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ABSTRACT

Hexagonal neo-formed crystallites have been observed in thin section of different medieval and
post-medieval lead-glazed ceramics. Although they are clearly visible in thin section using plane
polarized light, their plate shape makes them barely seen on the polished cross sections. Basal
sections have never been found on the polished sections and only few transversal very thin
sections could be seen. In this case, the morphology resembles acicular and it is not possible
to analyze them properly by SEM-EDX because the crystals are very thin and the glaze
surrounding is analyzed as well. Micro-Raman microscopy was carried out directly on the
polished thin sections. This technique allows specific areas as small as 1 um in diameter to
be analyzed and it is able to characterize inclusions that are not found on the glaze surface.
However, the wavenumber features observed cannot be assigned to a specific compound.
The thickness of the crystallites (a few hundred nanometers) seems to be responsible for the
low sensitivity of the Raman instrumentation. 15X 15 pm? micro-X-ray diffraction patterns
using synchrotron radiation (SR-uXRD) in transmission geometry were obtained from the
crystals using the same thin section preparation. SR-uXRD was able to localize the crystallites
and avoid the overlapping signals corresponding to other mineral phases. In this way, the
hexagonal crystallites present in the glaze have been unambiguously identified as hematite
crystallites. Finally, some replications were made under laboratory-controlled conditions to
determine the firing conditions in the formation of those crystallites. The presence of
hematite coexisting with melanotekite indicates a firing temperature <925°C, while the
presence of only hematite suggests a firing temperature >925°C
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1. Introduction clay while the glazes are of the transparent high lead

Studying lead-glazed potteries from different places
and periods by thin section petrography, we found
brown/deep orange hexagonal neo-formed crystallites
precipitated at the body-glaze interface (Figure 1(a,
b)). We documented these kinds of crystallites in
green-glazed wares from North Africa (Figure 1(c))
and Italy (thirteenth century), Spanish-glazed coarse
wares (eighteenth century), Ligurian Taches Noires
wares (eighteenth century), Catalan and French imita-
tions (Figure 1(d)) of the Ligurian Taches Noires wares
(eighteenth-nineteenth century) and Catalan coarse-
glazed wares (eighteenth century), (Capelli, Mannoni,
and Cabella 2007; Capelli et al. 2013; Beltran de Her-
edia Bercero et al. 2015; Gémez et al. 2015; Di Febo
2016; Capelli et al. 2017). The medieval and post-med-
ieval lead-glazed ceramics taken into account for our
study share some common technical features. All the
ceramics exhibit a red/orange color of the bodies due
to oxidizing firing conditions and an interface moder-
ately developed. The ceramic bodies consist of Fe-rich

type (Tite et al. 1998). They contain between 45 and
60% PbO, an alkali content normally lower than 2%
(Na,O +K,0), an alumina content in the range 2-7%
A1,05; and an iron oxide content of about 4.5-6%
(FeO wt%).

These crystallites are clearly visible in thin section
with plane polarized light (PPL). This is due to the
fact that petrographic inspection of the glaze thin sec-
tions gives a 3D perspective of the crystallites and is
able to reveal their microstructural features and distri-
bution in the glazes. On the contrary, the plate shape
makes them barely seen on the polished cross sections
using scanning electron microscopy (SEM). Conse-
quently, if they are not recognized, it is very unlikely
that they can be analyzed. The basal sections have
never been found on the polished surfaces and only
few transversal very thin sections could be seen. In
this case, it is not possible to analyze them properly
by SEM-EDX because the sections of the crystallites
are thinner than the electron beam. In order to identify

CONTACT Roberta Di Febo @ roberta.di@uvic.cat

© 2018 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/20548923.2017.1419675&domain=pdf
http://orcid.org/0000-0002-1102-8231
http://orcid.org/0000-0003-3116-0456
http://orcid.org/0000-0002-8720-5492
http://orcid.org/0000-0001-6499-7688
http://orcid.org/0000-0003-1318-880X
http://creativecommons.org/licenses/by/4.0/
mailto:roberta.di@uvic.cat
http://www.tandfonline.com

STAR: SCIENCE & TECHNOLOGY OF ARCHAEOLOGICAL RESEARCH e 367

the hexagonal crystallites, additional data from micro-
Raman spectroscopy and synchrotron radiation micro-
X-ray diffraction (SR-uXRD) were obtained using thin
section preparation.

The use of Raman microscopy for identifying and
studying archaeological materials has flourished in
recent years in addition to the standard analytical tech-
niques (De Faria, Silva, and de Oliveira 1997; Clark and
Curri 1998; Smith and Clark 2001; De Faria and Lopes
2002; Colomban and Truong 2004; Casadio, Daher,
and Bellot-Gurlet 2016; Howell, Edwards, and Vande-
nabeele 2016). Some advantages of the Raman
microscopy include its molecular specificity, no
destructiveness, high spatial and spectral resolution
and in situ analysis. In the Raman microscopy,
materials are identified by comparing their character-
istic vibrational spectra with those in a database. In
our case, we work directly on the polished thin sections
of the samples, because we consider that it is extremely
important to see and check the crystallites on which the
analysis is performed. In addition, uXRD using synch-
otron radiation patterns have been also acquired on the
thin glaze sections. The advantage of using synchrotron
light is the high brilliance and probe size spot of some
tens of micrometers. Other benefits include the possi-
bility to localize the crystallites even if they are not
found on the glaze surface layer and to avoid the over-
lapping signals corresponding to other crystallites. In
this way, the hexagonal crystallites present in the glaze
have been identified. Once the nature of these crystal-
lites was identified, replications were made in controlled
laboratory conditions in order to determine the temp-
erature and firing conditions for their formation.

2, Experimental

A French imitation of the Ligurian Taches Noires pot-
tery from the workshop of Jouques (Provence, France)
has been analyzed in order to identify the hexagonal
crystallites. We choose this sample due to the abun-
dance of large hexagonal crystallites, some of them lar-
ger than 50 pm. The sample 9703 (Figure 1(d)) selected
for the combined analyses is dated from the first half of
the nineteenth century and corresponds to a plate.
According to written sources, the workshop of Joques
was established by an Italian, possibly a Ligurian potter
(Amouric and Vallauri 1993). The ware called Taches
Noires was developed in Albisola (Liguria, NW Italy)
during the eighteenth century (Cameirana 1970,
1977). This type of ware is characterized by a fine,
hard, deep red fabric and transparent glazes decorated
with wavy dark bands of manganese oxides (Blake
1981).

The crystallites were first studied by optical
microscopy (OM) using a petrological microscope
(LEICA DM 2700 P). All of the stages of the analysis
were carried out on the same polished thin section.

Figure 1 (a) and (b) OM images in PPL. Hexagonal crystallites in
the glaze-body interface of a green-glazed ware and of a
Ligurian Taches Noires pottery are visible. (c) Green-glazed
ware from North Africa (thirteenth century). (d) French imita-
tion of the Ligurian Taches Noires ware (eighteenth—nine-
teenth century).

In this manner, we were able to constantly observe
and analyze the same inclusions. The ceramic sample
was ground down to a standard thickness of 30 um
that permits the growth habits of the micro-crystallites
to be identified by OM observation at magnifications
ranging from about 10x to 100x. Details of thin section
preparation methods can be found in Poole and Sims
(2015). The crystallites as well as the glaze were ana-
lyzed by scanning electron microscopy with an
energy-dispersive x-ray spectroscope attached (SEM-
EDS) to ascertain their chemical composition. The
bulk chemical composition of the glaze was determined
by analyzing areas and avoiding the glaze-body inter-
face, as well as other crystallites. A crossbeam worksta-
tion (Zeiss Neon 40) equipped with SEM (Shottky FE)
column and EDS (INCAPentaFETx3 detector,
30 mm®, ATW2 window) was employed. The micro-
scope was operated at 20 kV, with 100 s measuring
times, and backscattered electron (BSE) images were
obtained. Quantitative analysis calibration was accom-
plished with mineral and glass standards.

Focus ion beam (FIB) was used to produce polished
cross sections of the crystallites. A crossbeam worksta-
tion (Zeiss Neon 40) equipped with SEM (Shottky FE)
and Ga + FIB columns was used to prepare cross sec-
tions of the crystals. First, the sample surface was
coated with a thin protective Pt layer (1 um) by ion-
beam-assisted deposition; then the cross section was
cut and polished and a thin layer of Pt deposited to
enhance conductivity. Subsequently, secondary elec-
tron SEM images of the inclusions were obtained at
5kV.

Micro-Raman analyses were carried out directly on
the polished thin sections of the glazes at the Centres
Cientifics i Tecnologics, University of Barcelona.
Spectra were obtained with a HORIBA Jobin Yvon
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LabRam HR 800 dispersive spectrometer, equipped
with an Olympus BXFM optical microscope, using a
600 g/mm grating and a Synapse CCD detector cooled
at —70°C. The Raman spectra reported in this study
were recorded with the 532 nm excitation line of a
solid state laser.

SR-u-XRD was performed on the focused-beam
station of the beamline BL04'* at the ALBA Synchro-
tron. The areas of interest from the polished thin sec-
tions were selected using an on-axis visualization
system and measured in transmission geometry with
a focused beam of 15 x 15 um? (full width at half-maxi-
mum). The energy used was 29.2 keV (A =0.4246 A)
and the diffraction patterns were recorded with a Rayo-
nix SX165 CCD detector (active area of 165 mm diam-
eter, frame size 2048 x 2048 pixels, 79 um pixel size,
dynamic range 16 bit). The calibration of the sample
to detector distance and beam center (from a LaBg
sample measured at the same conditions) and the
radial integration of the images were performed with
the Fit2D software.

Individual crystallites were measured at different
rotation angles relative to a vertical axis centered on
the crystal. The total oscillation ranges from —30° to
30° with each of the diffraction images comprising
10° oscillation. The radial integration of each image,
although is not producing a powder pattern (missing
reflections and intensities only from a single grain),
contains enough peaks to identify the possible phases.
Identification of the compounds has been performed
based on the Powder Diffraction File (PDF) database
from the International Centre for Diffraction Data
(ICDD).

Reproductions of glazes, with the same composition
than that of the sample 9703, were fired in oxidizing
conditions at different temperatures; 850°C, 900°C,
920°C, 950°C, 980°C and 1020°C. The thermal paths
were similar in all cases, 6 h of heating ramp, 10 min
at maximum temperature and free cooling into the
electric kiln. Samples were analyzed by OM and SEM.

3. Results

The sample 9703, selected for the combined analyses,
corresponds to a nineteenth-century French imitation
of Ligurian Taches Noires ware from Joques (Provence,
France). This type of ware is characterized by transpar-
ent brown glazes decorated with wavy dark bands of
manganese oxides (Blake 1981). The chemical compo-
sition of the sample 9703 shows high PbO (54.4 wt%)
and SiO, (35.2wt%) content, lower amounts of
Fe,05 (4.6 wt%), ALO; (2.5 wt%), MnO (0.8 wt%),
CaO (0.7 wt%), MgO (0.3 wt%) and very low Na,O
and K,O content (0.2 wt% and 0.9 wt%, respectively).
The MnO content suggests that the manganese used
for the dark decoration was partly dissolved into the
glaze.

Figure 2. (a) OM image in plane polarized light of the thin sec-
tion of the glaze 9703 (PPL). Hexagonal crystals (red arrow) in
association with elongated honey skeletal crystals are clearly
visible (b) The same area as in picture (a) in reflected light.
Red arrow indicates the position of the hexagonal crystal
marked on (a). It is not on the glaze surface and then it is
not visible by reflection mode. (c) SEM backscattering image
of the same area as in picture (a). The red arrow indicates
the place of the same hexagonal crystal marked in (a). (d)
SEM image of FIB polished cross section in the area of the hex-
agonal crystallite.

Two types of crystallites are found in the thin sec-
tion of the glaze: elongated honey skeletal crystals
and hexagonal brown/orange crystals (Figure 2(a)).
The first ones were identified as melanotekite (Pb,Fe,.
Si,0y) formed during the firing process from the reac-
tion among the constituents of the glaze mixture
(Figure 3; Di Febo et al. 2017). Melanotekite crystals
are easily seen in reflected light and in SEM backscat-
tering mode as light crystals. On the contrary, the hex-
agonal crystallites are not found on the polished glaze
surface and only a few very thin cross sections of
these are visible (Figure 2(b,c)). They exhibit a light
tinge in reflected light and grayish color in BSE images.
In the area of the hexagonal crystallites of Figure 2(a) a

melanotekite- Pb,Fe,*(Si,0,)0,
hematite- Fe,O,

2729 A

l(a.u.)

26(°)

Figure 3. XRD pattern of melanotekite crystals. The references
patterns marked correspond to the JCPDF database patterns
00-020-0585 for melanotekite and 01-079-1741 for hematite.
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Figure 4. (a) SEM image of FIB polished cross-section cut through a hexagonal crystallite. A very thin laminar section of hexagonal
crystallite (hex.c.) and a crossed crystal of melanotekite (mel, bright contrast) can be observed. (b) EDS analysis on the glaze surface.
(c) EDS analysis on the laminar section of the hexagonal crystallite.

26 x40 um cross section was polished by FIB and
observed using the secondary electrons (Figure 2(d)).
Figure 4(a) shows the FIB polished cross-section cut
through the hexagonal crystallites. From the FIB
cross-section images, it is seen that the hexagonal
crystallite was mostly found at a depth of about
20 um in respect to the glaze preparation and that
its thickness is about of 250 nm. The EDS analysis
on the cross sections of the hexagonal crystallites is
difficult because they are smaller than the electron
beam probe volume. However, spectra from the
cross sections of the hexagonal crystallites and from
the glaze surface were obtained (Figures 4(b,c)).
When we compare the spectra, we can see that the
most remarkable difference is due to the iron con-
tent, which is very high in the spectrum of the
cross sections of the crystallites. In addition, the crys-
tallites were richer in Mn than the glaze. The Mn was
found dissolved in the glaze and its presence is
related to the dark decoration. As the crystallites
are planar and oriented in the three dimensions, we
did not manage to cut the crystallites to observe
and analyze the basal sections.

In the next step, the hexagonal crystallites were sub-
jected to Raman analysis. The optical microscope
coupled with the Raman spectrometer permits hexago-
nal crystallites to be examined at high magnification
and allows specific areas as small as 1 pm in diameter
to be analyzed. In this instance, we took advantage of
Raman microscopy that is able to provide analyzing
inclusions that are not found on the glaze surface.
We can defocus the image through the focus knob
until the hexagonal crystallites are visible on the top
of the glaze layer and analyze them. Figure 5(a,b) refers

to the spectra acquired on the glaze surface and on the
singular crystallite, respectively. When we compare the
two spectra, we can see that the instrumentation is not
sensitive enough. A wavenumber feature at about
689.5cm 'can be clearly observed and possibly
another at about 1320 cm™". We have acquired differ-
ent spectra on the hexagonal crystallites changing the
laser power (0.5; 0.05; 1.5; 2 and 5.5 mW) and the
laser wavelength (632 nm), but the presence of a
specific phase cannot be confirmed based on the wave-
number features observed.

In addition, we also analyzed the thin cross sections
rising on the glaze surface. Again, we were not able to

4 1400

1000 1200
wavenumber/cm

600

200 400 800
Figure 5. Above: Raman image of a hexagonal crystallite.
Below: Raman spectra acquired on the glaze surface (a) and
on the hexagonal crystallite (b). (Laser power: 2 mW; accumu-
lation time: 5 s; number of accumulation: 10; objective magni-

fication: 100x).
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hematite- Fe,O,

I(a.u.)

26(°)

Figure 6. (a) Photomicrograph of the thin section of the
sample 9703 from the Synchrotron camera. The hexagonal
crystallites are clearly visible and the analysis spot (9703-z5)
is shown in the picture. (b) XRD pattern of the crystal analyzed.
The reference pattern marked corresponds to the JPDF data-
base pattern 01-079-1741 for hematite.

determine any specific compound and a characteristic
feature at about 625.2 cm™" was observed.

Following this, a Micro-X-ray diffraction in trans-
mission geometry using Synchrotron Light was per-
formed directly on the polished thin section of the
sample 9703 (Figure 6(a)). The advantage of using
thin section is that the crystallites could be easily loca-
lized in the glaze, even if they were not found on the
glaze surface layer. The 15 um x 15 um spot allowed
to measure individual crystallites. The data obtained
show unambiguously that the hexagonal phase corre-
sponds to hematite (Figure 6(b)). We can also ascertain
that the presence of Mn determined by SEM do not
affect the lattice spacing and consequently the position
of the hematite reflections. We can conclude that Mn is
not substituting iron in the structure of hematite, but
probably acted as a nucleation agent. We can highlight
that the hematite crystallites often show a visible fea-
ture at the center.

4, Discussion

Hematite crystals are the principal mineral phase
found in the Fe-rich glazes fired in oxidizing conditions
(Dakhai, Orlova and Mikhailenko 1999). Nevertheless,

the case study presented demonstrates the difficulty of
identifying this type of crystallites in ceramic lead
glazes using the most common routine analytical tech-
niques. We observe two basic problems. The first one is
the thickness (a few hundred nanometers) of the crys-
tallites, which is probably responsible for the low sen-
sitivity of the Raman instrumentation. In this way,
the wavenumber features observed cannot be assigned
to a specific mineral phase. The second one is the
arrangement of these crystals in the glaze. Most of
them were found at a depth of about 20 um with
respect to glaze preparation. The basal sections were
never observed neither in the BSE nor in FIB cross-sec-
tion images. Then, the work of thin section petrogra-
phy is crucial to connect the hexagonal habit of these
crystals to the thin cross sections observed in the
SEM, to situate their distribution in the glaze matrix
and analyze them by SR-u-XRD.

The hematite micro-crystallites are formed in the
glaze-body interface from the reaction between the
components of the glaze mixture and the ceramic
paste. During the cooling, the capacity of the melt to
retain the Fe in solution is lessened and the excess is
precipitated as thin plate crystals (Fraulini 1933).
According to the literature, hexagonal crystals of hema-
tite are found in the iron aventurine glazes (Bromberg
1915; Fraulini 1933; Dakhai, Orlova, and Mikhailenko
1999; Romero, Rincdn, and Acosta 2004). This is the
generic name for lead-free or low-lead glazes contain-
ing macroscopic laminar crystals, which cause a spark-
ling decorative effect. The effect, described as small
glitters, probably originated in the seventeenth century
in a furnace of Murano (Venice, Italy), when copper fil-
ings were accidentally spilled on molten glass, with
such a surprising effect that it became part of factory
production. The name “aventurine” comes from the
Italian “a ventura”, which means “by chance”. In fact,
Giovanni Darduin in a glassmakers’ book of recipes,
known as the Darduin manuscript, says (149th recipe)
that such a glass can be obtained more by chance than
by the skill of the glassmakers (Zecchin 1986). The
recipes used to obtain the aventurine effect have been
very limited, confidential and restricted to the point
of sometimes being forgotten over time. Darduin in
the 149th recipe says to melt in a crucible 150 pounds
of common glass and later to add 8 pounds of lead and
tin oxides, 8 pounds of red copper oxide and, finally,
2.5 pounds of iron oxide. He recommends keeping
the kiln at the same temperature for 8 or 10 h, then
mix it again to homogenize the glass; close the door
of the kiln, turn off the heat and let it cool naturally
without touching it (Zecchin 2005). Fe,O; is the
most reported oxide in literature as an effective genera-
tor of aventurine glazes (Lazdu et al. 2013). In these
glazes, the sparkling effect is due to the difference in
the index of refraction between the crystalline and
glassy phases. The macroscopic optical effect depends
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Figure 7. (a) OM image in PPL. Intergrowths of hexagonal crystals can be observed. (b) The same image as in picture (a) in reflected
light. The growth habit of the hexagonal crystallites is missing and only two light laminar sections are visible.

on the size, volume fraction of crystallites, Fe,O; con-
tent and viscosity of melt (Levitskii 2001). References
about the aventurine glazes composition can be
found today in the literature (Shchglova et al. 1996;
Dakhai, Orlova, and Mikhailenko 1999; Levitskii
2001; Péacurariu et al. 2011; Lazdu et al. 2013). In gen-
eral, Fe,O; contents range from 10% to 30% by weight,
and there are two groups of glazes, lead and boric, since
a molten phase with low viscosity is required for the
laminar crystal growth (Bromberg 1915). The alumina
content (0.5-11 wt%) must be low and the proportion
of SiO, (30-60 wt%) is adjusted to obtain appropriate
viscosity. The glazes can be obtained from glaze com-
positions consisting of natural raw materials or mix-
tures of frits and natural raw materials. The Fe,O;
may be part of the frit or not, although in most compo-
sitions it is directly mixed into the glaze, owing to the
disadvantages of synthesizing colored frits and because
crystallization occurs more easily than if a homo-
geneous glass is used (Levitskii 2001). The thermal

cycle used to obtain these glazes usually consists of
two stages: the first one for dissolving the metallic
oxide in the melt, followed by slow controlled cooling
that allows the laminar crystals to form or, otherwise,
a certain dwell time at a lower temperature, where
the crystalline growth rate is high. Cycle duration is
very long, from 7-8 to 24 h (Dvornichenko and Mat-
senko 2000). In our case, the lead content is high
while the iron content is low. In addition, the relatively
small size of the hexagonal crystallites (few tens of
micrometres) is due to a relatively fast cooling which
also causes the formation of skeletal melanotekite crys-
tals in the sample 9703 (Di Febo et al. 2017). For these
reasons, the decorative effect in the coating is missing.
However, some fragments of the Taches Noires wares,
observed under stereomicroscope, show a golden shade
which is more evident on the manganese brown deco-
rated areas. In fact, these are the samples which are
richer in hexagonal crystallites because the manganese
can act as a nucleating agent for the growth of

8502C 9002C

9252C

9802C 1020°C

Figure 8. Above: reproductions of the glaze composition of the sample 9703 at different temperatures. Below: OM images of the
glazes in reflection mode. Melanotekite crystals are marked in blue arrows and hematite in red arrows.
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hexagonal planar hematite crystallites. Studies of
aventurine glazes demonstrated that the introduction
of about 3% MnO in an iron rich melt leads to an
increase of 10-15% on the volume fraction of hematite
crystals (Romero, Rincon, and Acosta 2004). Although
an iron content of about 4-6 wt%, such as found in our
ceramic glazes, may appear low as compared to the
values expected in aventurine glazes, it is sufficient to
generate a situation of iron oversaturation that leads
to the precipitation of hematite. The rate of the crystals
increases with increasing supersaturation. Then, we
can observe individual crystals or intergrowths of hex-
agonal crystals (Figures 7(a,b)). The lamellar shape of
the crystals is presumably determined by the growth
conditions: increased melt viscosity and a high degree
of melt oversaturation with iron oxide (Levitskii
2001). Taking into account the SEM-FIB observations
above, the hematite crystallites were mostly found
inside the glaze. This evidence is in good agreement
with the literature data on aventurine glazes showing
an increase in the amount of crystallites across the

entire thickness of the coating up to a depth of about
100 um (Levitskii 2001).

Finally, in order to determinate the thermal range at
which hematite was formed, we replicated under lab-
oratory-controlled conditions the same glaze compo-
sition than that of the sample 9703 (Figure 8) using
chemical reagents (60.8 wt% of minium -Pb;O4-,
32.6 wt% of quartz, 4.3 wt% of kaolin, 5.53 wt% of
Fe,03, 1.34 wt% of wollastonite and 1 wt % of talc).
The glazes were applied over a ceramic flat surface
made with an illitic-kaolinitic clay containing 6%
Fe,O; and fired at different temperatures: 850°C,
900°C, 925°C, 950°C, 980°C and 1050°C. Hematite in
association with melanotekite are found in those repli-
cations fired at 850°C, although the glaze appears not
fully molten. Moreover, we observe clusters resembling
the grains of hematite originally present in the glaze
mixture and hematite and melanotekite recrystallized
around them. At 900°C the glaze is completely molten
and melanotekite and hematite are also present
(Figure 9). Above 920°C melanotekite appears

Si Pb (b)
&
B
=
8]
=
Al Fe Pb
A N
T T 1 1
2 4 6 8 10 12
KeV
Fe (d)
2
B
=
]
=
=1 siPp
Fe
Al Pb
T T T T T 1
2 4 6 8 10 12
KeV

Pb (C)
2| si
1%}
C
i
=
Fe
Al Pb
I I T I T 1
2 4 6 8 10 12
KeV
Fe (e)
>
B
<
L
£
Fe
e
T LI R | T ]
2 4 6 8 10 12
KeV

Figure 9. (a) SEM backscattering image of the glaze reproduction of the sample 9703 fired at 900°C. Light crystals correspond to
melanotekite (blue arrow) and dark crystals correspond to hematite (red arrows) are visible. (b) EDS spectrum of the glaze. (c) EDS
spectrum of melanotekite crystals (blue arrow). (d) EDS spectrum of hematite crystal (central red arrow). (e) EDS spectrum of hema-

tite crystal (central red arrow) subtracting the glaze spectrum.
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Figure 10. OM images in PPL. Glaze reproduction of the
sample 9703 fired at 925°C. Only hematite crystallites can be
observed.

completely absent. On the contrary, hematite crystals
growing at the ceramic body-glaze interface appear
in all replicas and these are larger and thicker for
those replicas fired at higher temperature. These results
demonstrate that melanotekite and hematite nucleate
and grow during the heating. Melanotekite is formed
by the reaction between lead oxide, quartz and iron
oxide during the melting. At temperatures over 900°
C, melanotekite is dissolved in the melt (Figure 10).
Hematite hexagonal crystals are preferentially formed
at the ceramic-glaze interface where nucleating sites
exist. The original hematite grains appear more dis-
solved at higher temperatures. At 950-1020°C few
recrystallized grains of the original hematite grains
remain and bigger hexagonal hematite crystals are
observed near the interface. The presence of hematite
in association with melanotekite in the sample 9703
from Jouques, suggests that it was fired at about 900°
C and below 925°C.

5. Conclusions

This case study shows how a multi-analytical approach
is crucial to identify the hexagonal neo-formed crystal-
lites of hematite in ceramic lead glazes. In particular,
the optical observation in PPL was able to localize
the micro-crystallites in the glaze and show their distri-
bution and growth habits, while SR-yXRD carried out
directly on the thin section was able to identify their
nature. Taking into account that the hexagonal habits
of crystallites were never found on the polished sur-
faces of the glazes, the optical observation in PPL is a
very powerful tool to correlate the hexagonal mor-
phologies of these crystallites to thin cross sections
that can be observed in the SEM. Based on the exper-
imental data, the presence of hematite in association
with melanotekite in high lead glazes is indicative of
low firing temperatures (<925°C), while the presence
of only hematite seems to be a fingerprint of higher
temperatures (>925°C).

As noted in this work, the hexagonal neo-formed
hematite crystals found in our ceramic lead glazes
are also a typical feature of the aventurine glazes.
Although these crystals have been observed in archae-
ological ceramics of different provenance and chron-
ology, their presence is more the chance result of
the interaction between paste and glaze of a specific
composition than a deliberated decorative effect. In
fact, the presence of these crystals can be noted only
by petrographic observations, while on the brown dec-
orations using a stereomicroscope. However, also on
the brown decorations, the sparkling effect is limited.
The difficulty in obtaining the aventurine effect,
together with the clear dependence on the glaze com-
position and the firing cycle led to an unreliability of
duplicating the results. The method of the tempera-
ture treatment is important as well as the composition
of the body to which the glaze is applied. The chief
difficulty in producing aventurine is not in the nuclea-
tion but is in the enlargement and dispersion of the
crystals. This process occurs during a very slow cool-
ing period. The glass must be cooled slowly until it
reaches ambient temperature. It is during this time
that the crystals growth becomes almost visible to
the naked eye.
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