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A B S T R A C T

Different techniques (X-ray diffraction, field emission scanning electron microscope, colorimetry, visible-near
infrared reflectance spectroscopy) were carried out to investigate the cause of colour changes of traditional
ceramic materials. Two clayey materials of different composition, collected in the Bay of Naples, were fired in
oxidising atmosphere at different temperatures resulting in different shades of red colour.

Hematite is responsible of the reddish hue of ceramics and its nucleation is strictly related to firing
temperature and chemical composition of the raw materials. A low CaO concentration allowed hematite to form
in higher amounts providing a more intense reddish hue at high firing temperatures (over 950 °C). At the
highest temperature (1100 °C) all samples showed darker colour due to increased size of iron oxide particles.
Black core developed in Ca-rich ceramics fired at low temperatures as the short time of firing is insufficient to
complete iron oxidation within the matrix, except in those containing high temper amounts. Indeed,
microstructural modification occurs due to the presence of discontinuities among temper grains and matrix,
which improves the circulation of oxygen in the core of ceramics.

1. Introduction

Bricks and other architectural ceramics have been used since
ancient times for their low cost of production associated with optimal
technological qualities, quite similar to those of natural stones. In the
Bay of Naples, where volcanic stones represent the most common
building material, ceramics were widely used for construction espe-
cially in Graeco-Roman times, along with a widespread production of
pottery, with remarkable examples in the most important ancient
settlements of this area, such as Pompeii, Cumae, Puteoli, Stabiae, and
Neapolis [1–9]. More recently, bricks and other architectural terra-
cottas (e.g., roof and floor tiles, water pipes, decorative elements) have
played an essential role as building material in the historic city centres
of the Bay of Naples area, having been used in combination with
natural stones either as structural or decorative purposes [10,11].

A production of building ceramics of great economic importance in
the Bay of Naples was that of the island of Ischia. The latter is

historically well known for the presence of both clayey materials and
archaeological evidence of ceramic production dating back to the
beginning of the Greek civilisation [6,12–15]. In the 16–17th centu-
ries, and probably much earlier, bricks and floor tiles were widespread
in the city of Naples, whereas terracotta pipes were used for water
supply. The raw material from Ischia was also exported to be worked in
the most important ceramic workshops of Naples, such as the Ponte
della Maddalena factory producing the typical majolica tiles (riggiole)
of Naples [12]. Ceramic production and clay exploiting in the island
lasted until the early 20th century and no longer exist today [12].

Another example of production of ceramics in the Bay of Naples
area is on the Sorrento Peninsula, where a long lasting traditional
manufacture exploiting local raw materials is still active today. Bricks
produced there are renowned for their refractory properties and are
mainly used to build wood-burning ovens for cooking food, bread and
pizza in particular [14,15].

Bricks and architectural terracotta have always played a key role in
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the “urban colouring” due to their aesthetic appeal. Colour of ceramics
is achieved through complicated mineralogical and chemical reactions
during the firing process, which depend on the raw material composi-
tion and firing dynamics, such as oxidising/reducing conditions of kiln
atmosphere, temperature, and time [16,17]. Due to the complexity of
these factors, architectural ceramics can exhibit a variety of natural and
pleasant warm colours. This is particularly true whenever traditional
and ancient ceramics are concerned, where effects such as shaded
surfaces and black core are typical and can be considered as peculia-
rities that strongly mark the differences with the modern and standar-
dised industrial products. Hence, colour is an important aspect to take
into account when replacing damaged bricks or tiles is required for
restoration of the historical/archaeological buildings [18].

The main objective of this study is the investigation of colour
changes in ceramics made with two different types of clayey raw
materials from the Bay of Naples area, collected in the island of Ischia
and in the Sorrento Peninsula respectively, with particular attention to
archaeological and traditional ceramics. For this purpose, ceramic
replicas were made via experimental firing in order to simulate a
traditional production process and reproduce the aesthetic and tech-
nological features of ancient ceramics. Different methods were applied
to analyse colour and mineralogical changes occurring during firing in
ceramics made with different raw materials. This can be useful for
manufacturing replacement ceramic building materials with the most
suitable characteristics for use in restoration work. Moreover, the
quantitative assessment of colour can also be suited for archaeological
purposes, as colour of ceramics is one of the main macroscopic features
used to describe pottery and obtain a preliminary evaluation of firing
dynamics [16,19].

2. Experimental

2.1. Materials

Ceramic replicas and raw materials have been characterised
through deep mineralogical, chemical, petrophysical, and microstruc-
tural analyses in order to investigate the technological features of
ceramic materials produced with different raw materials and mix
design. Details concerning this investigation are given in De Bonis
et al. [14,15]. There follows a summary of these results.

2.1.1. Raw materials
The mix design for the ceramic replicas has been made considering

the chemical composition and petrographic features of archaeological
and traditional ceramics from the Bay of Naples and other regional
sites, acquired from previous studies, which evidenced the use of clays
with different composition and volcanic temper as a function of their
final use [1,3–6,8,9,20–22]. One of the two clayey raw materials used
for the ceramic replicas is a Ca-poor (CaO=2.57 wt%) reworked
weathered pyroclastics from the Sorrento Peninsula (hereafter SO),
mostly composed of volcanic minerals (feldspar, pyroxene), along with

quartz, and clay minerals (illite/mica and dehydrated halloysite)
[14,15] (Fig. 2a). The other raw material is a Ca-rich (CaO=9.70 wt
%) marine sediment from the island of Ischia (hereafter IS) containing
quartz, feldspar, calcite, minor dolomite and different clay minerals,
such as illite/mica, kaolinite, chlorite, and illite-smectite mixed-layer
[14,15] (Fig. 2b).

The organic matter in the two raw materials is 5.95 wt% (IS) and
7.59 wt% (SO). The temper is a volcanic sand of trachytic composition
from the Campi Flegrei area [14,15]. Four types of clay bodies were
manufactured with IS clay. The first type was prepared without any
temper addition (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. The SO clay body was prepared without any temper
addition, owing to the natural abundance of coarse inclusions with a
predominantly volcanic origin.

2.1.2. Ceramic replicas
The clay bodies were moulded with a brick shape of ca.

32×24×4 cm in size and then fired at seven different temperatures
(700, 800, 850, 900, 950, 1000 and 1100 °C) (Fig. 1) in oxidising
atmosphere in an electric furnace (Nabertherm HTCT 08/16) equipped
with an electronic controller (Nabertherm P330). Firing time depended
on the selected temperature and ranged from a minimum of 5 h 40 min
(700 °C) to 7 h 40 min (1100 °C), in relation to a fixed firing curve
characterised by a slow initial heating rate (1.5 °C min−1), followed by a
higher heating rate (3 °C min−1) starting from 200 °C up to the
maximum T, 90 min soaking time and then by cooling. These condi-
tions are usually adopted in the current traditional wood-firing
productions in the Bay of Naples.

The ceramic replicas showed different technological properties
depending on the raw materials composition, mix-design, and firing
dynamics (temperature and time). Indeed, structural and mineralogical
transformations occurred with firing. De Bonis et al. [15] evidenced
that in Ca-rich (IS) samples, starting from approximately 850 °C,
calcite reacted with clay minerals forming Ca-silicates such as melilite
(gehlenite) and pyroxene (Al-rich diopside) [15,23,24]; newly forming
Ca-plagioclase feldspar (anorthite) was also detected at the maximum T
(1100 °C) [15,23] (Fig. 2b). Small amounts of calcite resisted up to
temperatures higher than that expected (~850 °C) (Fig. 2b). This could
be due both to a relatively short firing duration and to the presence of
coarse calcite grains [15]. Hematite appeared at 700 °C following iron
oxidation (Fig. 2b). In Ca-poor (SO) replicas pyroxene is present as
primary phase and the only newly formed minerals are represented by
high amounts of hematite, increasing with firing T, and mullite at
1100 °C (Fig. 2a). In Ca-rich (IS) replicas the crystalline framework
created by newly formed Ca-silicates, associated to extensive vitrifica-
tion, produced a well-sintered and hard microstructure already starting
from 850 °C. This structure is characterised by lower water absorption
compared to Ca-poor (SO) replicas, which show a poorly sintered and
more porous microstructure up to 1000 °C. At maximum T (1100 °C)
both IS and SO ceramics are characterised by hard bodies due to

Fig. 1. (a) Image showing the test pieces and (b) the arrangement of samples fired at different temperatures (°C) and unfired (dry). Legend: IS=Island of Ischia; SO=Sorrento Peninsula;
percentage of temper added in IS samples is indicated by the following labels: IS-A=10%; IS-B=20%; IS-C=30%. (For interpretation of the references to colour in this figure, the reader is
referred to the web version of this article.)
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continuous vitrification, which determines the formation of uncon-
nected porosity and low water absorption. Coarse grains of temper
added to IS replicas determined the formation of a porosity repre-
sented by discontinuities at temper/matrix interfaces, which slightly
increase water absorption when temper amount is high (20–30 wt%)
and also cause dissipation of elastic energy, improving the toughness of
the ceramics (i.e., when ceramics are used on fire or transported) [15].

2.2. Methods

Mineralogical and microstructural information on ceramic replicas
was obtained by X-ray powder diffraction (XRPD) and field emission
scanning electron microscope coupled with energy dispersive spectro-
scopy microanalysis (FESEM-EDS). These techniques, although rele-
vant and practically irreplaceable for detailed mineralogical investiga-
tion are, however, costly and time-consuming. For that, other fast and
less expensive technique should be considered. Among these, reflec-
tance spectroscopy in the visible-near infrared (vis-NIR RS, 350–
2500 nm) spectral domain could result very profitable. This technique
has been successfully applied to characterise soil compounds (organic
carbon, clay minerals, iron oxides) [25–27], while in archaeometry it
was only used for the study of painting [28–30] and, even more rarely
on ceramics, where was only limited to the analysis of decoration and
glaze [31,32]. Colour of ceramic replicas was quantitatively evaluated
by portable colorimetry in CIE L* a* b* colour space coordinates. This
approach has largely been used for the determination of archaeological
ceramics [9,16,33–35]. Colour was also qualitatively assessed via visual
inspection using the Munsell Soil Colour Chart as commonly per-
formed by archaeologists and also in several archaeometric studies
[1,4–6,36,37]. This could be very useful to quickly check the colour
changes of ceramic bodies at each firing temperature. An alternative
method for the determination of the colour of ceramic samples could be
based on the transformation of the visible (350–780 nm) spectral
reflectance, which can be converted to both CIE L* a* b* and Munsell
notations. As above, this approach has already been used in miner-
alogical studies, but never, at least according to our information, in
those regarding ceramics. For that, it has been used in the present
study and their result has been compared with those derived from
traditional colorimetry.

2.2.1. Mineralogical and microstructural analyses
Mineralogical analyses were performed on different coloured parts

of the ceramic replicas via X-ray powder diffraction (XRPD) with a
PANalytical X’Pert PRO 3040/60 PW diffractometer (CuKα radiation,
40 kV, 40 mA, scanning interval 4–50° 2θ, equivalent step size 0.017°
2θ, equivalent counting time 15.5 s per step, RTMS X’Celerator
detector). Microchemical analyses of mineral phases and microstruc-
tural observation were performed using a Leo Gemini 1530 high
resolution field emission scanning electron microscope (FESEM)
coupled with an Oxford Inca 200 energy dispersive spectroscopy
(EDS) microanalysis.

2.2.2. Portable colorimetry
A portable Minolta CM700d spectrophotometer was used to

determine the chromatic coordinates of unfired and fired samples.
Compared to a common tristimulus colorimeter, Minolta CM700d
instrument has a higher precision and it is suitable for complex colour
analysis as it can determine the spectral reflectance in the visible
wavelength range (400–700 nm). Colour space coordinates CIE L* a*
b* with an illuminant C, which simulated daylight with a colour
temperature of 6774 K were determined (8° view angle, 10° observer).
A pulsed xenon lamp with UV cut filter illuminated the surface of the
sample with a spot size of 3 mm in diameter, and a silicon photodiode
array detected and measured both incident and reflected light.

2.2.3. Vis-NIR reflectance spectroscopy
Diffuse visible-near infrared (vis-NIR) reflectance spectroscopy is

another non-destructive technique we used to perform spectroscopic
analysis of unfired samples and ceramic replicas, trying to acquire
useful data for the characterisation of building and archaeological
ceramics. This technique is based on the interaction of light with
matter in the visible-near infrared (350–2500 nm) spectral domain,
which involves vibrational and electronic transition in the investigated
material [38]. The radiance over the ceramic samples was measured
with an ASD FieldSpec 350–2500 pro nm spectroradiometer
(Analytical Spectral Devices Inc., Boulder, Colorado, USA), and con-
verted to spectral reflectance by dividing the radiance of target by the
one of a standard white reference plate (‘spectralon’), measured under
the same conditions of illumination. Samples were illuminated with a

Fig. 2. XRPD patterns of unfired (dry) and fired SO (a) and IS (b) samples. The patterns of the IS cores from 700 to 900 °C were reported in the inset (c). Mineral abbreviations: Qtz,
quartz; Fs, feldspar; Cc, calcite; Dol, dolomite; Px, pyroxene; Mel, melilite; An, anorthite; Hem, hematite; Mul, mullite; Ill, illite; Sm, smectite; Kao, kaolinite; Chl, chlorite; dHall,
dehydrated halloysite. Bricks abbreviations are indicated in Fig. 1.
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70 W quartz-tungsten-halogen light under a 30° illumination angle.
Spectral measurements were made at the nadir, i.e. the sensor viewing
vertically. The distance between the spectroradiometer and the sample
was about 3 cm, allowing radiance measurements of a circular area of
ca. 1.2 cm diameter. To reduce instrumental noise, four measurements
recorded for each sample were averaged. Average reflectance spectra
were filtered using the Savitzky-Golay algorithm [39], in order to
reduce the high-frequency instrumental noise, then transformed into
their absorbance spectra (A=log1/R), from which second derivative
curves were calculated using the software SpecPro [40]. The position of
absorption bands was identified on the second derivative curves and

their amplitude was calculated [25,38] with the software SPEX
(Spectral Explorer) [41].

The original spectral curves were resampled between 370 and
780 nm (visible domain) and transformed into the X, Y, and Z
tristimulus values according to the Commission International de
l’Eclairage (CIE, 1931) using SpecPro [40]. Tristimulus values were
then converted to Munsell (hue, value, chroma) and CIE L* a* b*
colour notations, using the Munsell Conversion Program (version
12.15.1d; http://wallkillcolor.com/).

Table 1
Colour coordinates (CIE L* a* b*, illuminant C) of unfired and fired ceramics, acquired with both portable colorimetry and vis-NIR techniques. Munsell colour notations obtained from
vis-NIR data and from visual inspection (Munsell soil colour chart) were also reported. Bricks abbreviations are indicated in Fig. 1.

Colour coordinates Munsell colour notations

Portable colorimetry Vis-NIR reflectance Vis-NIR reflectance Visual inspection (Munsell soil colour chart)

Sample Point L* a* b* L* a* b*

IS dry 54.59 2.89 16.72 71.41 0.85 13.47 1.35Y 6.98/1.93 2.5Y 6/3 (light yellowish brown)
IS 700c Core 39.51 0.28 3.95 37.41 0.06 1.65 3.20Y 3.68/0.24 Gley 1 4/N (dark grey)
IS 700e Margin 56.61 13.50 25.21 57.07 12.05 23.29 5.53YR 5.60/4.66 7.5YR 6/6 (reddish yellow)
IS 800c Core 46.90 0.99 8.21 45.61 0.47 5.21 2.27Y 4.47/0.76 4Y 4/2 (olive grey)
IS 800e Margin 61.43 14.40 27.61 54.30 13.45 24.66 5.01YR 5.33/4.91 7.5YR 6/6 (reddish yellow)
IS 850c Core 54.60 2.95 12.85 50.46 1.91 8.62 0.08Y 4.95/1.37 2.5Y 5/2 (greyish brown)
IS 850e Margin 62.19 16.52 29.29 59.86 14.04 25.14 4.65YR 5.88/5.11 7.5YR 6/6 (reddish yellow)
IS 900c Core 60.27 12.29 28.21 55.46 10.35 23.05 6.44YR 5.44/4.31 7.5YR 6/4 (light brown)
IS 900e Margin 61.38 18.34 30.06 53.29 16.29 27.03 4.26YR 5.23/5.58 5YR 6/6 (reddish yellow)
IS 950 60.93 18.92 28.26 59.08 14.59 26.38 4.71YR 5.80/5.32 5YR 6/6 (reddish yellow)
IS 1000 59.83 15.44 23.11 55.77 13.42 21.07 3.89YR 5.47/4.52 5YR 5/6 (yellowish red)
IS 1100 53.99 13.95 19.40 49.42 10.63 15.46 3.73YR 4.84/3.38 5YR 5/4 (reddish brown)

IS-A dry 52.15 3.50 18.71 71.25 0.69 12.71 1.50Y 6.96/1.81 2.5Y 6/3 (light yellowish brown)
IS-A 700c Core 44.01 0.71 6.75 41.70 0.19 3.85 3.01Y 4.09/0.54 7.5Y 4/1 (grey)
IS-A 700e Margin 53.21 14.15 24.10 57.67 11.44 25.25 6.29YR 5.66/4.75 7.5YR 6/6 (reddish yellow)
IS-A 800c Core 47.45 0.50 6.92 48.97 0.32 6.40 2.81Y 4.80/0.93 7Y 5/1 (grey)
IS-A 800e Margin 52.04 17.73 26.88 60.76 10.85 24.37 6.32YR 5.97/4.59 5YR 5/5 (yellowish red)
IS-A 850c Core 52.54 1.39 8.53 48.65 0.62 5.75 1.91Y 4.77/0.85 5Y 6/1 (grey)
IS-A 850e Margin 61.25 15.06 27.43 57.67 10.89 21.70 5.58YR 5.66/4.24 7.5YR 6/6 (reddish yellow)
IS-A 900c Core 56.77 6.03 18.31 49.82 3.76 12.15 8.81YR 4.88/2.05 2.5Y 5/3 (light olive brown)
IS-A 900e Margin 60.48 16.25 28.54 54.52 16.69 22.45 4.23YR 5.35/4.70 5YR 6/6 (reddish yellow)
IS-A 950 60.42 17.56 27.22 59.64 14.10 25.01 4.59YR 5.86/5.10 5YR 6/6 (reddish yellow)
IS-A 1000 57.01 18.58 26.22 50.28 15.77 24.19 3.86YR 4.93/5.14 5YR 5/6 (yellowish red)
IS-A 1100 54.25 11.87 17.61 51.78 11.65 19.00 4.30YR 5.08/3.99 5YR 5/4 (reddish brown)

IS-B dry 54.66 3.01 17.92 70.49 0.85 12.74 1.34Y 6.89/1.83 2.5Y 5/3 (light olive brown)
IS-B 700c Core 47.72 0.74 7.27 41.06 −0.01 4.44 3.83Y 4.03/0.62 7.5Y 5/1 (grey)
IS-B 700e Margin 59.45 10.64 24.76 56.35 8.49 21.99 7.51YR 5.53/3.94 10YR 6/6 (brownish yellow)
IS-B 800c Core 55.18 2.68 13.95 49.24 1.51 10.97 1.36Y 4.83/1.66 2.5Y 5/2 (grayish brown)
IS-B 800e Margin 58.70 14.26 27.28 56.90 10.40 22.96 6.34YR 5.58/4.32 7.5YR 6/6 (reddish yellow)
IS-B 850 58.59 16.55 26.19 53.42 10.64 23.21 6.37YR 5.24/4.35 5YR 6/6 (reddish yellow)
IS-B 900 58.70 17.96 28.97 55.32 13.87 25.03 4.85YR 5.43/5.02 5YR 6/6 (reddish yellow)
IS-B 950 61.37 14.96 24.86 58.81 15.12 25.36 4.20YR 5.77/5.29 5YR 6/6 (reddish yellow)
IS-B 1000 56.37 16.07 23.72 58.56 13.80 21.77 3.83YR 5.75/4.69 5YR 5/6 (yellowish red)
IS-B 1100 53.11 10.87 16.58 54.13 10.14 16.76 4.42YR 5.31/3.51 7.5YR 5/4 (brown)

IS-C dry 51.60 3.34 17.76 73.41 0.92 14.48 1.29Y 7.19/2.08 2.5Y 5/3 (light olive brown)
IS-C 700 58.83 10.48 24.01 59.32 8.89 23.64 7.55YR 5.83/4.22 10YR 6/4 (light yellowish brown)
IS-C 800 58.79 13.18 24.85 57.65 10.81 23.40 6.16YR 5.66/4.44 7.5YR 6/6 (reddish yellow)
IS-C 850 60.04 15.84 23.56 56.31 14.88 24.17 4.10YR 5.46/5.04 5YR 6/6 (reddish yellow)
IS-C 900 55.50 17.53 25.36 60.98 11.67 23.26 5.47YR 5.93/4.52 5YR 6/6 (reddish yellow)
IS-C 950 53.89 17.29 25.46 56.52 11.25 18.33 4.21YR 5.49/3.85 5YR 6/6 (reddish yellow)
IS-C 1000 53.30 17.83 25.73 54.72 13.55 19.55 3.36YR 5.31/4.32 5YR 5/6 (yellowish red)
IS-C 1100 51.91 9.95 20.40 51.95 10.04 15.88 4.23YR 5.04/3.35 7.5YR 5/4 (brown)

SO dry 41.00 5.12 15.68 57.66 2.44 12.33 0.04Y 5.60/1.91 10YR 4/2 (dark greyish brown)
SO 700 64.84 10.56 26.23 59.11 10.38 23.23 6.37YR 5.81/4.37 7.5YR 7/4 (pink)
SO 800 61.13 15.33 29.36 60.44 8.99 21.51 6.80YR 5.94/3.98 7.5YR 6/6 (reddish yellow)
SO 850 60.96 16.88 31.35 62.43 11.62 25.27 6.00YR 6.14/4.82 7.5YR 6/6 (reddish yellow)
SO 900 60.94 18.19 31.97 62.81 12.54 27.43 5.99YR 6.18/5.21 7.5YR 6/6 (reddish yellow)
SO 950 56.83 20.01 31.82 57.74 16.29 29.02 4.58YR 5.67/5.86 5YR 6/6 (reddish yellow)
SO 1000 52.19 21.35 30.73 55.70 16.72 28.94 4.45YR 5.46/5.89 5YR 5/8 (yellowish red)
SO 1100 44.27 18.59 23.46 44.12 13.92 8.52 3.92YR 4.28/4.24 2.5YR 3/6 (dark red)
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2.2.4. Statistical analysis
Principal component analysis (PCA) [42] was alternatively applied

to Munsell colour notations and the depth of absorption bands on the
second derivative using XLSTAT (Addinsoft™) for statistical analysis.
In the context of spectral data analysis, PCA has been successfully
applied by many authors (e.g., Leone and Sommer [43] and references
therein). Using this approach, the original spectral variables (e.g.,
spectral bands or colour notations) are replaced by a smaller number of
uncorrelated variables, which account for the greatest possible propor-
tion of the total variability. The principal components represent a new
reference system where samples are characterised by a limited set of
coordinates (e.g., one for each principal component) [43].

To establish the physical significance of the principal components,
it is common practice to look at the relationships between the original
variables and the eigenvectors, commonly referred to as factor loadings
[44]. The original variables having large loadings on a given principal
component, determine its physical significance. The position of sam-

ples in the new reference system of principal components can be used
to identify groups of similar samples. In this study we have used PCA to
identify groups of ceramics according to their spectral characteristics.

3. Results and discussion

3.1. Analysis of colour

Colour changes occurred in ceramic replicas mostly depending on
temperature and mix design. Table 1 reports the CIE (L*, a*, b*) colour
coordinates for unfired and fired samples, along with Munsell colour
notations obtained from vis-NIR reflectance and visual inspection
respectively. Variation of colour saturation coordinates (a*, b*) is
shown in binary diagrams (Fig. 3), where curves obtained by both
portable colorimetry and vis-NIR reflectance data in the visible domain
are compared. It is worth to note that both techniques provided curves
with similar trends and that differences are generally due to higher a*

Fig. 3. Plot of colour coordinates (a*, b*) of unfired (dry) and fired samples of IS and SO ceramic replicas. Colours of both portable colorimetry and vis-NIR techniques were reported for
comparison. Bricks abbreviations are indicated in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and b* values of portable colorimetry (Fig. 3).
The unfired clay bodies are characterised by brownish colours in

part due to the presence of organic matter, which reaches 5.95 wt% in
IS clay and 7.59 wt% in SO clay, as reported in De Bonis et al. [15].
Increase of colour saturation (Table 1 and Fig. 3), corresponding to the
intensity of the red hue, occurred during firing in all ceramic replicas
due to the formation of hematite (Fig. 2a–c). At maximum T (1100 °C)
a marked decrease of colour saturation occurs and all ceramic replicas
showed darker hues (Fig. 1a). This inverse trend of colour saturation in
IS samples already started at lower T (ca. 900 °C) (Fig. 3a). As reported

in literature [16,17,45,46], hematite formation in Ca-rich ceramics is
limited by the development of newly formed Ca-silicates (e.g., pyrox-
ene, melilite) (Fig. 2b), which incorporate Fe3+ in their framework
around 900 and 1000 °C. These combined effects can explain the
inverse trend of colour saturation at lower T in IS ceramics.

On the contrary, in Ca-poor SO replicas, owing to the absence of
newly formed Ca-silicates, higher hematite amounts can develop
consistently with firing up to maximum T (1100 °C) (Fig. 2a), although
colour saturation decreases (Fig. 3b) producing a strong dark red hue
(Fig. 1). At maximum T (1100 °C) colour of IS ceramics turn darker as

Fig. 4. Backscattered electrons FESEM images of samples (a) IS-C-1100 and (b) SO 1100, showing iron oxides particles (white dots) in the amorphous phase. Bricks abbreviations are
indicated in Fig. 1.

Fig. 5. Reflectance spectra (left) of (a) SO and (b) IS replicas, along with plots of second derivative of absorbance (right) in the region from 450 to 600 nm showing band shift with firing
temperature. Bricks abbreviations are indicated in Fig. 1.
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well assuming a reddish brown hue. At this T the amount of iron in the
structure of some minerals (i.e., Ca-silicates) diminishes following their
breakdown and is available for further development of hematite, which
will be hosted in the glassy phase [46].

Darkening occurring at maximum T in both IS and SO ceramics is
likely related to the presence of sub-micrometric iron oxide particles
located in the glassy phase, which become larger and visible at FESEM
(Fig. 4a and b) and that are attributable to hematite [46]. According to
some authors, particle size of iron oxides is a primary source of colour
differences in the same material, becoming darker as particle size
increases [31,47]. Opuchovic and Kareiva [31] demonstrated that
increasing annealing temperature of Fe3+ oxide-based pigments, a
dark red hue developed due to increase of crystallite size. In these
pigments, absorption bands in the region from 400 to 600 nm visibly
shift to longer wavelength by increasing annealing temperature [31].
Actually, in SO replicas a progressive shift of bands from approximately
525 (700 °C) to 540 (1100 °C) nm, attributable to hematite, was
recorded (Fig. 5a). In IS replicas, hematite band shift in this region
is clearly visible from 700 to 800 °C, then it decreases at intermediate T
due to the formation of Ca-silicates, and then it increases again only
starting from 1000 °C (Fig. 5b) for further growth of hematite.

As far as tempered replicas are concerned, colour curves show a
similar trend, but irregular patterns (Fig. 3c–e), probably for the
presence of temper grains determining a less homogeneous colour of
sample surfaces.

Another interesting chromatic feature concerns the formation of a
blackish hue in the interior of IS ceramics fired at low temperatures
(Fig. 6), which show low a* values (Fig. 3f). These blackish hues,

known in ceramic terminology as black core, gradually faded away as T
increased (Fig. 7). This is due to the shorter firing duration at low
temperatures, which was not sufficient for the complete oxidation
within the ceramic body thus reducing the hematite formation
(Fig. 2c). At higher temperatures longer firing duration allowed oxygen
to completely oxidise carbon to CO2 and form hematite, turning the
whole ceramic body to red [48,49].

Actually, presence of black core also depends on temper amount.
Indeed, considering the same firing temperatures, IS replicas showed a
vanishing of black core as temper amount increases, being totally
absent with the maximum temper amount (Fig. 7). In this case,
microstructural modification occurs due to the presence of disconti-
nuities at the grain/matrix boundary [15]. The increased porosity
allows oxygen to easily reach the interior of ceramics, also permitting
the leakage of the reducing gases (CO, CO2) released by the combustion
of the organic matter and decarbonation of carbonates [49,50]. For this
reason the higher porosity of SO ceramics completely prevented the
black core formation (Fig. 7).

As far as Munsell colour notations are concerned, data measured
via vis-NIR reflectance are more precise and detailed compared to
those acquired via visual inspection on constant-hue charts (Table 1).
Indeed, visual comparisons are unavoidable subjective and are prone to
errors associated with differences in colour perception between in-
dividuals and the effects of variations in illumination conditions [51].
However, major colour differences, related to firing temperature and
composition, are also distinguished by visual comparison.

3.2. Principal component analysis of vis-NIR spectral reflectance
data

Results of PCA applied to the hue, value and chroma Munsell
notations showed that the first two principal components accounted for
97.52% of the observed variance. The first and second PCs accounted,
respectively for 67.25% and 30.26% of the total variation of the initial
colour variables. These two components were then retained for the
interpretation of relationships between ceramic samples.

In the plot of the first two principal components (Fig. 8a) three
groups of ceramic samples can be clearly observed: two groups
enclosing all the IS unfired bricks (C1) and black cores (C2), and a
third group (C3) enclosing all the other samples (Fig. 8a). The ceramic
group C1 is separated from the other groups along the second axis. A
relatively large contribution to this axis derives from value. Groups C2
and C3 are separated from each other along the first axis, which is
positively related to chroma and negatively to hue (Fig. 8a).

PCA applied to the depth absorption bands showed a clear

Fig. 6. Black core in sample IS-A fired at 700 °C. Bricks abbreviations are indicated in
Fig. 1.

Fig. 7. Colour changes measured via portable colorimetry in the cores of the ceramic replicas. Bricks abbreviations are indicated in Fig. 1. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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separation between unfired and fired samples (plot not shown). Then
we applied PCA only to fired samples in order to discriminate more in
detail the effects of the heating process.

Results of PCA applied to the depth of absorption bands of fired
ceramic samples showed the first two components explained 40.39% of
the initial variation of these variables. PC1 and PC2 explained,
respectively, 25.53% and 14.86% of the observed variance of the
original data-set. Much of the remaining information is explained by
the remaining principal component. However, the analysis of the
distribution of ceramic samples in the plots of pairs of these compo-
nents does not show relevant information. Therefore, only the plot of
the first two principal components was considered for the interpreta-
tion of relationships among fired ceramic samples on the basis of the
depths of absorption bands.

As shown in Fig. 8b, we can broadly distinguish samples fired at T

below 800 °C (LT) from those fired at T over 1000 °C (HT). Separation
of LT samples mainly occurs at negative values on F1 and F2 axes, and
is likely due to the absorption bands (1400–1900 nm) related to
residual molecular water in clay phases [52–54]. SO samples fired
above 800 °C mainly cluster along the negative F1 axis probably for the
contribution of hematite bands at ca. 530 nm (Fig. 8b), whereas most
black core samples are grouped closer to zero along the two axes. Other
samples mostly scatter along the first axis, positively related to bands
peaks near 2200, 2300 and 2400 nm attributed to Al–OH bend plus O–
H stretch combinations (i.e., phyllosilicates) and bands possibly related
to calcium carbonate (~2350 nm) [54]; a contribution to this axis is
also given by bands from approximately 570 to 730 nm in the iron
oxides region [38,47].

Fig. 8. Scatterplot of samples and variables on the plane defined by the first two principal components resulting from the application of PCA to vis-NIR reflectance data of Munsell
colour notations (a) and absorption bands (b). Bricks abbreviations are indicated in Fig. 1.
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4. Conclusive remarks

The experimental tests on ceramic replicas from the Bay of Naples
showed that their colour and durability depend on the raw material
composition, firing dynamics, and mix design.

Fired replicas showed different shades of red, which triggered the
formation of hematite from oxidation of free iron in oxidising firing
atmosphere. In Ca-poor ceramics from the Sorrento Peninsula red hues
become more intense as firing temperature increases for the formation
of high hematite amounts. On the contrary Ca-rich ceramics from the
Island of Ischia are characterised by an increase of red hue only up to
ca. 900 °C. At higher temperatures a decrease of colour saturation
occurred in Ischia samples due to the formation of calcium silicates
(melilite and pyroxene), which hindered the hematite formation. At
maximum temperature colour of all ceramic replicas turned to darker
reddish hues. Darkening is probably related to the formation of large
particles of hematite dispersed in the glassy phase formed at this
temperature.

A black core formed in the Ischia ceramics fired at low tempera-
tures. This is due to the short firing duration and low temperatures that
did not allow the complete oxidation within the ceramic body. The
black core gradually fades away as temperature increased. It is
interesting to note that the increase of temper amount limited the
formation of a black core due to discontinuities at grain/matrix
boundary, which provided gas drainage paths during firing.
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