSA) varies from 2 to
10 m2/g. The increase in SSA is linked to an increase in the
number of small pores.

4. Conclusions

Table 6 summarises the main chemical, petrographic and
physical differences between Iberian ceramics from Canto
Tortoso and details their technological features. As can be
seen, XRF and PXRD were the only techniques we were able
to use on all the samples. However, the results obtained by
combining these techniques with POM, FESEM, hydric tests
and MIP allow us to conclude that temperatures of 800–900 1C
were reached in most samples. The firing temperature of the
studied ceramics was estimated by assessing the decomposi-
tion of carbonates and phyllosilicates, the presence of new
silicate phases such as gehlenite, diopside, anorthite and
mullite and the vitrification of the matrix.

As regards low fired samples, it is important to note that the
only ceramic made with large amounts of calcite grains was
intentionally fired at low temperatures (around 700–750 1C)
due to the risk of lime blowing. This confirms that the potters
had acquired a significant degree of technical skill and had
some knowledge of the nature of the raw materials they were
using and the maximum firing temperatures likely to be
reached without breaking the pieces. Moreover, coarse calcite
grains were probably added with the precise aim to use the
artefacts as cooking ceramics.

A fine texture produces a unimodal pore size distribution
curve, while a coarse one gives a polymodal pore network. The
perfect match between the results obtained with the porometric
study and those from microscope observation provides an
insight into the purpose of the ceramic products depending on
their finish and the degree of strength or toughness they would
have reached on the basis of temper content.

We also found that the composition, texture and firing
temperature of the ceramics were the same regardless of their
type (amphorae and vessels), with the exception of those
ceramics that contain coarse calcite grains.

The contact with the soil favoured the circulation of fluids
and the precipitation of calcite forming thin layers on the
surfaces as well as inside, in the empty spaces, and this
modified, at least partially, the pore system and homogenised
the colour of the samples. However, the calcareous ceramics
(those with CaO content above 6 wt%) are mainly yellow–
orange, whilst the non-calcareous ones (in which the CaO
content is under 6 wt%) mainly present a brown colour.
Hydric tests reveal that the carbonate content has no

influence on the absorption and drying behaviour of ceramics.
In addition, the results obtained with this test sometimes
contradict the observations regarding texture (i.e. low-fired
ceramics are less porous than high-fired ones). This is because
of the exposure to deposition or, on the contrary, leaching
processes under burial condition, which may have modified the
porosity of the ceramics (filling the pores with secondary
phases and/or the formation of new pores due to the decom-
position of some minerals). This means that the use of this
technique to predict the firing temperature of archaeological
ceramics, without the support of other analytical techniques,
may lead to erroneous interpretations.
The mineralogical and textural features of the archaeological

ceramics suggest that the raw material was of local prove-
nance. The raw material collected along the banks of the
Fardes River, near a kiln located 3 km away from the
settlement (the kiln and the settlement were coeval) is likely
to have been used for making the ceramics. This is the
conclusion we reached after comparing six raw materials
collected in and around the settlement. It is important to note
that the sediments along the river bank have varying composi-
tion and that raw materials with different concentrations in
carbonates (and some without carbonates) could have been
collected. This indicates that the potters knew a lot about the
resources available in the area, a fact already observed in Basti,
the main settlement of Bastetania [6].
This research has also verified that a valid, reliable inter-

pretation of the origin and the manufacturing process of
ancient ceramics can only be obtained by combining and
comparing the information obtained from a range of different
analytical techniques.
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