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Abstract

The features of two clayey raw materials from the Bay of Naples and their fired products were investigated via minero-petrographic and physical
techniques.

Clay preparation and firing dynamics were performed following a process similar to that performed by ancient and traditional potters. A high-CaO
marine clay from Ischia was mixed with different amounts of volcanic temper in order to replicate most common ware. These mixtures show a
fair mechanical resistance starting from relatively low firing temperatures (>850 °C). The addition of temper resulted in different technological
characteristics. A low-CaO weathered pyroclastics from the Sorrento Peninsula was prepared to simulate heat resistant and refractory ceramics.
Fired products are characterised by a less resistant ceramic body up to 1000 °C compared to Ischia ceramics. Despite worse strength these ceramics

show a porous structure, yielding better refractory performances.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

The objective of this study is to understand the technological
potential of two different types of clayey raw materials for man-
ufacturing ceramics, with particular attention to archaeological
pottery and traditional technologies. Experimental firing was
performed with two raw materials from the Bay of Naples area,
which were selected from among a set of already characterised
samples from the Campania region.! Our attention was focused
on the Bay of Naples because the area is renowned for its rich
archaeological record and for the presence of attested pottery
production centres (e.g., Ischia, Cuma, Pompeii, Neapolis)."7
The two clays come from two different sites on the bay,
the island of Ischia and the Sorrento Peninsula respectively,
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and they are characterised by their different geological origin
and minero-petrological composition. In particular, we consid-
ered the calcium oxide (CaO) concentration as a key feature,
since it provides peculiar technological properties to the end-
products.®!!

The raw material collected in the island of Ischia is a high-
CaO clay (hereafter HCC; CaO>6wt.% after Maniatis and
Titeg) and, despite the volcanic nature of the island, it is a marine
sediment now outcropping at approximately 600 m above sea
level following the Mt. Epomeo resurgence.'” The historical and
archaeological importance of Ischia is well known. The island is
considered to be one of the first and most important production
sites for pottery in the Bay of Naples, especially in the Hel-
lenistic period, and its clay was most likely exported to supply
the workshop on the coast in the Graeco-Roman period.”>713
Pottery production on the island of Ischia and exportation of
raw material as well are documented from the 16th to the 19th
century A.D.'*

The raw material from the Sorrento Peninsula is a low-CaO
clay (hereafter LCC; CaO <6 wt.%) deriving from weathered
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pyroclastic deposits. This raw material is currently exploited
by a traditional ceramic workshop in Maiano, a small village
of Sant’Agnello (Naples), to produce bricks, mainly used to
build wood-burning ovens and renowned for their refractory
properties. !

In order to optimise the experimental procedures, the mix
design and the ceramic test pieces were fired at different tem-
peratures under oxidising conditions. Clay bodies were prepared
according to the results from previous studies on Campanian
wares (e.g., use of volcanic temper and its amount for spe-
cific ceramic classes),”® as well as the knowledge of today’s
traditional craftsmen.

The Ischia clay was used either in the condition in which
it was found or mixed with different percentages in weight of
volcanic temper from the Campi Flegrei.

The clay body containing 0% or 10% of temper replicated
the characteristics of fine ware,*’-!"-15-1© 20% of temper was
added to roughly simulate most common ware, amphorae, or
bricks,*!> while 30% of temper was used to obtain coarse ware
and bricks. >0 151718

The Sorrento clay was used to replicate heat resistant ceram-
ics products (e.g., cookware) and refractory bricks, as this raw
material has features suitable for this kind of product, namely
low-CaO composition and high coarse grain content. '’

The ceramic test pieces were analysed via minero-
petrophysical methods to obtain useful data for the interpretation
of ancient ceramics in terms of technology and provenance, as
well as to improve the existing knowledge on traditional ceramic
manufacturing.

2. Experimental procedure

Ceramic test pieces were prepared using two clayey mate-
rials from the island of Ischia (IS; UTM coordinates: 33T
408,283 mE 4,509,355mN) and from the Sorrento Penin-
sula (SO; UTM coordinates: 33 T 449,430 mE 4,497,255 mN).
Major details concerning their geological context are provided
elsewhere.'

The volcanic beach sand used as temper (AQM; UTM coor-
dinates: 33T 419,359 mE 4,516,746 mN) in IS mixtures was
sampled from the beach of Acquamorta in Monte di Procida
(Campi Flegrei).

The grain size of clayey raw materials was determined by
a wet method using standard sieves,2’ for the determination
of the >74 pm fraction (No. 200 ASTM sieve). The passing
fraction was complementarily analysed by means of a sedi-
mentation technique,”’ allowing the evaluation of the <2 wm
(clay fraction). The grain size of the temper was evaluated via
a dry sieving method.”” The Atterberg limits*>>>: liquid limit
(wL), plastic limit (wp), shrinkage limit (wg), and plasticity index
(PI=wp — wr.), were also estimated to define the critical values
of water controlling the different rheological stages of clayey
sediments. The organic matter content was determined on pre-
dried samples (overnight at 110 °C) through a loss on ignition
technique, consisting of heating at 450 °C over 72 h in a muffle
furnace.”®

Four types of clay bodies were prepared with the clays from
Ischia. The first type was prepared without any temper addi-
tion (IS), while the other three types were clay/temper mixtures
prepared with 10% (IS-A), 20% (IS-B), and 30% (IS-C) in
weight of temper. Weathered pyroclastics from Sorrento (SO)
were prepared without any temper addition, owing to the natural
abundance of coarse inclusions.

The clay bodies were prepared with extreme accuracy, leav-
ing the clays in water for several hours until a semi-liquid
consistency was obtained. Successively, the samples were dried
until the proper plasticity was achieved. After that, the right
amount of temper (10%, 20%, or 30% of clay dry weight)
was added and the clay bodies were accurately kneaded to
eliminate air excess. Samples were fashioned in a wooden
mould (32cm x 24cm x 4cm) and cut with a metal wire to
obtain eight raw bricks (12 cm x 8 cm x 4 cm) per type of paste.
Accurate drying of raw bricks was achieved in laboratory
after 10 days under controlled thermo-hygrometric conditions
(T=25°C, HR=50%).

Firing was performed under an oxidising atmosphere in an
electric muffle furnace (Nabertherm HTCT 08/16) equipped
with an electronic controller (Nabertherm P330). Control of the
correct calibration of the firing temperature of the kiln was per-
formed via the pyrometric cones (Orton type) method.”’ The
firing process was reproduced to be similar to that which is cur-
rently performed by traditional potters from the Sant’ Agnello
workshop, who use a wood-firing cycle of approximately 7—8 h.
A slow initial heating rate (1.5°C min™"), followed by a higher
heating rate (3°C min~1) starting at 200 °C to the maximum 7,
was followed by a soaking time of 90 min and then by a cooling
according to the free drift of the switched off kiln. The bricks
were quickly immersed in water after firing to set free from
Ca(OH); or CaO excess if present.28

Mineralogical analyses of the raw materials (clays and tem-
per) and fired ceramics were carried out by means of X-ray
powder diffraction (XRPD). A McCrone Micronising Mill was
used to obtain a very fine powder (~10 wm).>” The data were
acquired with a PANalytical X’Pert PRO 3040/60 PW diffrac-
tometer (CuKa radiation, 40 kV, 40 mA, scanning interval 4—80°
26, equivalent step size 0.017° 20, equivalent counting time
120s per step, RTMS X’Celerator detector). Identification of
the clay phases was performed on oriented aggregates on frac-
tion below 2 wm. The data were obtained with a Philips PW
1710 diffractometer (CuKa radiation, 30kV, 40 mA, scanning
interval 3-35° 26, step size 0.020° 26, counting time 2s per
step) on air-dried samples and after thermo-chemical treat-
ments (ethylene glycol solvation, 550 °C heating). A relative
percentage of mixed layer phyllosilicates and the statistical
layer ordering variable (Reichweite; R) was also estimated
according to Moore and Reynolds,’’ meaning that the mixed
layer minerals may be randomly distributed (R=0) or ordered
R=1).

X-ray fluorescence spectrometry (XRF, PANalytical Axios
instrument) allowed us to obtain chemical analyses of major
oxides (wt.% of SiO;, TiO,, Al,O3, Fe,O3, MnO, MgO, CaO,
Nay0, K70, P>0s5) and trace elements (ppm of Rb, St, Y, Zr, Nb,
Ba, Cr, Ni, Sc, V) of the raw materials and ceramics (detection



A. De Bonis et al. / Journal of the European Ceramic Society 34 (2014) 3229-3244 3231

limits according to Melluso et al.3!). Loss on ignition (LOI) was
determined by pre-drying 1 g of powder of the sample overnight
at 110 °C and then heating the sample to 1000 °C.

Polarised light microscopy (PLM) was performed with a
Leitz Laborlux 12 POL microscope to describe the petrographic
composition of the ceramics. Modal analyses (based on ca. 4000
points per section) were carried out with Leica Q Win software
(3.5.1 version) on PLM images acquired with a Leica DFC280
camera.

Scanning electron microscopy (SEM) observations of
ceramic microstructures were performed on fresh fractured
samples with a JEOL 5310 instrument; micro-chemical anal-
yses were carried out with the same instrument fitted with an
energy dispersive X-ray spectrometer (EDS; Oxford INCA X-
act; 15kV, 50-100 mA, spot-size 15-17 wm, acquisition time
50s) on backscattered electrons (BSE) images of carbon-coated
thin sections. The data were elaborated by an INCA X-stream
pulse processor, and the calibration was made with the follow-
ing standards: strontianite (Sr), baryte (Ba), rutile (Ti), vanadium
(V), Cr03 (Cr), rthodonite (Mn), nickel (Ni). Images of most of
the representative samples were acquired by high resolution field
emission scanning electron microscopy (FESEM; Leo Gemini
1530).

Pore access size and its evolution with firing, as well as
pore volume, were determined by mercury intrusion porosimetry
(MIP). Freshly cut samples of ~2 cm? which had been pre-dried
for 24 h at 110 °C were analysed with a Micrometrics AutoPore
IIT 9410 porosimeter.

Parameters associated to both fluid uptake and transport
through the pore system were determined by hydric tests. Free’”
and forced®® water absorption and drying** were measured by
weighing the samples at regular intervals. The average weight
of three cubic pieces (3 cm side) per sample was considered to
obtain statistical significance of the data. Free (A;) and forced
(Ay) water adsorption, pore connectivity (A,), open porosity
(Op), absorption (C;) and saturation (Cs) coefficients, appar-
ent (p,) and (p,) real densities, and drying index (D;) were also
calculated.'”

Ultrasound testing was performed with a 100MHz
pulser/receiver (Panametrics NDT 5058PR) coupled with an
oscilloscope (Tektronix TDS 3012B) to measure the velocity of
propagation (V), V;) of elastic waves along the three orthogonal
directions of cubic test pieces (3 cm/side). Average measures
of three test pieces of each sample were considered. The test™
was performed under controlled thermo-hygrometric conditions
(T=20°C, HR=50%). These data were used to obtain informa-
tion on the degree of compactness of the ceramic materials.*®
The velocities of P and S waves were used to determine elas-
tic moduli for non-destructive characterisation of heterogeneous
materials,>” and the Young’s modulus (E), bulk modulus (K), and
shear modulus (G) were calculated.

Infrared thermography (IRT) was performed to measure heat
propagation in representative samples, which were fired at the
lowest, intermediate, and maximum 7 (700, 900, 1100°C).
Tests were made under controlled thermo-hygrometric condi-
tions (T'=25°C, HR=50%), by heating prismatic test pieces
(6.0cm x 3.5cm x 1.5 cm) on a hot plate (50 °C) at a distance of
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Fig. 1. Grain size distribution of IS and SO clayey raw materials and AQM
temper.

30 cm from the lens of the thermographic camera (FLIR SC660).
Each test consisted of a heating phase of 20 min followed by a
40 min cooling phase. Qualitative evaluation of heat propaga-
tion was carried out by measuring the displacement of a 40 °C
isotherm at regular intervals (5 min) all along the surfaces of
the test pieces by means of a video analysis software (Kinovea,
version 0.8.7).

3. Results and discussion

3.1. Physical, chemical and mineralogical characteristics
of raw materials

Data concerning the two clayey raw materials used for the
experimental firing (IS and SO samples) were taken from our
previous work on the petrophysical characterisation of Campa-
nian clays,' where IS and SO samples were reported as IS6 and
SOl, respectively.

The particle size of the clayey sample from Ischia (IS) was
mainly comprised of the silt range (44%), with 23% being rep-
resented by sand and 31% by clay; the gravel fraction was
negligible. The SO sample showed a grain size distribution quite
similar to the IS sample, although it was richer in coarse fraction
(Fig. 1). In the weathered pyroclastic sample from Sorrento (SO)
sand was the prevailing fraction (53%), silt was approximately
33%, and clay only constituted 11%; gravel was roughly 2.5%
(Table 1). The volcanic beach sand used as temper (AQM) in
the IS mixtures was almost completely formed by sand (97%).
It showed a clear unimodal distribution with the main peak in
the coarse sand at 0.850 mm (Fig. 1).

The Atterberg limits (Table 1) calculated on the two raw clays
(IS and SO) showed a similar liquid limit (wp, ~54.0%). The
plastic limit (wp) varied from 29.5% (IS) to 39.5% (SO). A
higher plasticity index (PI) was evaluated for IS (24.5%) with
respect to SO (14.4%). The shrinkage limit (ws) was much
higher for SO (31.9%) than IS (14.6%).

From a chemical point of view (Table 2) the IS sample was
an HCC (CaO content 9.70 wt.%), while the SO sample was an
LCC (CaO content 2.57 wt.%). The addition of temper (AQM)
only caused slight variations in the compositions of the clay
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Table 1

Grain size of raw materials (clays and temper) and Atterberg limits of raw clays:
wr, liquid limit; wp, plastic limit; ws, Atterberg shrinkage limit; PI: plasticity
index. Organic matter content is also reported.

IS SO AQM
Gravel (%) 1.8 2.5 3.0
Sand (%) 232 53.5 97.0
Silt (%) 44.0 33.0 -
Clay (%) 31.0 11.0 -
wr (%) 53.99 53.97 -
wp (%) 29.48 39.53 -
ws (%) 14.62 31.94 -
IP (%) 24.51 14.44 -
Organic matter (%) 5.95 7.59 -

bodies, likely determined by an alkali (K,O, Na;O) enrich-
ment due to the composition (mostly trachytic) of Phlegracan
products®® (Table 2). The two clayey raw materials showed an
organic matter content of 5.95 wt.% (IS) and 7.59 wt.% (SO),
which accounted for the brownish colour of the two samples.
XRPD analyses (Table 3) showed that the IS raw mate-
rial was composed of very abundant quartz, frequent feldspars,
abundant calcite, and minor dolomite; scarce pyroxene was
also recorded (Fig. 2a). Clay minerals were represented by
illite/mica (muscovite, biotite), kaolinite, chlorite, and illite-
smectite mixed-layer with an illite percentage of approximately
50% and layer ordering (R=0). The weathered pyroclastics
(SO) showed abundant feldspars and, frequent quartz, and
pyroxene. The presence of amorphous/glass phase was also
inferred from the presence of a background noise represented by
illite/muscovite and a lesser amount of dehydrated halloysite, a
common phase of several Campanian weathered pyroclastics.*”
AQM was mainly composed of feldspars and minor amounts

Table 2
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of pyroxene, mica, and analcime, the latter deriving from the
weathering of volcanic glass.*

The addition of AQM modified only to a lesser extent the bulk
mineralogical composition of the IS clays. A slight decrease in
calcite, dolomite, and quartz content, along with a slight increase
in feldspars and pyroxene, was noticed with high percentage of
temper (20%, 30%; Table 3).

3.2. Fired ceramics

3.2.1. Chemical and mineralogical composition

Slight differences in chemical composition between raw and
fired samples were observed, thus suggesting an almost iso-
chemical firing process. As expected, only LOI values showed
a significant decrease (Table 2).

From a mineralogical point of view the IS ceramics were all
richer in quartz than SO samples, thus supporting the higher SiO»
content observed via XRF. Firing caused the decomposition of
phyllosilicates and carbonates whenever present (Table 3). Chlo-
rite was still barely noticeable in IS ceramics at 700 °C showing
a slight shift towards lower d-values (Fig. 2a). The dehydrox-
ylated illite-like phase in both ceramic samples progressively
reduced in concentrations as the firing temperature increased,
until it disappeared only over 1000 °C (Fig. 2a and b). In the
SO ceramics, higher amounts of ~10 A illite/mica phase were
detected, which strongly decreased at maximum 7.

When carbonates were present (IS ceramics), calcite
decreased starting from 800 °C and was still detected in traces
at 1000 °C; at 700 °C the dolomite concentration was already
in traces because its decomposition to CaO and MgO starts
at temperatures lower than those of calcite breakdown.*' The
persistence of the illite-like phases and calcite at temperatures
higher than those expected (~900°C for illite and ~850°C

Chemical analysis (XRF) of major oxides (wt.%, recalculated to 100% on a LOI-free basis), trace elements (ppm) and LOI (loss on ignition, wt.%) of raw clays, of
the 950 °C fired ceramics, and of the temper. Abbreviation: <LLD, less than the lower limit of detection of the instrument.

IS dry IS 950 IS-A dry IS-A 950 IS-B dry IS-B 950 IS-C dry IS-C 950 SO dry SO 950 AQM
SiO; 60.00 59.73 59.61 59.24 59.91 59.69 60.36 59.97 57.98 58.04 61.23
TiOy 0.77 0.75 0.78 0.75 0.77 0.74 0.74 0.74 0.90 0.94 0.66
Al,O3 15.83 1541 15.93 15.73 15.99 15.68 15.99 15.73 24.15 22.10 16.29
Fe O3 6.13 5.90 5.99 6.00 5.90 5.86 5.72 5.81 7.38 7.70 4.98
MnO 0.14 0.14 0.14 0.14 0.13 0.13 0.13 0.13 0.19 0.19 0.12
MgO 2.94 3.29 291 3.17 2.86 2.99 2.76 2.85 1.86 2.41 1.93
CaO 9.70 9.77 9.67 9.61 9.07 8.93 8.40 8.37 2.57 332 4.29
Na,O 0.86 1.36 1.02 1.47 1.16 1.67 1.33 1.88 0.79 1.13 3.25
K,O 3.47 3.50 3.79 3.75 4.06 4.16 4.41 4.36 4.04 4.02 7.08
P,0s5 0.15 0.15 0.15 0.14 0.15 0.15 0.16 0.15 0.14 0.14 0.18
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
LOI 12.07 1.55 10.43 1.25 9.42 0.86 8.44 0.86 10.90 0.65 1.73
Rb 160 160 164 169 168 164 169 186 175 152 193
Sr 234 235 275 273 301 290 327 365 396 377 507
Y 27 29 28 28 25 27 25 29 40 35 19
Zr 263 271 265 272 261 259 257 282 359 369 245
Nb 27 29 30 31 30 29 31 34 54 54 35
Ba 369 364 419 412 435 441 470 520 1010 1080 712
Cr 74 70 63 70 65 58 49 54 34 69 <LLD
Ni 41 39 38 37 35 34 21 29 26 23 5
Sc 18 14 21 18 17 14 22 12 10 12 6
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Table 3
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Mineralogical composition (XRPD) of raw materials (clay and temper) and fired ceramics. XXXX, very abundant; XXX, abundant; XX, frequent; X, scarce.
Abbreviations: I11-Sm, illite-smectite mixed layer; Kao, kaolinite; Chl, chlorite; dHall, dehydrated halloysite; Anl, analcime. Colour of samples from Munsell Soil

Colour Chart was also reported.

Quartz  Calcite Dolomite Feldspar Hematite Melilite Pyroxene Illite/mica Mullite Other Colour

IS dry XXXX XXX X XX - - X XXX - 111-Sm, 2.5YR 6/3 (light yellowish brown)
Kao, Chl

IS 700 XXXX XXX Traces XX Traces - X XX - - 7.5YR 6/6 (reddish yellow)
1S 800 XXXX XX - XX Traces - X XX - - 7.5YR 6/6 (reddish yellow)
IS 850 XXXX X - XX Traces Traces X X - - 7.5YR 6/6 (reddish yellow)
1S 900 XXXX X - XX Traces Traces X X - - 5YR 6/6 (reddish yellow)
IS 950 XXXX X - XX X X X Traces - - 5YR 6/6 (reddish yellow)
IS 1000 XXXX Traces — XX X X X Traces - - 5YR 5/6 (yellowish red)
IS 1100 XXXX - - XXX X Traces XX - - - 5YR 5/4 (reddish brown)
IS-A dry XXXX XXX X XX - - X XXX - - 2.5YR 6/3 (light yellowis brown)
IS-A700 XXXX XXX Traces XX Traces - X XX - - 7.5YR 6/6 (reddish yellow)
IS-A800 XXXX XX - XX Traces - X XX - - 5YR 5/5 (yellowish red)
IS-A 850 XXXX X - XX Traces Traces X X - - 7.5YR 6/6 (reddish yellow)
IS-A 900 XXXX X - XX Traces Traces X X - - 5YR 6/6 (reddish yellow)
IS-A950 XXXX X - XX X X X Traces - - 5YR 6/6 (reddish yellow)
IS-A 1000 XXXX Traces — XX X X X Traces - - 5YR 5/6 (yellowish red)
IS-A 1100 XXXX - - XXX X Traces XX - - - 5YR 5/4 (reddish brown)
IS-B dry XXX XX Traces XXX — - XX XXX - — 2.5YR 5/3 (light olive brown)
IS-B 700 XXX XX - XXX Traces - XX XXX - - 10YR 6/6 (brownish yellow)
IS-B 800 XXX XX - XXX Traces - XX XX - - 7.5YR 6/6 (reddish yellow)
IS-B 850 XXX X - XXX Traces Traces XX XX - - 5YR 6/6 (reddish yellow)
IS-B 900 XXX X - XXX Traces Traces XX X - - 5YR 6/6 (reddish yellow)
IS-B 950 XXX Traces — XXX X X XX Traces - - 5YR 6/6 (reddish yellow)
IS-B 1000 XXX - - XXX X X XX Traces - - 5YR 5/6 (yellowish red)
IS-B 1100 XXX - - XXXX X Traces XXX - - - 7.5YR 5/4 (brown)
IS-C dry XXX XX Traces XXX - - XX XXX - - 2.5YR 5/3 (light olive brown)
IS-C700 XXX XX - XXX Traces - XX XXX - - 10YR 6/4 (light yellowish brown)
IS-C 800 XXX XX - XXX Traces - XX XX - - 7.5YR 6/6 (reddish yellow)
IS-C 850 XXX X - XXX Traces Traces XX XX - - 5YR 6/6 (reddish yellow)
IS-C900 XXX X - XXX Traces Traces XX X - - 5YR 6/6 (reddish yellow)
IS-C 950 XXX Traces — XXX X X XX Traces - - 5YR 6/6 (reddish yellow)
IS-C 1000 XXX - - XXX X X XX Traces - - 5YR 5/6 (yellowish red)
IS-C 1100 XXX - - XXXX X Traces XXX - - - 7.5YR 5/4 (brown)
SO dry XX - - XXX - - XX XXXX - dHall 10YR 4/2 (dark greyish brown)
SO 700 XX - - XXX Traces - XX XXXX - - 7.5YR 7/4 (pink)
SO 800 XX - - XXX Traces - XX XXX - - 7.5YR 6/6 (reddish yellow)
SO 850 XX - - XXX Traces - XX XXX - - 7.5YR 6/6 (reddish yellow)
SO 900 XX - - XXX Traces - XX XX - - 7.5YR 6/6 (reddish yellow)
SO 950 X - - XX X - XX XX - - 5YR 6/6 (reddish yellow)
SO 1000 X - - X X - XX XX - - 5YR 5/8 (yellowish red)
SO 1100 X - - X XX - XX Traces X - 2.5YR 3/6 (dark red)
AQM - - - XXXX - - X X - Anl -

for calcite),”® might be due to the relatively short firing dura-
tion, causing a shift of decomposition reactions to higher
temperatures.*>*? As far as calcite is concerned, grain-size is
another factor that could significantly affect its persistence at
higher T (see micrographs in Section 3.2.2).

Starting from 800/850 °C, calcium oxide reacted with Al,O3
and SiO, available after phyllosilicates dehydroxylation to
form melilite (gehlenite).®?%44 4% Reaction rims of melilite
composition were observed at SEM-EDS already at 850 °C at
the edges of decomposing carbonates (Fig. 3a). EDS analyses
showed that these reaction rims were Mg- and Fe-rich gehlenites
(Table 4). XRPD revealed that melilite reflection reached its
maximum intensities between 950 and 1000°C, a slightly

higher temperature than what was reported in other studies.''-*®

These results indicate that the only XRPD analysis must
be carefully managed in the investigation of archaeological
ceramics because phase breakdown (e.g., illite, calcite) and the
formation of new minerals (e.g., gehlenite, clinopyroxene) are
usually considered firing temperature markers.

At 1100 °C melilite decreased significantly, and other cal-
cium silicates (e.g., Al-rich diopside),*” which already formed
starting from approximately 800 °C, developed further. In fact,
the decomposition of carbonates also allowed the development
of new Ca- (or Ca and Mg) silicate phases, wollastonite and diop-
side. SEM-EDS analyses (Table 5) showed that newly formed
pyroxenes observed in this study revealed the composition of
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Fig. 2. XRPD patterns of raw and fired IS (a) and SO (b) samples. Abbreviations: Qtz, quartz; Fs, feldspar; Cc, calcite; Dol, dolomite; Px, pyroxene; Mel, melilite;
Hem, hematite; Mul, mullite; I11, illite; Sm, smectite; Kao, kaolinite; Chl, chlorite; dHall, dehydrated halloysite.

ferroan aluminian diopside.*® The initial development of thin

reaction rims tending to this composition was detected via
SEM-EDS already starting from 800 °C (Fig. 3b). At this T the
presence of pyroxene was also noticed in the XRPD pattern,
then a slight rise of its reflection was recorded starting from
850°C, whereas a tangible increase of pyroxene amount was
observed at 1100 °C. This might also be due to the wollastonite
formation by reaction between pre-existing gehlenite and quartz

(Fig. 3¢).*> These reaction rims assume a fingered geometry
(Fig. 3c), a peculiar morphology occurring when two fluid or
semi-plastic solids of different composition and viscosity are in
contact.”®4¢

Among other Ca-silicates, we must point out the occur-
rence of newly formed cuspidine [CasSioO7(F,OH),] observed
at SEM-EDS between 900 and 1100 °C (Table 5). We detected
cuspidine at the edges of silicates (feldspars and quartz) in

Fig. 3. Backscattered electrons SEM images of: (a) IS 850. Newly formed melilite (Mel) rim between carbonate and clay matrix. (b) IS-C 800. Thin reaction rims
of clinopyroxene (Cpx; Al-rich diopside) composition. (c) IS 1100. Large reaction rim with fingered geometry of wollastonite (Wo) around a pre-existing carbonate
in contact with quartz (Qz) and glassy amorphous phase (am). (d) IS-C 900. Newly formed cuspidine (Csp) on the edge of an albite (Ab) crystal in contact with
carbonate mass and fluorite (F1). (e) IS-C 1100. Newly formed cuspidine (Csp) and clinopyroxene (Cpx). (f) Backscattered electrons FESEM images of sample SO

1100. Iron oxides particles (white dots) in amorphous phase.
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Table 4
Representative EDS-analyses (wt.%) and cation proportion (a.p.f.u.) of melilites in IS ceramics.

Melilite Melilite Melilite Melilite Melilite Melilite Melilite Melilite Melilite Melilite

1S 800 1S 800 1S 850 1S 900 IS-C 900 IS 950 IS 950 IS 950 IS-C 1000 IS-C 1100
SiO; 33.69 32.93 31.74 31.58 39.54 32.85 37.44 33.16 36.01 34.09
TiO, 0.48 1.39 0.55 0.01 0.44 0.15 0.22 0.75 0.40 0.26
Al O3 16.42 17.90 16.78 21.91 16.33 15.93 14.55 20.96 15.72 19.44
FeO* 4.56 6.53 6.28 3.12 5.88 7.02 5.37 3.98 3.79 3.23
MnO - 0.07 - - 0.27 0.30 0.28 - 0.15 -
MgO 1.91 2.37 2.66 0.79 2.53 2.15 1.67 3.22 3.32 2.36
CaO 41.16 37.88 40.64 41.07 34.53 41.14 38.93 38.01 38.86 39.16
Na, O 0.08 - 0.24 0.30 0.16 0.24 0.66 0.32 0.26 0.17
K,O0 0.42 0.35 0.37 0.61 0.12 0.05 0.21 0.20 0.08 0.10
F _ _ _ _ _ _ _ _ _ _
Total 98.73 99.41 99.26 99.40 99.82 99.85 99.33 100.61 98.59 98.83
Numbers of ions on the basis of:

14 (O) 14 (O) 14 (O) 14 (O) 14 (O) 14 (O) 14 (O) 14 (O) 14 (O) 14 (O)

Si 3.181 3.085 3.019 2.940 3.577 3.112 3.480 3.019 3.348 3.153
Ti 0.034 0.098 0.039 0.000 0.030 0.011 0.015 0.051 0.028 0.018
Al 1.828 1.976 1.880 2.404 1.741 1.779 1.593 2.249 1.723 2.119
Fe 0.360 0.512 0.500 0.243 0.445 0.556 0418 0.303 0.295 0.250
Mn - 0.005 - - 0.021 0.024 0.022 - 0.011 -
Mg 0.269 0.330 0.378 0.110 0.341 0.304 0.232 0.437 0.460 0.326
Ca 4.164 3.802 4.141 4.096 3.347 4.176 3.877 3.707 3.870 3.881
Na 0.015 - 0.044 0.055 0.028 0.045 0.119 0.056 0.047 0.031
K 0.051 0.042 0.045 0.073 0.014 0.006 0.025 0.023 0.010 0.012
F _ _ _ _ _ _ _ _ _ _
Total 9.903 9.850 10.046 9.921 9.543 10.013 9.780 9.845 9.792 9.791

*Total Fe as Fe**

Table 5
Representative EDS-analyses (wt.%) and cation proportion (a.p.f.u.) of cuspidine, clinopyroxene, and wollastonite in IS ceramics.

Cuspidine  Cuspidine  Cuspidine  Cuspidine  Cuspidine  Clinopyroxene Clinopyroxene Clinopyroxene Wollastonite Wollastonite

IS-C900  IS-C 1000 IS-C 1000 IS 1100 IS-C 1100 IS 1000 IS 1100 IS-C 1100 IS 1100 IS-C 1100
Si0, 31.63 31.82 32.11 30.97 32.63 43.42 42.76 4433 51.31 52.84
TiO, - - - - - 0.23 0.98 0.73 - -
ALO3 - - - - - 19.95 15.05 17.77 - -
FeO* 0.24 0.71 - - 0.22 6.04 12.85 9.48 1.48 0.61
MnO - - 0.20 - 0.02 0.19 0.41 0.53 - -
MgO - - - - - 1.76 4.80 5.70 0.94 0.54
CaO 58.60 58.74 59.92 60.05 56.08 27.42 22.03 20.41 45.56 45.37
Na,O  0.03 0.23 0.21 0.04 0.16 0.36 0.20 0.68 0.17 0.15
K,O 0.10 0.01 0.06 - - 0.20 0.72 0.28 0.25 -
F 8.92 8.69 8.02 8.33 10.91 - - - - -
Total ~ 99.52 100.20 100.52 99.39 100.01 99.58 99.81 99.91 99.72 99.51
Numbers of ions on the basis of:

8(0,F) 8(0,F) 8(0,F) 8(0,F) 8(0,F) 6(0) 6 (0) 6 (0) 18 (O) 18 (O)

Si 2.003 1.998 1.994 1.961 2.077 1.628 1.648 1.656 5.982 6.106
Ti - - - - - 0.007 0.028 0.021 - -
Al - - - - - 0.882 0.684 0.783 - -
Fe 0.013 0.037 - - 0.012 0.189 0.414 0.296 0.144 0.059
Mn - - 0.011 - 0.001 0.006 0.013 0.017 - -
Mg - - - - - 0.098 0.276 0.317 0.164 0.093
Ca 3.975 3.952 3.986 4.075 3.824 1.102 0.910 0.817 5.690 5.617
Na 0.004 0.028 0.026 0.005 0.019 0.026 0.015 0.049 0.039 0.035
K 0.008 0.001 0.005 - - 0.005 0.018 0.007 0.038 -
F 1.787 1.726 1.575 1.669 2.197 - - - - -
Total 7.790 7.742 7.596 7.710 8.130 3.938 3.989 3.956 12.057 11.911

*Total Fe as Fe**
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Table 6

Modal analysis of the temper (AQM) and of representative ceramics fired at 700, 900, and 1100 °C. Bold fonts indicate the contribution of AQM in tempered ceramics.
Abbreviations: A-fs, alkali feldspar; Pl, plagioclase; Cpx, clinopyroxene; Pum, pumices; Sc, volcanic scoriae; VL, volcanic lithics; Ol, olivine; Cb, carbonates; ARF,

Argillaceous Rock Fragments.

A-fs P1 Cpx Pum Sc VL Ol Mica Cb ARF Other Voids Matrix Volcanics

AQM 30.8 1.5 5.0 18.0 42.1 2.6 - - - - - - - -

IS 700 5.8 - 0.1 5.2 0.2 0.0 - 1.7 1.0 0.5 - 3.6 82.0 -

IS 900 52 - 0.4 2.0 1.0 0.0 - 1.4 3.6 0.2 - 32 83.2 -

IS 1100 5.3 - 0.4 0.8 0.4 0.9 - 1.2 0.6 0.4 - 6.1 84.0 -

Average 54 - 0.3 2.7 0.5 0.3 - 1.4 1.7 0.3 - 4.3 83.0 -

IS-A 700 38 0.0 0.3 31 3.0 1.0 - - 1.4 0.3 79 12.1 67.2 11.3
IS-A 900 4.3 0.1 0.7 3.6 1.6 2.6 - - 0.3 1.0 10.1 5.2 70.4 13.0
IS-A 1100 38 0.0 0.1 58 3.0 0.2 - - 0.3 0.0 9.2 6.9 70.7 129
Average 4.0 0.0 0.4 4.2 2.6 1.3 - - 0.6 0.4 9.1 8.1 69.4 12.4
IS-B 700 53 0.0 0.0 7.6 2.7 1.6 - - 1.3 0.5 7.4 10.2 63.4 17.2
IS-B 900 58 0.1 0.3 6.2 6.4 21 - - 0.8 0.8 8.3 10.0 59.3 20.9
IS-B 1100 4.7 0.0 0.2 9.2 5.0 0.6 - - 0.7 0.1 6.4 14.7 58.4 19.7
Average 53 0.0 0.2 7.7 4.7 14 - - 0.9 0.5 7.4 11.6 60.4 19.3
IS-C 700 6.3 0.3 0.8 8.2 6.7 1.8 - - 1.9 0.4 7.5 17.4 48.7 24.0
IS-C 900 6.9 0.0 0.1 10.6 6.4 22 - - 1.1 2.1 8.0 7.4 55.2 26.2
IS-C 1100 6.9 0.6 0.6 8.4 6.7 1.0 - - 0.8 0.4 7.7 19.3 475 24.2
Average 6.7 0.3 0.5 9.0 6.6 1.7 - - 1.3 1.0 7.8 14.7 50.5 24.8
SO 700 2.6 0.2 25 3.9 3.0 0.1 0.0 - 0.3 1.7 - 8.2 77.5 12.3
SO 900 4.5 0.1 1.5 5.3 0.6 0.1 0.3 - 0.5 2.9 - 9.3 75.1 12.2
SO 1100 4.9 0.1 2.5 5.8 0.2 0.5 0.3 - 0.1 0.5 - 11.0 74.2 14.3
Average 4.0 0.1 2.1 5.0 1.3 0.2 0.2 - 0.3 1.7 - 9.5 75.6 12.9

contact with fluorite-bearing carbonate masses (Fig. 3d), likely

formed according to the following reaction*’:

3Ca0 + 2Si0; + CaF; — CasSir O7F,

cuspidine

Newly formed cuspidine is reported in fluorite-bearing high-
CaO ceramics generally from 850 to 1050 °C.%" In this study
cuspidine also occurred at the highest 7 (1100 °C) in association
with other Ca-silicates (Fig. 3e).

At these maximum 7 (1100°C) feldspar increase was
detected by XRPD in the IS ceramics due to newly forming
feldspars (e.g., anorthite) (Fig. 2a), in this case likely proceeding
from the decomposition of gehlenite.*> Although feldspar con-
tentincrease was detected via XRPD at high 7, it was not possible
to analyse anorthite and/or other Ca-rich feldspars at SEM-EDS.
Crystals were probably of very small size due to their incomplete
development.

Newly formed hematite was detected via XRPD in both the
IS and SO ceramics, which formed due to the oxidising firing
atmosphere, and which also account for the reddish colour of
the samples. In the IS samples this phase was present in traces
from 700 up to 900 °C, while above these temperatures hematite
reflections are more intense. Nevertheless, lower amounts of
hematite were detected with respect to the SO samples (Fig. 2b)
probably because the hematite crystallisation was hindered by
the newly forming calcium silicates, which may incorporate
iron in their frameworks.*>>!? For this reason the IS speci-
mens showed a lighter reddish colour than the SO ceramics.
In the latter samples, submicrometric particles dispersed in the
glassy phase at 1100 °C, visible in BSE images (Fig. 3f) and not
detectable by EDS, could be correlated to iron oxides.>’

Mullite was detected in the SO ceramics at maximum fir-
ing T (1100°C) after the decomposition of phyllosilicates.”®
Nevertheless, neither hematite nor mullite could be analysed
at SEM-EDS because of their very small size. In addition to
hematite and mullite, these ceramics did not show any other
pyrometamorphic transformation.

3.2.2. Petrography and microstructure

Thin section observation and modal analyses (Table 6)
broadly confirmed the mineralogy yielded by XRPD analyses.
The non-tempered IS samples contained silt and very fine sand
grains (10—100 wm), mostly represented by quartz, feldspars,
white mica, and rare brown mica (Fig. 4a). Sporadic alkali-
feldspar, rare clinopyroxene, and pumices occurred as well,
occasionally of coarser size (Fig. 4b).

At the lowest firing 7 (700 °C) only minor textural changes
were observed with respect to the unfired materials, and we only
noticed phyllosilicates exfoliated along their basal planes due to
dehydroxylation (Fig. 4c).”* The ceramic matrix shows a weak
optical activity up to 800 °C (Fig. 4a and b), successively oblit-
erated by sintering at higher temperatures. From 700 to 900 °C
the ceramic matrix showed a black core due to the short dura-
tion of firing at these temperatures, which hindered the complete
oxidation of the whole ceramic body,”* probably also favoured
by the presence of organic matter.*?

Carbonate  fragments and  sporadic  microfossils
(foraminifera, ostracoda)’® occurred in the IS non-tempered
ceramics with an average content of approximately 2%
(Table 6), and their structure still remained intact at 700 °C
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Fig. 4. PLM images of: (a) IS 700. Natural inclusions of IS ceramics (crossed polars). (b) IS 800. Sporadic large volcanic grain in non-tempered ceramics (crossed
polars). Backscattered electrons FESEM images of (c) IS-C 700, exfoliated phyllosilicate for dehydroxylation, and (d)IS-C 700, carbonate microfossil. (e) IS 1100.
Decomposed calcite (crossed polars). (f) AQM. Sand used as temper with alkali feldspar, clinopyroxene, pumices, and scoriae (parallel polars). (g) IS-C 700. Temper
grains (pumices and scoriae) in the ceramic paste (parallel polars). (h) SO dry. Leucite-bearing scoriae (crossed polars). (i) SO 700. Garnet and alkali feldspar (parallel

polars).

(Fig. 4d). As firing T increased, evidence of decarbonation
occurred (Figs. 3a—c and 4e).

Tempered samples were characterised by the bimodal distri-
bution of grains, in which the coarser fraction (generally over
250 wm) was mostly constituted by volcanic grains of the AQM
sand (Fig. 4f). Uncoloured (diopside) and pale green clinopy-
roxene largely occurred in AQM temper, as is usually found in
volcanic temper-bearing archaeological pottery from the Bay
of Naples. Feldspars were represented by plagioclase and sani-
dine, the latter being the most abundant crystalline phase of the
temper, as well as the most represented mineral of Phlegracan
rocks.*® Another feature of the tempered IS samples was the
occurrence of abundant non-crystalline (glassy) volcanics such
as pumices and scoriae (Fig. 4g).

Inclusions in SO samples were represented by pumice
(~5%), alkali feldspar (~4%), clinopyroxene (~2%), ARF
(Argillaceous Rock Fragments; ~2%), and volcanic scoriae
(~1%), often bearing leucite as well (Fig. 4h). Small lamellae of
brown mica, sporadic crystals of altered olivine, magnetite, and
garnet (Fig. 4i) were also observed, along with rare plagioclase.
The observed paragenesis clearly suggests a Somma-Vesuvius
origin.”® Scattered rounded fragments of sandstones and rare
carbonates also characterised these samples. The SO samples
were composed on average by approximately 76% of the matrix,

showing optical activity up to 850°C. The grains showed a
bimodal distribution with an average content of approximately
15%. The fine fraction ranged from roughly 50 to 100 wm, while
the coarse fraction ranged from 200 to 500 pwm.

From the textural point of view, the IS specimens were
strongly conditioned by temper content. Voids were mainly
located around the temper grains and an increase of pores volume
proportional to the temper amount was observed on the aver-
age of approximately 8% (IS-A), 12% (IS-B), and 15% (IS-C)
(Table 6). The SEM images of freshly fractured samples, in fact,
clearly showed discontinuities at the temper/matrix interface up
to 1000 °C in the tempered samples (Fig. 5a).

Firing temperatures severely modified the ceramic
microstructure. All the IS ceramics fired at 700 °C showed
no significant structural modification and no vitrification.
At 800°C a better cohesion of particles, as an evidence of
sintering, was observed, but still without vitrification (Fig. 5b).
At 850°C an initial vitrification started to occur, whereas at
900 °C an extended vitrification of the ceramic body developed
and persisted up to 1000°C. At the highest T (1100°C) a
continuous vitrification was observed: the glassy phase dramat-
ically affected the whole ceramic body and pore morphology
with the formation of large rounded and non-connected pores
(Fig. 5¢).
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Fig. 5. SEM images of freshly fractured samples: (a) IS-C 1000. Discontinuities at temper/matrix interface. (b) IS 800. Poorly sintered structure. (c) IS-A 1100.
Highly vitrified structure with rounded isolated pores. (d) SO 850. Poorly sintered structure. () SO 1000. Vitrified structure. (f) SO 1100. Continuous vitrification

with non-connected pores.

The SO ceramics were characterised by a discontinued and
poorly sintered microstructure up to 900/950 °C (Fig. 5d). Evo-
lution of sintering and vitrification was rather progressive with
the firing 7. Starting from 1000°C a well vitrified structure
formed (Fig. 5e) and continuous vitrification characterised by
large isolated pores, either rounded or elongated, developed at
1100 °C (Fig. 5f).

3.2.3. Physical characteristics
3.2.3.1. Study of the pore system. Hydric tests showed that all IS
samples fired at 1100 °C showed the lowest free water absorption
(A;, Table 7 and Fig. 6a), which is due to the low pore intercon-
nection determined by the high degree of vitrification (revealed
by SEM and PLM). A comparison between the free (4;) and
forced (Ay) water absorption values allowed us to examine how
water circulates inside the pore system. This feature is graphi-
cally expressed by the slope of the curve comprised between A;
and Ay (Fig. 6a) which, in numerical terms, translates into higher
A, values when pores are scarcely interconnected!! (Table 7).
For this reason all ceramics fired at 1100 °C showed high A, val-
ues, suggesting the existence of a closed porosity. MIP analyses
(Table 7) showed that the IS samples were characterised by a
unimodal pore size distribution and, from 700 to 1000 °C, by a
displacement of the pore access radius towards larger sizes from
approximately 0.5 to 1.0 wm (Fig. 6b). At 1100°C pore size
considerably increased (up to approximately 2.5 um) due to the
formation of large pores with the high degree of vitrification.
Furthermore, to a lesser extent, samples fired at the lowest
temperatures (700, 800 °C) were characterised by relatively low
A; values (Table 7). MIP showed an increase of total porosity
(Py) in the range between 850 and 1000 °C (Table 7), probably as
a consequence of the small contribution of microcracking which
developed following the decomposition of carbonates (‘“lime
blowing”),”’ likely not completely eliminated throughout the
immersion in water immediately after firing.

Regarding the increasing amount of temper in the IS ceram-
ics, within the T range (850—1000 °C) slight variations of A; and
Ay values were observed only in samples to which 20% and 30%
of temper was added.

More interesting is a comparison of the hydric behaviour
of the same samples at the same temperature, but at different
amounts of temper. The tested samples achieved the lowest val-
ues of Aj, Ay, and O, when the amount of added temper was
equal to 10%. The same values significantly increased when the
added temper was 20% and 30% (Table 7; Fig. 7a and b).

This behaviour could be due to different causes: the addi-
tion of 10% of temper improves the particle packing, reducing
cracking and shrinkage of the unfired clay body. Higher
temper percentages (20%, 30%) enhance discontinuities at tem-
per/matrix interfaces.!'”® This aspect could also explain the
modification of the shape porosimetric curves as temper was
increased, showing more symmetrical profiles, which spanned a
wider size range (Fig. 6b). In fact, once the highest T'is reached,
the occurrence of continuous vitrification counterbalanced the
effect of discontinuities at temper/matrix interfaces, thus deter-
mining a decrease of hydric parameters (Table 7).

For the drying test (Fig. 6a), the IS ceramics fired at min-
imum (700 °C) and maximum 7 (1100 °C) showed the fastest
drying rate, especially in the first part of the test. The same sam-
ples showed the lowest values of drying index (D;; Table 7).
The drying rate is quite constant from 800 to 1000 °C for all
IS samples, likely due to the presence of pores connected by
microcracks. '’

The SO ceramics were characterised by a gradual decrease
of free (A;) and forced (Ay) water absorption values, as well as
absorption coefficient (C,) and open porosity (Op), as firing T
increased (Fig. 6a and Table 7), which is due to the progres-
sive evolution of both sintering and vitrification as observed
by SEM and PLM. From 700 °C to 1000 °C these values were
always higher than those observed for the IS ceramics fired at the
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Table 7

3239

P;, total porosity (%); pu, apparent density (gcm™>); p,, real density (gcm™3) values of ceramics acquired via mercury intrusion porosimetry (MIP) along with
hydric tests values of ceramics: Ay, free water adsorption (%); Ay, forced water adsorption (%); Ay, degree of pore interconnectivity (%); Cy, saturation coefficient
(%); Op, open porosity (%); pa, apparent density (g cm™3); p,, real density (g cm™3); Cy, absorption coefficient; D;, drying index.

Sample Mercury intrusion porosimetry Hydric tests
Py Pa Pr A Af Ay Cs Op Pa Pr Ca D;

1S 700 34.56 1.62 248 20.32 20.89 2.68 89.15 34.61 1.66 2.53 0.97 0.77
1S 800 28.02 1.50 2.08 20.15 21.15 4.70 85.10 34.30 1.62 2.47 0.97 0.79
1S 850 36.80 1.58 2.49 20.71 21.49 3.63 86.13 34.59 1.61 2.46 0.93 0.81
1S 900 36.87 1.57 2.49 21.51 22.87 5.94 82.08 36.31 1.59 2.49 1.07 0.82
1S 950 39.54 1.57 2.60 21.49 23.12 7.03 79.18 36.51 1.58 2.49 1.04 0.80
IS 1000 39.63 1.54 2.55 20.61 2291 10.03 76.47 35.98 1.57 2.45 1.03 0.80
IS 1100 30.97 1.71 2.47 17.58 20.08 12.44 69.11 33.04 1.65 2.46 0.83 0.73
1S-A 700 31.09 1.69 2.45 18.54 19.23 3.55 86.54 3291 1.71 2.55 0.78 0.77
IS-A 800 28.24 1.44 2.01 18.63 19.99 6.77 83.36 33.49 1.68 2.52 0.79 0.81
IS-A 850 34.26 1.57 2.39 17.80 18.60 4.30 83.32 30.88 1.66 2.40 0.70 0.80
IS-A 900 33.98 1.65 2.49 18.77 19.86 5.51 80.84 32.72 1.65 2.45 0.70 0.81
IS-A 950 35.77 1.62 2.52 19.22 20.66 6.97 78.85 33.88 1.64 2.48 0.83 0.79
IS-A 1000 37.94 1.61 2.52 19.37 20.95 7.53 77.62 34.05 1.63 2.47 0.91 0.80
IS-A 1100 31.89 1.70 2.50 17.04 19.27 11.59 68.83 31.89 1.65 2.43 0.75 0.75
IS-B 700 36.19 1.62 2.54 18.64 19.86 6.11 85.35 33.82 1.70 2.57 0.90 0.75
IS-B 800 35.14 1.70 2.62 18.68 20.08 6.96 83.19 33.68 1.68 2.53 0.93 0.78
IS-B 850 36.65 1.63 2.57 19.32 20.86 7.41 81.36 34.36 1.65 2.51 0.94 0.79
IS-B 900 37.66 1.66 2.66 19.67 21.32 7.71 80.80 35.06 1.64 2.53 0.91 0.80
IS-B 950 38.16 1.58 2.56 20.15 22.07 8.70 79.53 35.80 1.62 2.53 0.98 0.79
IS-B 1000 37.45 1.60 2.56 20.72 22.66 8.56 79.42 36.50 1.61 2.54 1.00 0.78
IS-B 1100 31.67 1.68 2.46 17.37 19.65 11.62 75.66 32.80 1.67 2.48 0.83 0.73
IS-C 700 28.68 1.68 2.35 19.17 20.85 8.04 84.34 35.14 1.69 2.60 0.93 0.76
IS-C 800 32.07 1.68 2.48 19.24 21.01 8.41 82.46 35.08 1.67 2.57 0.81 0.79
IS-C 850 29.72 1.70 2.42 19.56 21.39 8.57 82.56 35.36 1.65 2.56 0.90 0.80
IS-C 900 28.48 1.67 2.33 20.14 21.88 791 84.00 36.02 1.65 2.57 0.96 0.79
IS-C 950 31.98 1.66 2.44 20.81 22.70 8.32 82.63 36.83 1.62 2.57 1.00 0.78
IS-C 1000 33.82 1.62 2.45 2091 22.81 8.33 82.91 36.99 1.62 2.57 0.97 0.79
IS-C 1100 28.47 1.72 241 17.88 20.43 12.55 79.87 34.09 1.67 2.53 0.79 0.73
SO 700 41.71 1.34 2.29 35.96 37.06 2.97 91.28 49.44 1.33 2.64 2.33 0.81
SO 800 45.01 1.38 2.51 34.98 35.63 1.83 92.08 48.75 1.37 2.67 2.04 0.83
SO 850 38.48 1.39 2.27 33.69 34.43 2.16 90.93 47.90 1.39 2.67 1.94 0.86
SO 900 4422 1.40 2.51 33.20 34.28 3.15 89.31 47.81 1.39 2.67 1.91 0.85
SO 950 41.19 2.17 3.69 30.52 31.66 3.61 88.61 4543 1.43 2.63 1.68 0.83
SO 1000 40.89 1.52 2.57 26.02 27.60 5.71 85.38 42.31 1.53 2.66 1.40 0.79
SO 1100 27.74 1.85 2.56 17.66 19.52 9.54 78.78 33.86 1.73 2.62 0.92 0.72

same temperatures, owing to the more porous structure of the SO
ceramics. At maximum 7 (1100 °C) high vitrification reduced
the water absorption to a value comparable to that of the IS
ceramics fired at the same 7. MIP curves were characterised by
wide and irregular profiles, likely reflecting the high heterogene-
ity of this material. Samples fired up to 900 °C showed peaks
in the fine pores range (0.01-0.1 wm) and tails spanning up to
approximately 10 um (Fig. 6b). Starting from 950 °C profiles
became more symmetrical and pore-size distribution concen-
trates around large radii, progressively shifting from 1 um at
950 °C up to approximately 10 wm at 1100 °C (Fig. 6b). At each
firing T the drying behaviour was similar to that of the IS ceram-
ics fired at the same 7, and only the drying index (D;) values
were slightly higher than those of the IS ceramics fired in the
range between 700 and 950 °C.

The saturation coefficient (C;) generally tended to decrease
with the firing temperature in all ceramic samples of this study,
in this case due to the progressive vitrification, which hindered

the water penetration in the ceramic body. Note that the hydric
values of SO and IS fired at 1100 °C were similar, suggesting
that the high vitrification stage regulated the hydric behaviour
of the two ceramics types.

3.2.3.2. Strength, toughness, and thermal behaviour. Firing
dynamics and glass/phase formation also accounted for the elas-
tic behaviour of the two investigated types of ceramics. The
ultrasonic tests performed on the IS ceramics showed that all
low T samples (700 °C) were characterised by the lowest ultra-
sound waves velocity (V) and V;; Table 8) and elastic moduli
(E, G, and K; Table 8), owing to their poorly sintered struc-
ture. A significant increase of all these values (Table 8) was
recorded up to 850 °C (Fig. 8a and b), suggesting the formation
of a sintered structure as observed at SEM. The earlier sintering
of the IS ceramics could be due to the different type and high
abundance of clay minerals.’” Moreover, the presence of CaO
promotes the formation of a viscous flow at lower temperatures
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Fig. 6. (a) Mass change of fired samples due to free water absorption, desorption during hydric tests. (b) MIP pore size distribution curves of fired samples. Log
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Table 8
Ultrasound wave velocity V), (m/s) and Vi (m/s) of ceramics with elastic moduli:
G, shear modulus (GPa); E, Young’s modulus (GPa); K, bulk modulus (GPa).

behaviour could be due to the formation of new mineral phases,
which subtracting energy from the system inhibited further glass
development.

Vp Vs G E K The addition of 10% of temper did not affect the ultrasound
IS 700 1776 1113 2.06 4.64 216  Vvelocity and elastic moduli; the same parameters show an over-
IS 800 2213 1330 2.88 6.63 3.44 all decrease in samples with 20% and 30% of temper, likely
IS 850 2764 1610 4.19 9.93 5.47 due to the grain/matrix discontinuities, which caused dissipa-
1S 500 2830 1624 4.20 10.10 3.75 tion of elastic energy, improving the toughness of the ceramics.
15950 2784 1634 4.22 997 539 In the same mixtures (20%, 30%) a further decrease of ultra-
IS 1000 2834 1600 4.04 9.81 5.77 , 70 N , ;
IS 1100 3137 1804 538 12.88 729  sound velocity and elastic moduli were observed at increasing
mperature from 1 °C. As al n in the por -
IS-A 700 1812 1107 2.11 4.84 2.39 temperature .0 900 to 000. C. As also see the p? © S.ys
IS-A 800 2223 1316 292 6.88 3.64 tem (se§ hydric pa'rameters),'thls could be relatefi to the. sintering
IS-A 850 2760 1610 432 10.29 5.64 and shrinkage which, affecting the only ceramic matrix, leaves
IS-A 900 2834 1656 452 10.75 5.84 more space at temper/matrix interfaces.
IS -A 950 2861 1683 4.66 11.01 5.88 The SO ceramics were generally characterised by elastic
IS-A 1000 2739 1581 4.08 971 248 moduli lower than those of the IS ceramics, up to 1000 °C, likely
IS-A 1100 2855 1731 5.00 11.23 5.98 . .
due to their less cohesive and weaker structure, although a grad-
1S-B 700 1713 1053 1.90 4.34 2.11 ual increase of elastic moduli was noticed in the whole firing
IS-B 800 2256 1344 3.04 7.09 3.74 t t due to th ive devel t of si
IS-B 850 2632 150 37 808 520 emperature range due to the progressive development of sin-
IS-B 900 2700 1549 3.96 951 541  tering. At the highest T the formation of glass was very intense
IS-B 950 2563 1472 3.53 8.44 4.84 and ultrasound velocity (V) and V; Table 8) and elastic moduli
IS-B 1000 2394 1370 3.04 723 4.20 (E, G, and K; Table 8) reached approximately the same values
IS-B 1100 2708 1576 4.18 9.92 353 observed for the IS samples fired at the same 7 (Fig. 8a and b).
IS-C 700 1558 905 1.39 3.30 1.87 Infrared thermography showed that all ceramics fired at tem-
1S-C 800 2068 1210 2.45 5.81 3.16  peratures higher than 700 °C were characterised by a better heat
IS-C 850 2459 1404 3.27 785 457 propagation (Fig. 9a), due to the more dense and continuous
IS-C 900 2393 1410 3.29 7.76 4.21 - 02 A he i . d | he IS
1S-C 950 2262 1295 ’75 6.61 378 ~ ceramic structure. mong the 1nvest1g§t§ samples, t.e
IS-C 1000 2137 1246 253 6.04 332 ceramics showed a better thermal conductivity, which achieved
IS-C 1100 2460 1336 2.99 7.40 481 its highest values at 900 °C. This is again a consequence of the
SO 700 1240 719 0.69 1.65 0.91 well sintered structure of the IS ceramics at relatively low firing
SO 800 1320 776 0.83 1.96 1.05 temperatures (850 °C), favoured by the intercrystalline bonds
SO 850 1417 840 0.98 231 1.23 of newly formed calcium silicates as well.*>? The addition of
50900 1444 899 1.13 2.57 119 temper did not provide appreciable differences in IRT observa-
SO 950 1735 1002 1.45 3.45 1.94 tions
SO 1000 2046 1136 1.99 4.82 3.03 . .
SO 1100 3017 1629 4.61 11.45 752 Although the SO ceramics showed worse features such as

(700-850°C)®"%! and the initial formation of intercrystalline
bonding among newly forming calcium silicates.'” From 850 to
1000 °C ultrasound wave velocities and elastic moduli of non-
tempered samples remained stable (Fig. 8a and b; Table 8). This

lower strengths and higher water absorptions than the IS sam-
ples, the IRT test showed remarkable refractory properties of
these ceramics, revealing their technological potential. Evident
lower heat propagation of the SO ceramics was revealed by both
lower height and heating/cooling displacement of the isotherm at
IRT (Fig. 9b). The better refractory properties of the SO ceram-
ics were due to their more discontinuous and porous ceramic
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Fig. 8. Diagrams showing the variation of (a) ultrasound velocity (V) and (b) Young’s modulus (E) vs. firing T.

1S 1100

Fig. 9. Representative IR thermographic images representing the height of the isotherm after 20 min of heating in (a) high-CaO ceramics fired at 700 (IS 700) and
1100 C (IS 1100), and (b) high-CaO (IS 900) and low-CaO (SO 900) ceramics fired at the same 7' (900 °C).

body, likely favoured by the presence of pumices, which act as
thermal insulators for their vacuolar structure.®* Once a vitri-
fied structure prevailed in the ceramic body of both the IS and
SO samples fired at the highest 7, similar heat propagation was
recorded.

4. Conclusions

Experimental firing of the two clayey raw materials from the
Bay of Naples area showed that the high-CaO ceramics from
Ischia gain a more compact and hard structure starting from rel-
atively low temperatures (~850 °C). This feature makes this clay
suitable for the production of ceramics at low temperatures with
optimal strengths and with relatively short firing times (7-8 h),
therefore requiring a low energy process.’ In fact, a denser
ceramic body with lower water absorption, possibly also through
the use of coatings, favours the waterproof characteristics of the
artefacts. In addition, high-CaO pastes yield a particularly stable
microstructure over a wide temperature range (850—1000 °C),
thus ensuring a consistent product quality, sparing the need for
a strict control of firing conditions.%®

The addition of temper resulted in different technological
characteristics. With low percentages of temper (10%) most
physical properties were almost unaffected. However a lower
porosity and water absorption may support this technological
choice for the realisation of hard/waterproof ceramics (e.g.,
tableware). This temper amount (10%) seems to represent the

best compromise to minimise the shrinkage attitude in the clay
body and to improve the packing in the ceramic body. As the tem-
per amount is increased to 20-30%, water absorption increases
due to discontinuities at temper/matrix interfaces. These discon-
tinuities, however, improve the dissipation of mechanical energy,
providing better toughness to ceramic materials, which can bet-
ter withstand shocks without breaking.19 Therefore, the use of
20-30% of temper could be useful for pottery with a good bal-
ance between water resistance and toughness, such as transport
amphorae, often stressed due to their specific use.

Ceramics made with the weathered pyroclastics from the Sor-
rento area are characterised by a less dense and less sintered
ceramic body up to 1000 °C, compared to the ceramics from
Ischia which were fired in the same temperature range. For this
reason, this clayey material is not suitable to make ceramic prod-
ucts for which a certain resistance and hardness is required (e.g.,
tableware, amphorae). Moreover, the lower plasticity makes this
clay difficult to work with and shape in elaborate forms.

On the contrary, ceramics from the Sorrento area showed
some peculiar properties. Due to their porous and less dense
structure, and to the natural presence of coarse-sized inclusions,
these ceramics are characterised by low stiffness (as shown by
low elastic moduli) and high toughness, resulting in a greater
aptitude to absorb both thermal and mechanical energy.'®-%’
Hence, they are very suitable for the production of heat resistant
ceramics and refractory bricks. In particular, they show good
thermal shock resistance when used for cooking with direct
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flame contact, a characteristic which is also improved by the
lower thermal expansion coefficient of low-CaO ceramics.'”
Moreover, their refractory properties allow a slow and uniform
distribution of the heat to the food during cooking. For these
reasons, this raw material is currently exploited to produce arti-
sanal refractory bricks of superior quality, mainly used to build
wood-burning ovens for cooking food, and bread and pizza in
particular.

Low thermal conductivity is also enhanced by vacuolar inclu-
sions such as pumices. Nevertheless, the presence of coarse
pumices creates structural inhomogeneities, which would com-
promise the even distribution of the heat.” For this reason, SO
raw materials are usually milled and mixed before moulding to
obtain a more homogeneous structure and thermal conductivity.

Archaeological evidence shows that several (especially pre-
historic) cooking wares produced with both high- and low-CaO
clay types are characterised by toughness and thermal shock
resistance when fired at relatively low temperatures (<850 °C),%®
but these products do not have the right strength and resistance to
be durable. Our experiments proved that weathered pyroclastics
show optimum thermal shock resistance and refractory prop-
erties even when fired at higher temperatures (850—-1000 °C)
necessary for stronger pottery.
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