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ABSTRACT

In recent decades, p-Raman spectroscopy has become a powerful technique for studying ceramics, with the
advantage of performing fast, reproducible and reliable analyses that provide effective information on ceramic
technology. In the present paper, the potential of p-Raman spectroscopy was evaluated by comparing the results
of spectroscopic analyses with a wide range of conventional compositional and mineralogical analyses. Particular
fragments of pottery from the archaeological site of Pollena Trocchia (Campania, Italy), characterized by a
variegated color zonation, a symptom of uncontrolled firing conditions, were subjected to in-depth analytical
investigation. Data from the p-Raman measurements were in very good agreement with the analytical set of
conventional analyses and permitted to better constrain the firing temperatures, evaluate changes in the
oxidative steps, and assert the provenance of volcanic raw materials. The results illuminated that pottery was
crafted by mixing a low-CaO base clay with volcanic temper from the environs of Vesuvius and fired in a not
well-controlled firing atmosphere, which determined the development of Fe(III) oxides at rims of sherds and Fe
(I)-bearing phases at cores. Moreover, even in the absence of newly-formed minerals, firing temperatures were
estimated between 900 and 950 °C, as suggested by the mineralogical and spectroscopic evidence of the prograde
10 A dehydroxylated phyllosilicates.

1. Introduction

Analytical instrumentation has advanced in recent decades, from
polarized-light microscopes to large synchrotron facilities (Hunt, 2017),

Clays have played a key role in human activities since the beginning
of human civilizations (Konta, 1995). Due to their abundance on the
Earth’s surface and their ability to be shaped in different ways and
hardened through firing, the use of clays for making pottery and other
types of ceramics represents their longest-lasting technological
exploitation.

Ceramics are among those archaeological materials that represent a
durable example of past material culture. Ceramics provide useful in-
formation concerning the chronology of archaeological records, the
technological skills achieved by ancient artisans, and the intricate
commercial pathways among ancient populations (Tite, 2008).

and has been utilized to better characterize and understand ancient
ceramics. Given these improved analytical capabilities, archaeometric
researchers have tried to develop and establish shared analytical pro-
tocols for applying useful instrumentation to address complex archae-
ological and historical questions regarding the sources of raw materials,
clay body mixture formulations, firing protocols and pyrotechnology,
usage practices, and degradation patterns. However, to adequately
address all of these questions, a full investigation of ancient ceramics
would necessitate the use of time- and finance-consuming analytical
techniques such as optical and scanning electron microscopy, X-ray
diffraction spectroscopy, X-ray fluorescence spectroscopy, thermal
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analysis, Mossbauer spectroscopy, and so on (Hunt, 2017).

More recently, the study of ancient ceramics and other cultural ar-
tifacts has shifted to the identification and use of analytical routines that
are non-invasive or minimally invasive, thereby preserving the integrity
of the artifact and promoting its fast and affordable analytical charac-
terization. Among such methods, p-Raman spectroscopy (p-RS) is widely
applied in the field of cultural heritage research for the characterization
of both organic and inorganic materials, and has found a ready appli-
cation in the study of paintings and pigments (Bikiaris et al., 2000;
Tomasini et al., 2012; Bersani and Lottici, 2016; Caggiani et al., 2016;
Germinario et al., 2018b), ceramics (Olivares et al., 2010; Shoval et al.,
2011b; Ballirano et al., 2014; De Vito et al., 2014; Medeghini et al.,
2014; Cianchetta et al., 2015a; Vandenabeele and Van Pevenage, 2016;
Germinario et al., 2018a, 2021; Grifa et al., 2021a), glazes (Ospitali
et al., 2005; Colomban et al., 2006; Kirmizi et al., 2019; Alonso-Olazabal
et al., 2022), glass (Colomban, 2004, 2008; Baert et al., 2011, 2012;
Pinto et al., 2021), lithic fragments (Hernandez et al., 2012; Ferron
et al., 2014; Allan and McMillan, 2022), metals (Bouchard and Smith,
2003; Bongiorno et al., 2012; Ospitali et al., 2012; Martina et al., 2013),
textiles (Puchowicz and Cieslak, 2022), and organic compounds and
residues (Aloise et al., 2014; Short et al., 2015; Retko et al., 2021; Rygula
et al., 2021).

p-RS is a sensitive method for the unambiguous identification of
materials in any physical form (crystalline and/or amorphous solids,
liquids, gases) since it probes molecular and crystal lattice vibrations. Its
non-destructiveness, high spatial and spectral resolution, molecular
specificity, portability, applicability to samples of any size and shape
make it the most common and effective spectroscopic technique for the
study of inorganic solids, providing successful results especially on
heterogeneous mixtures on a micrometer scale (Smith and Clark, 2004).

As far as pottery is concerned, p-RS permits the identification of
minerals and their structural characteristics, as well as amorphous and
glassy phases based on their molecular vibrational properties. Raman
spectra of a well-defined spot in a micrometric range, can detect what is
often otherwise undetectable by X-ray powder diffraction (XRPD)
analysis (Vandenabeele and Van Pevenage, 2016). Moreover, it offers
the opportunity to obtain rapid, replicate measurements of the same
spot in the sample.

This non-destructive, molecular fingerprinting technique has the
advantage of performing fast, reproducible, and reliable analyses due to
its high spatial resolution with no additional, specific sample prepara-
tion. Samples prepared for other analyses (for example thin-sectioned
samples) can be used with no damage, alteration, or their consump-
tion, thereby minimizing the sample volume needed and better preser-
ving the cultural heritage artifacts under examination (Smith and Clark,
2004; Medeghini et al., 2013; Chiriu et al., 2020).

In addition, the limited invasiveness and small spot size of the laser
beam of this micro-analytical technique also permits the investigation of
very small areas, and this is particularly effective on heterogeneous
ceramic samples since it succeeds in illuminating the potential differ-
ences that exist in such complex matrices.

Clues to these heterogeneities could be variations in color of the
pottery fragments, both spatially and in cross-section. Some ceramic
fragments are characterized by reddish rims and darker (black-to-grey
or brownish) cores, which can be due to: a) the presence of unburnt
carbon particles within the ceramics that create local reducing condi-
tions, b) the firing of raw clays enriched in organic matter in oxidizing
conditions with low heating rates and long soaking times, c) incomplete
oxidation within the core due to a short firing time, or d) inadequately
controlled firing in reducing conditions and/or quick cooling in
oxidizing conditions, hindering the re-oxidation of the entire specimen
(Nodari et al., 2004; Maritan et al., 2006; De Bonis et al., 2017a; Oud-
bashi et al., 2021). In this latter case, the presence of Fe(II)-bearing
phases (i.e., magnetite, wiistite, hercynite or maghemite) is promoted
due to a high Fe(II)/Fe(IIl) ratio (Nodari et al., 2004).

On the other hand, a zoned, sandwich-like structure characterized by
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a red core and dark margins also can be observed in ceramic samples;
this feature likely results from firing in an oxidizing environment for
most of firing, followed by a later reducing stage (De Bonis et al., 2009).
This could be the accidental result of an uncontrolled late firing char-
acterized by the intake of a smoky, reducing atmosphere in the kiln (i.e.,
from too much wood fuel in the kiln). This condition could have acci-
dentally reproduced an effect similar to that obtained from the process
known as the carbon black technique (Jones, 1986; Gardner, 2003;
Bonga, 2013).

The potentiality of p-RS has been evaluated in the present paper.
Archaeological ceramic materials with pronounced heterogeneities and
color zoning were first investigated by a “traditional” analytical
approach using fiber optical reflectance spectroscopy, optical and
scanning electron microscopies, hydric tests, mercury intrusion poros-
imetry, X-ray diffraction, X-ray fluorescence, and Mossbauer spectros-
copy, and then by p-RS, to evaluate its reliability, efficiency, and
affordability. The main objective of this research is to highlight the
ability of p-RS to reveal more detailed and comprehensive information
on non-homogeneous samples than the more conventional bulk analyses
that, due to their intrinsically more destructive and sample-consuming
nature, occasionally can be restricted or considered unsuitable.

2. Studied samples

Eight samples of archaeological pottery are the object of this
research, namely cooking ware (hereafter CW; pots and a kettle) and
tableware (hereafter TW; a bowl and a closed shape) dated back to the
end of the 4th century CE (Table 1; Fig. 1).

They were collected from the archaeological site of Masseria De
Carolis in Pollena Trocchia, close to the city of Naples (in the Campania
region, southern Italy) in the north-western area of Mt. Somma-Vesuvius
(for details on the archaeological site and investigations on other
ceramic classes see De Simone et al. (2012), Martucci et al. (2012),
Germinario et al. (2021)).

The most relevant feature of the studied samples is the color zoning
of the ceramic bodies from rims to cores. They have been divided into
two groups based on the type of zoning observed. Samples MDC 38/7,
MDC 93/2, and MDC 280/28 (Group 1) show red or reddish-brown rims
(average L* = 58.41; a* = 14.99; b* = 22.56) fading to grey cores
(average L* = 70.01; a* = 0.93; b* = 6.20) through a tiny intermediate
yellow-orange portion (average L* = 68.97; a* = 10.98; b* = 23.03)
(Table 1; Fig. 1a).

The other samples have a sharp zonation of ceramic bodies showing
two color shades (Group 2): red to reddish brown rims (average L* =
64.74; a* = 15.32; b* = 27.00) and dark grey or brownish grey cores
(average L* = 55.50; a* = 2.80; b* = 810.05) (Table 1; Fig. 1b). Only the
sample MDC 282/14 showed a reverse zoning, with brownish rims (L*
= 62.90; a* = 7.00; b* = 14.37) and a reddish core (L* = 63.38; a* =
25.96; b* = 35.41) (Table 1; Fig. 1b). It should be remarked that
measured colors (Table 1) seem lighter likely they appear on the pho-
tographs of fresh fractured surfaces (Fig. 1), likely as a result of different
lighting conditions.

Ceramic replicas were also selected for comparative p-Raman ana-
lyses. Ceramic test pieces were prepared in the experimental study by De
Bonis et al. (2014) with a clayey raw material currently used in the
traditional ceramic craft, which was sourced from reworked, weathered,
pyroclastic deposits cropping out in the Sorrentine Peninsula in the
Campania region of Italy. This raw material is mostly composed of
volcanic minerals (feldspar, pyroxene, leucite-bearing scoriae, pumice),
along with sedimentary quartz and sandstone. Clay minerals consist of
illite/mica and dehydrated halloysite (De Bonis et al., 2013). The
specimens of clay were fired at increasing temperatures (from 700 to
1100 °C) to investigate firing dynamics and consequent mineralogical
and physical transformations (De Bonis et al., 2014).
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Table 1
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List of analyzed samples with archaeological information and colorimetric coordinates. Abbreviations: CW: cooking ware; TW: tableware; L*: lightness; a* and b*:

chromatic coordinates.

ID Sample Ceramic class Colorimetric coordinates
Rim Intermediate part Core
L* a* b* L* a* b* L a* b*
MDC 38,7 W 64.19 12.16 21.93 65.17 11.52 19.89 73.07 0.59 5.98
Group 1 MDC 93/2 W 59.37 16.96 22.04 72.60 8.41 20.85 71.05 0.81 4.48
MDC 280/28 ™w 51.66 15.86 23.72 69.14 13.02 28.34 65.92 1.38 8.14
MDC 84/3 W 61.24 11.20 22.92 B ~ ~ 45.71 2.80 12.41
MDC 84/4 P 66.68 22.37 33.07 ~ ~ ~ 52.57 7.28 14.15
Group 2 MDC 84/0 cw 65.66 11.68 25.28 ~ _ _ 57.62 1.10 9.89
MDC 282,14 W 62.90 7.00 14.37 B ~ ~ 63.24 25.96 35.41
MDC 429/1 ™w 65.38 16.01 26.73 ~ ~ ~ 66.08 0.03 3.78
component of the ceramic bodies (i.e., matrix, a-plastic grains, and pore
space), micrographs of a representative area of each sample were taken
MDC 280/28 MDC O 1E in both plane- and cross-polarized light. Digital Image Analysis (DIA)
MDC 38/7 was performed on a collage of micrographs using ImageJ software
(https://imagej.net/) to assess the Grain Size Distribution (GSD),
considering the minimum Feret (mF) value to calculate Krumbein ®
(®yr = —log (mF)) and the Circularity value (C) to describe the shape of
the particles (Grifa et al., 2021b).
The ceramic porosity was evaluated via hydric tests (HyT) on sam-
P ples weighing more than 10 g, and via mercury intrusion porosimetry
(MIP) on samples weighing less than 10 g. Porosity measurements were

b
MDC 84/4

MDC 84/3 .
MDC 282/14

Fig. 1. Archaeological samples and their fresh-fractured surfaces, showing the
color zoning of ceramic body of the Group 1 (a) and of the Group 2 samples (b).

MDC 429/1

0o 1 2cm

3. Analytical techniques

The colors of ceramic bodies were measured using Fiber Optics
Reflectance Spectroscopy (FORS). The source consists of a fiber optic
cable coupled to a constant current, tungsten-filament, halogen light
source (BPS101 - BWTek, Inc.) with a spectral output of 350 to 2600 nm
and a Qmini Broadcom grating in the detector. The measuring head
geometry was 45°/0°, the analyzed area was 2 mm?, the spectral range
measured was 380-1050 nm, and the data collection time was 0.04 s
averaged over 128 scans. The reference was a BWTek inc white plate
(99%). The colorimetric coordinates were obtained by setting the pri-
mary illuminant D65 and the standard observer CIE 10°. Three mea-
surements per sample were obtained.

Mineralogical and textural features of ceramic pastes were investi-
gated on thin sections via Polarized Light Microscopy (PLM) using a
Nikon Eclipse 6400 POL microscope. To accurately distinguish each

not obtained on the specimen MDC 429/1 because of the scarce amount
of available sample.

Free, forced water absorption and drying tests were carried out on
heavy ceramic samples following Normal and RILEM standard proced-
ures (RILEM 1980, 1980; NORMAL 7/81, 1981; NORMAL 29/88, 1988)
to determine free water absorption (Ayp), forced water absorption (Ag),
degree of pores interconnectivity (Ay), open porosity (Po), saturation
coefficient (S), drying index (Di), apparent density (pp), and skeletal
(real) density (psk). MIP was performed with a Micrometrics AutoPore III
9410 apparatus, exerting a maximum pressure of 414 MPa and
measuring pores with dimensions ranging from 0.003 to 360 pm. It
allowed for the determination of the open porosity (Poyyp) and the pore
size distribution (hereafter PSD).

Mineralogical composition was determined by X-ray Powder
Diffraction (XRPD) on powders with grain sizes below 10 pm, obtained
using a McCrone micronizing mill (agate cylinders and wet grinding
time 15 min). The acquisition of XRPD patterns was carried out by a
Philips PW 1730/3710 diffractometer (CuKa radiation, 40 kV, 30 mA,
curved graphite monochromator, 26 scanning interval 3-50°, step size
= 0.020° 26, counting time 5 s per step) equipped with X-Pert data
collector software and X-Pert HighScore Plus.

The chemical composition of ceramic bodies, in terms of major (SiO»,
TiO4, Al;03, Feo0O3, MnO, MgO, Ca0, Nay0, K50, P20s in wt%) and trace
elements (Rb, Sr, Y, Zr, Nb, Ba, Cr, Ni, Sc, V, La, Ce in ppm), was
determined with X-ray Fluorescence (XRF) by using an AXIOS PAN-
alytical Instrument on pressed pellets.

Room Temperature (RT) Mossbauer spectroscopy was performed on
a conventional constant-acceleration spectrometer, with a room-
temperature Rh matrix 57Co source, nominal strength 1850 MBq. Hy-
perfine parameters isomer shift (8), quadrupole splitting (A or ¢, quad-
rupole shift when a magnetic coupling is present), half linewidth at half
maximum (I"}), were expressed in mm's~! while the internal magnetic
field (H) in Tesla and the relative area (A) in %. The parameters were
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obtained by means of standard least-squares minimization techniques. o gl
The spectra, collected on both cores and rims after their mechanical 2 S :~
separation, were fitted using a Lorentzian line shape with the minimum g AN AN g §
number of doublets and sextet. Isomer shift is quoted to a-Fe, using a 4- <|ssSssssssSS § g
lines calibration. The samples were prepared by mixing a proper amount o T
of powdered material (50-80 mg) micro-drilled from the different E g E § E § g E c;; ol
colored portion of the samples with petroleum jelly to avoid the possible g ‘é
particles isoorientation. 5 §° E
Micro-structures were obtained by Scanning Electron Microscopy < i 2
(SEM) observations on freshly fractured and gold-coated fragments. §° § I
Energy dispersive spectroscopy (EDS) microanalyses were performed on Z|Igsgacaes s E
carbon-coated polished thin sections used for the PLM observation by a % g
Zeiss SEM EVO HD15 equipped with an Oxford Instruments Micro- slgggs=ssgss| A £
analysis Unit with Xmax 80 EDS detector. Standard details are reported 2| E|eccecesSss| g g
in Germinario et al. (2019). E i, §
On the same thin sections, p-RS was also undertaken. A JASCO NRS- % é E § § § i E E § § ﬁ‘
5100 p-Raman dispersive spectrometer equipped with a confocal mi- a a
croscope and near-infrared diode laser (785 nm) was used. A collection 3 = §“ ’j
time of 30, 60 or 90 s, with one to three accumulations and magnifica- =5 2
tion of 100x were adopted. The 521 cm ™! peak of a silicon standard was & o LE
used for the calibration of the laser beam. The acquisition and the o B 3 =
elaboration of the Raman spectra, treated by smoothing, was carried out N § :}
by the Spectra Manager II Software. 4 g 55 s ‘i g
e S s
4. Results and discussion i £ g T.é
-q;) & 5 =« B|EE
4.1. Defining the features of the ceramic bodies £ o °
@ S| BbxEbExx E:} ‘%
Petrographic observation (PLM) and bulk chemical compositional 2l 2 =
analyses (XRF) allowed us to recognize the mix-designs of the ceramic 8 ?}, Eg W 2 =
bodies and the composition of clay and additional materials (i.e., Er ) s E N E @
temper); moreover, the analyses of the pore system (MIP and HyT) 4 Tﬁ y g §
returned information concerning the porosity and pore network. These g« Sleessldxil, g %
methods provided preliminary information for our subsequent investi- E) = é
gation of firing dynamics. ’E G 5 % ~§° §“
< EX:A
4.1.1. Type of raw materials .?:, & 5B B E" g
5 S E
4.1.1.1. Cooking wares. CW samples were crafted using a clayey sedi- % Sl nens858x é E
ment that includes tiny crystals of residual quartz, feldspar, and rare 2 -
mica (on average ®pr = 5.18) (Table 2) with the addition of coarser < s oo 5o B o ox é‘ GE
siliciclastic or volcanic grains that, both from a mineralogical and g ;« g
textural point of view, could be considered as tempering additives. 2 |2 E 5 S s E 5 E E :“ =
Samples MDC 38/7, MDC 93/2 and MDC 84/4 (Fig. 2a-c) were observed § Z E 3%
to consist of quartz, alkali-feldspar, and siliciclastic arenaceous and silty § % TR é‘: &
fragments, along with a minor volcanic component of plagioclase and © SIS HEEEREE| S 8
clinopyroxene plus rare volcanic scoriae (Table 2). GSD ranges from fine % g 2
silt (0.01 mm) to coarse sand (0.87 mm), with a moderate sorting of % 2 EESE3ESE3SE| 2 g
particles (average standard deviation (c) of ®yr = 0.79) and sub- e & g é E g é E g é ‘j =
circular shape (average C = 0.76) (Table 2). g = mMmMmMmMmM@mMmmMA E ]
On the other hand, the temper of samples MDC 84/3, MDC 84/9 and % E; )
MDC 282/14 consists of volcanic phases, namely alkali-feldspar, i n|grgeee g g g 5
plagioclase, uncolored and pale green clinopyroxene, garnet, biotite, £ E 222323383 u:fj
amphibole, scoriae and pumices (Fig. 2d-f; Table 2). The GSD ranges § =°
from fine silt to coarse sand moderately sorted (average c® = 0.76). The “i <z Lgeeeee @ g g
shape of grains is generally sub-circular (average C = 0.77; Table 2). O |E|z|lglSS8888z¢C a &
Chemical analysis revealed compositions that were generally high in Zl2l<lS|e228852 8 £E
Si0; (65.9 to 69.4 wt%), Al,03 (15.6 to 17.1 wt%), and Zr (202 to 275 f: § 3
ppm), and low in Sr (162 to 217 ppm), except for the sample MDC 84/9, 1 ~ 8 >+ o L\’ N § E
which had higher CaO (8.1 wt%) and Sr (290 ppm; Table 3). Despite the 8 E“ % § § i Zo\? g g % ,S % g
varying mineralogy of temper, most of the samples were manufactured % 2‘“ LRE8LLER|EE ¢
with low-CaO clays (LCC, 1.6 to 4.0 wt% CaO; Table 3; Fig. 3). The =7 =ER=E==222 § o ‘ﬁ
concentrations of other major and trace elements also vary within a 5 é 5 =
narrow range, except for Ba in sample MDC 84/3, which is significantly « Tg ‘é.. g. 5 é’“ g
higher (692 ppm; Table 3). These compositional features suggest the % ;EJ 8 8 go g g
3] — & @
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700 pm

Fig. 2. Micro-photographs of representative ceramic samples. a, b) CW, zoned ceramic body, sample MDC 93/2, 40x, plane-polarized light; ¢) CW, siliciclastic and
(lower) volcanic grains in the ceramic body, sample MDC 38/7, 20x, cross-polarized light; d) CW, ceramic paste containing volcanic temper, sample MDC 84/9, 20x,
plane-polarized light; e) CW, zoned ceramic body, sample MDC 84/9, 40x, plane-polarized light; f) CW, volcanic scoria, sample MDC 282/14, 100x, plane-polarized
light; g) TW, ceramic body, sample MDC 280/28, 20, plane-polarized light; h) TW, ceramic body, sample MDC 429/1, 40, plane-polarized light; j) TW, growth of
secondary calcite in pores, sample MDC 429/1, 100x, cross-polarized light.

Table 3

Chemical composition of cooking ware and tableware samples, expressed in terms of major oxides (in wt%, recalculated to 100% on a LOI-free basis) and trace el-
ements (in ppm). Tableware samples are reported in italics.

Group 1 Group 2
MDC 38/7 MDC 93/2 MDC 280/28 MDC 84/3 MDC 84/4 MDC 84/9 MDC 282/14 MDC 429/1
SiO, 66.0 66.2 63.7 65.9 69.4 62.1 67.1 59.8
TiO, 0.6 0.6 0.7 0.8 0.6 0.7 0.7 0.9
Al,03 16.1 16.1 16.0 17.2 15.6 15.7 17.1 18.3
Fe;03 5.8 5.8 6.1 7.0 5.4 5.6 6.1 7.3
MnO 0.1 0.1 0.1 0.1 0.0 0.1 0.0 0.2
MgO 2.4 2.3 2.8 2.3 1.8 2.9 2.5 2.8
CaO 4.0 3.8 5.5 2.2 2.1 8.1 1.6 6.2
Na,O 1.3 1.3 1.2 1.1 1.4 1.0 1.4 0.9
K20 3.5 3.5 3.5 3.3 3.4 3.3 3.5 3.5
P05 0.2 0.2 0.2 0.1 0.1 0.3 0.1 0.2
LOI 1.5 1.3 2.2 0.7 1.1 2.7 1.0 2.5
Rb 191 193 186 230 203 182 303 228
Sr 198 183 260 217 181 290 162 252
Y 48 47 37 44 32 33 37 46
Zr 202 202 222 275 260 189 223 250
Nb 23 23 25 37 30 21 27 37
Ba 451 444 474 691 460 475 489 480
Cr 130 115 112 115 90 114 140 125
Ni 58 58 50 50 28 45 42 54
Sc 14 15 18 16 12 18 16 21
A 107 95 121 143 126 101 145 65
La 42 45 42 57 24 39 46 54
Ce 79 66 79 122 55 64 51 85




C. Germinario et al.

a MgO+CaO

Fe,0, Na,0+K,0

Low-CaO clays of Argille Varicolori

cw h
A formation (SQ1, TRE1; De Bonis et al., 2013)

o TW TW from Masseria de Carolis

(Germinario et al., 2021)

Fig. 3. Triangular diagrams reporting the chemical compositions of the
investigated samples (CW and TW) and those from literature, in terms of
representative major (a) and trace elements (b), showing the chemical corre-
spondence of low-CaO ceramics with the Argille Varicolori formation (samples
SQ1 and TRE1, from De Bonis et al. (2013)) and compositional differences with
coeval high-CaO tableware (TW) recovered in the same archaeological site
(Masseria de Carolis) (Germinario et al., 2021).

possible exploitation of a low-CaO clay, as commonly observed for CW
in the Campania region and elsewhere (Grifa et al., 2013; Morra et al.,
2013; Germinario et al., 2019, 2022; Izzo et al., 2021; Verde et al.,
2022), due to good thermal and mechanical properties (i.e., fracture
strength, toughness, and thermal shock resistance) of low-CaO ceramic
products (Tite et al., 2001; Hein et al., 2009; Muller et al., 2013; Mon-
tana, 2017).

4.1.1.2. Tablewares. Samples MDC 280/28 and MDC 429/1 consist of a
bowl and a closed shape and, unlike the CW, they have a finer GSD
ranging from medium sand (0.37 mm) to fine silt (0.004 mm) (Table 2).
Small grains of residual quartz, feldspar and micas are scattered in the
isotropic matrix along with less coarse grains of feldspar, clinopyroxene,
rare amphibole, siliciclastic rock fragments and juveniles (pumices and
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scoriae, occasionally containing leucite; Table 2) (Fig. 2g, h). PLM also
showed secondary calcite crystallized in the pores of MDC 429/1
(Fig. 2j).

From a compositional point of view, CaO ranges from 5.5 to 6.3 wt%,
whereas concentrations of other major and trace elements are compa-
rable with those detected in CW (Fig. 3), unlike what was observed for
the other TW unearthed from the same site (Masseria de Carolis; Fig. 3) or
other TW production from Campania (De Bonis et al., 2016; Germinario
et al., 2021; Grifa et al., 2021a; Guarino et al., 2021).

4.1.2. Pore system

Porosity and the pore system of the examined samples were inves-
tigated via MIP and HyT. Open porosity (Po) ranged from 20.2 to 30.3%
(Table S1). MIP analyses highlighted that the pores fall within a wide
dimensional range (0.01 to 2.70 pm) presenting a polymodal PSD
(Fig. S1). In particular, PSD curves of Group 1 samples have two main
frequency peaks, centred at around 0.14 and 0.55 pm whereas samples
of Group 2 showed one main frequency peak, centred between 0.70 and
1.40 pm (Fig. S1).

The low interconnectivity of the porosity (Ay) (7.4 to 10.5%) was
highlighted by the high inclination of the absorption curve in the section
between the free and the forced absorption (Fig. S1). It could be related
to a tortuous pore system due to an advanced sintering stage, as also
demonstrated by the high values of apparent density p, ranging from
1.74 to 1.96 g/cm® (Table S1).

4.2. Comparative analyses

The following sections provide a comparison between p-RS and other
bulk and micro-analytical conventional techniques commonly used to
assess the ceramic technology for compositional and mineralogical
features of a-plastic grains and the ceramic matrix. Specifically, three
key factors were evaluated: i) the provenance of the temper, ii) the
Equivalent Firing Temperatures (EFTs), which consider mineralogical
and microstructural transformations occurring in clays upon firing, and
depend not only on maximum firing temperature, but also on firing time
and redox conditions in the kiln atmosphere (De Bonis et al., 2017b), iii)
the redox conditions, which ultimately determine the color of the
ceramic bodies.

4.2.1. Defining the provenance of the temper: yu-RS vs EDS microprobe
analyses

Energy Dispersive Spectroscopy (EDS) is a valuable technique that
allows for the determination of the chemical composition of both crys-
talline and amorphous species used as temper in ceramics, supporting
the PLM observations.

EDS microanalyses revealed that the alkali-feldspars are K-feldspar
(AngAbg.250r75.94), wWhereas plagioclase composition ranges from
Ans;AbsgOrs to AngAbgs3Ors (Table S2). Uncolored and pale green cli-
nopyroxene is diopside (MgO = 9.3 to 17.7%; FeO = 3.4 to 12.4%)
(Morimoto, 1988) (Fig. 4, Table S3). Garnet crystals are primarily
andradite (50 mol%) (Locock, 2008) and olivine has composition of Fogy
(Table S4). OH-bearing phases are also present, and include biotite
(Mg# 0.21-0.51) and calcic amphibole (hastingsite) (Table S4). Fe-
oxides, Ti-oxides, and ilmenite only occur as accessory phases
(Table S4), and leucite was occasionally observed in scoriae (Table S4).

Considering the effectiveness of the p-RS in the identification of
mineral phases including their polymorphs and solid solution end-
members (Medeghini et al., 2014), the results of micro-chemical ana-
lyses (Fig. 4a) have been correlated to vibrational frequencies of temper
grains by p-RS measurements. Feldspar is readily recognized by the
presence of the two most important Raman peaks lying between 450 and
515 cm ™! (Fig. 4b), assigned to the ring-breathing modes of the four
membered rings of SiO4 tetrahedra (Fintor and Gyalai, 2012). The most
intense peak occurs within the 507-515 cm ™~ range (peak I), attributed
to a mixed Si-O-Si/Si-O-Al bending/stretching mode, along with a
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Fig. 4. Diagram showing the compositional data of feldspars obtained via EDS (a), the Raman spectra of the feldspars (b) and discrimination diagrams of feldspar
grains based on the positions of the most important bands (I,: 502-516 em ! and Iy: 470-490 em ™) (). Classification diagrams based on the mineral chemistry of
pyroxenes (d) showing that all analyzed crystals have the composition of diopside, as confirmed by Raman spectra (e) (the reference spectrum of diopside (RRUFF
standard X050060) was reported in red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

weaker peak at 470-490 cm™! (peak Ip).

A criterion to effectively classify feldspars is based on the position of
these peaks within the above reported range, based on the changes in
their vibrational frequencies as a function of feldspar composition
(Fintor and Gyalai, 2012). In the classification diagram (Fintor and
Gyalai, 2012) alkali-feldspar is characterized by higher frequencies of
the I, peak (Fig. 4c), in agreement with EDS data (Table S1), and pla-
gioclases are clustered in the andesine-labradorite and albite areas
(Fig. 4¢).

Likewise, the pyroxene group is also amenable to reliable identifi-
cation and characterization via p-RS, since in crystalline materials
spectral patterns and shifts in peak positions are a consequence of the

variations in chemical composition (Wang et al., 2001). In particular,
systematic peak shifts of Raman active modes as a function of Fe content
turned out to be an index for an estimation of the major-element
composition (Mg, Fe, Ca) of pyroxenes (Huang et al., 2000). Pyrox-
enes generally exhibit a Si—O stretching mode above 800 cm™!, Si—0
bending modes between 500 and 800 cm™! and SiO4 rotation and
metal-oxygen modes below 500 cm! (Huang et al., 2000). In agree-
ment with EDS data (Fig. 4d; Table S3), the wavenumber positions of the
three modes at ca. 325, 356 and 390 cm ™! in the temper grains of the
studied samples (Fig. 4e) are very close to the values given for the
diopside (Huang et al., 2000; Wang et al., 2001) (Fig. 4e).

The Raman spectra of the other phases are also consistent with
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Fig. 5. Raman spectra of some accessory mineralogical phases detected in the ceramic bodies.

micro-chemical data: the mica displays spectral lines consistent with
biotite (ca. 193, 273, 350, 670, 1022 cm_l) (Singha and Singh, 2016);
garnet has the spectral features of andradite (368, 525, 820, 875 ecm™)
(Fig. 5) (Kolesov and Geiger, 1998), and the amphibole spectrum is
comparable to that of hastingsite (185, 290, 378, 534, 750 cm™ D)
(RRUFF standard R070124) (Lafuente et al., 2015). Typical peaks of
forsterite (820, 851 cm™!) and leucite (178, 496, 527 cm™!) were also
measured (Fig. 5).

The correlation between EDS and Raman microanalyses leads us to
hypothesize that the volcanic-bearing cooking wares were produced in
the Vesuvius environs due to the consistency of the temper minerals with
the rock-forming minerals of Somma-Vesuvius volcanic products (San-
tacroce et al., 2008; Morra et al., 2013; Redi et al., 2017). However, as
verified for other coeval ceramic productions (Germinario et al., 2018a,
2021), the mixed source of volcanics and siliciclastic grains could also be
derived from a select deposit, likely an alluvial sand, that mixed together
Apennine sandy-like materials along with volcanics from the Vesuvius
environs.

p-RS has the added advantage of being able to obtain reliable mineral
data on ceramic matrix at the sub-micrometric scale-spot sizes. High
magnification (100x) by p-RS, in fact, allows for the detection of exci-
tation bands in other accessory phases such as Ti- and Fe-oxides, which
would otherwise be recognized only as bright particles scattered in the
amorphous phase of clay matrix via SEM-EDS. pm-scale rutile (ca. 145,
284, 455, 610 cm ™) and anatase (ca. 143, 295, 395, 515, 638 cm ™)
were observed (Fig. 5) (Fintor and Gyalai, 2012), along with hematite
(ca. 225, 290, 410, 608 cm ) (Zoppi et al., 2008) and magnetite (ca.
304, 540, 670 cm’l) (Shebanova and Lazor, 2003). In sample MDC 282/
14, the hematite spectrum shows an additional band at ca. 665 cem L,
which could represent a common and natural transformation process of
Fey03 to Fez04 (Lofrumento et al., 2004) or the effect of Al-for-Fe sub-
stitution in the hematite structure (Zoppi et al., 2008). Moreover,
ilmenite (225, 374, 681 cm’l) (Wang et al., 2004) has also been
detected in the ceramic matrix (Fig. 5).

4.2.2. Defining EFTs: u-RS vs XRPD and SEM analyses
A ceramic body can be considered to be a man-made metamorphic

rock, containing residual minerals (clays and siliciclastic fragments)
from the precursor sedimentary materials, together with newly-formed
crystalline, amorphous, and low-ordered phases formed during firing
in a kiln (Bersani et al., 2016). The varied nature of the mineralogical
phases present in fired ceramics make them a complex object to study,
particularly when attempting to reconstruct the firing temperatures and
kiln atmospheric conditions during their production process.

The most commonly used technique for the determination of EFTs is
X-ray powder diffraction, which can identify those micro- and crypto-
crystalline phases that often represent important markers for firing
conditions. XRPD, if coupled with SEM observations on the freshly
fractured surfaces of samples, can provide useful insights in the evalu-
ation of the sintering and vitrification stage of the clayey matrix
(Maniatis and Tite, 1981).

XRPD bulk analysis on the investigated samples revealed the ubiq-
uitous presence of quartz and feldspar as the main a-plastic grains along
with traces of illite/mica (Fig. 6; Table 4).

The intensity of phases with an approximately 10 A basal distance
(illite/mica) (Mercurio et al., 2016) can be considered as a useful ther-
mal marker in pottery made with LCC. Experimental data suggest the
total breakdown of these phases and the consequent disappearance of
the aforementioned peak over 950 °C (Jordan et al., 1999; Cultrone
etal., 2001; Grifa et al., 2009). In our samples, the 10 A dehydroxylated
illite-like phases can be still observed, although the diffraction peak
appears with different intensities (Fig. 6), suggesting that EFT did not
exceed 950 °C.

EFTs are broadly confirmed by vitrification structures observed via
SEM; the samples show: a) continuous vitrification structures with fine
bloating pores in the cores of samples (following the nomenclature by
Maniatis and Tite, 1981) (Fig. 7a, b), and b) extensive vitrification
structures at the rims of the ceramics, with parallel-oriented clay flakes
welded to form continuous smooth-surface areas with pores following
the shape of smoothed surfaces (Fig. 7c, d).

The continuous vitrification structures in the core and the extensive
vitrification structures at the rims are consistent with data from the
literature (Maniatis and Tite, 1981), which reports that these structures
developed from 850 and 950 °C in reducing and oxidizing conditions,
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Table 4
Mineralogical composition of cooking ware and tableware samples (obtained via XRPD). Tableware samples are reported in italics. Legend: xxxx = predominant, xx =
frequent, x = sporadic, tr = traces.

Group ID Sample Quartz Feldspar Illite/mica Calcite Clinopyroxene Melilite Hematite
Group 1 MDC 38/7 XXXX XX tr tr - - -

MDC 93/2 XXXX XX tr tr - - -

MDC 280/28 XXXX XX tr tr X - tr
Group 2 MDC 84/3 XXXX X tr - tr - tr

MDC 84/4 XXXX X tr - - - tr

MDC 84/9 XXXX XX tr tr tr tr X

MDC 429/1 XXXX XX XX X X

MDC 282/14 XXXX X tr - tr - tr
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Fig. 7. Micro-textural images of CW samples. a) MDC 93/2, continuous vitrification structure with fine bloating pores; b) MDC 93/2, matrix of the core with
deformed mica crystal; ¢) MDC 280/28, matrix at rim of sample; d) MDC 84/3, extensive vitrification structure at rims of sample; €) MDC 84/9, matrix at rim of
sample; f) MDC 84/9, matrix at core of sample showing continuous vitrification structure with fine bloating pores.
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respectively. Therefore, this conclusion supported the diffractometric
data.

It should be noted that the mineral assemblage of sample MDC 84/9
is quite different from the other investigated CW due to its higher CaO
content, which resulted in the formation of newly-formed Ca-silicates,
namely melilite and clinopyroxene (Fig. 6; Table 4), which are
confirmed by the compositional data obtained by EDS analysis of the
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reaction rims (Fig. S2). The coexistence of newly-formed phases together
with residual calcite, which survived thermal decomposition, suggests
firing temperatures of 900-950 °C (Cultrone et al., 2001; Grifa et al.,
2009; De Bonis et al., 2014). Regarding the vitrification structures, the
rims show wavy strips of glass due to the melting of phyllosilicates edges
(Maniatis, 2009), whereas the core displays a continuous vitrification
structure with fine bloating pores (Fig. 7f), confirming that firing
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temperatures were not well-controlled.

XRPD bulk analyses only detected hematite and not any reduced iron
phases (Table 4) which suggests firing under oxidizing conditions.
However, the expected dominant red hue (Nodari et al., 2007) is not
observed as the samples are characterized by an obvious color zoning
featured by the black core. Actually, more specific analyses, including
p-RS and Mossbauer spectroscopy, are needed to better understand the
firing dynamics, to detect mineralogical changes due to thermal gradi-
ents that resulted from an inhomogeneous temperature distribution in
the pottery, and to evaluate the oxygen fugacity in the furnace.

In an effort to provide an additional way to estimate the firing
temperatures of ceramic matrices, we obtained Raman spectra from
newly-formed and residual mineralogical phases. Applications of p-RS
for this purpose are often based on distinguishing between various TiO5
polymorphs, which may transform during the heating process of clayey
materials. These TiO2 polymorphs may be used as thermal markers to
estimate the firing temperature as anatase tends to convert into rutile
above 900 °C (Bouzidi et al., 2013). Therefore, the coexistence of both
polymorphs in our samples suggests that the firing temperature was near
the temperature of the TiO5 polymorph’s transformation (ca. 900 °C)
(Gennari and Pasquevich, 1999), consistent with EFTs estimated via
XRPD and SEM. However, the role of titanium oxide phases as thermal
markers is controversial, as several investigations have revealed that
different conditions may interfere with the temperature of the phase
transition. Variations in particles size and the presence of Fe;O3 can
reduce the transition temperature by around 100 °C and accelerate the
phase transformation (Gennari and Pasquevich, 1999), whereas anatase
contained in kaolinites generally converts to rutile above 1100 °C
(Shoval et al., 2011a).

Thus, we focused our attention on acquiring Raman spectra of
ceramic matrices from different positions in our samples, for a com-
parison with XRPD patterns.

p-RS measurements revealed spectral features consistent with XRPD
data, particularly with the intensity of diffraction peaks of residual,
dehydroxylated clayey minerals (Fig. 8a). In the investigated areas,
bands of hematite, quartz, and anatase are present along with some
broad and weak bands at ca. 730 and 820 cm™!. As reported in the
literature (Legodi and de Waal, 2007; Shoval et al., 2011a), these peaks
represent dehydroxylated clays, in which the framework of clay min-
erals is completely distorted by the removal of structurally bonded hy-
droxyls, with the consequent formation of short-range ordered phases
(Shoval et al., 2011b), resulting in broader and weaker Raman bands.
Interestingly, the progressive reduction of the intensity of Raman band
(Fig. 8b) is consistent with what was observed with the 10 A diffraction
peak as a function of increasing EFTs.

To further confirm this evidence, p-Raman analyses were performed
on thin-section of ceramic replicas made with low-CaO Campanian clays
(SO ceramics) and fired at increasing temperatures from 700 to 1100 °C
(De Bonis et al., 2014). The XRPD and p-RS spectra obtained from our
archaeological pottery samples (Fig. 8a, b) are consistent with those
obtained from the matrices of the ceramic replicas (8c, d), which also
show bands at ca. 730 and 820 cm ™! that decrease in intensity and
gradually become broader as the firing temperature increases until they
completely disappear at 1100 °C. Thus, the detection of these bands in
the Raman spectra definitively indicates the presence of residual dehy-
droxylated phases which constrain the firing temperature.

4.2.3. Defining the redox conditions: u-RS vs Mossbauer spectral analyses

The zoned ceramic body of the investigated pottery suggests a vari-
ability in temperatures and/or oxygen fugacity during the firing and
cooling stages and that the changes in color could be due to different
redox conditions. XRPD analyses, however, were unable to explain the
color zoning as reflecting differences in mineralogy (the only iron oxide
that was observed in the XRPD spectra was hematite).

Mossbauer spectroscopy performed on both cores and rims of the
zoned fragments provided some clarification of the firing dynamics. In

11
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general, the main difference between zoned ceramic cores and margins
is in the relative amount of Fe(II) contained. Cores show a higher Fe(II)
content, indicating the presence of a local, non-oxidizing environment
during firing, whereas Fe(II) oxide, in variable amounts, is mainly
found in the external margins of the pottery along with other ferric and
ferrous species. The presence of Fe in both oxidation states is typical of a
poorly controlled firing atmosphere.

As far as the rims of the ceramics are concerned, all Mossbauer
spectra showed an intense central absorption, attributable to para-
magnetic ferric iron sites, together with a broad magnetic pattern, due to
the presence of iron oxides. The best model fits of the paramagnetic
absorption were obtained by using only one component, whose hyper-
fine parameters are compatible with those of Fe(III) in octahedral co-
ordination, namely the hematite (Table S4). The large linewidth
suggests the superposition of Fe(IIl) sites, probably due to the presence
of paramagnetic and superparamagnetic components (Fig. 9a). Super-
paramagnetic contribution arises from the presence of nanosized ferric
oxides, that, in an RT Mossbauer spectrum, shows a doublet instead of
the sextet, typical of magnetically coupled species. In sufficiently small
nanoparticles, magnetization can randomly flip direction under the in-
fluence of temperature, and the related Mossbauer spectrum exhibits a
doublet, as in a paramagnetic regime. The low value of the magnetic
hyperfine field (ca. 49-50 T instead of 51.7 T) in the pure, macro-
crystalline hematite can be due to substitution of Fe (II) by Al (III) in
the hematite and/or to the low crystallinity of the oxide (Nodari et al.,
2004, 2007).

In contrast to the general trend, the brown rims of sample MDC 282/
14 present a magnetic absorption that can be fit by using two different
sextets whose parameters are close to those of magnetite (Fig. 9b).

On the other hand, the spectra collected on the cores show a high Fe
(II) content, 60-90% distributed over tetrahedral and octahedral sites
(Fig. 9¢). The presence of Fe(Il) in tetrahedral sites is attributed to the
presence of Fe(II) bearing spinels, such as hercynite and suggests a non-
oxidizing environment with a low oxygen fugacity, fOo.

Data obtained via p-RS on cores, rims, and intermediate parts orange
in color seem to confirm such a hypothesis. Despite the low Raman
scattering effects of the ceramic matrix components and fluorescence
commonly associated with these types of samples, p-RS on red rims
detected hematite, as indicated by the bands at ca. 225, 292, 410, 498
and 606 cm ™! (Fig. 9d).

On the orange matrix of Group 1 samples (MDC 93/2, MDC 38/7,
MDC 280/28), as well as on the brown ceramic body of samples MDC
282/14 (rim) and MDC 84/4 (core), a weak peak at ca. 670 cm ! was
observed along with Raman shifts of hematite (Fig. 9e). This band
suggests the presence of magnetite, probably due to an incomplete
transformation process of Fe3O4 to Fe,O3 in an oxidizing atmosphere
during cooling (Lofrumento et al., 2004).

The black matrix in cores, however, is characterized by significant
differences with respect to the red matrix, highlighting spectral evidence
of Fe(II)-rich phases. The most intense bands at ca. 680, 535 and 301
cm ! can be attributed to magnetite (see Fig. 9f above; Shebanova and
Lazor, 2003). However, p-RS is not equally sensitive to all the iron ox-
ides that might be present in fired clays and it shows lower sensitivity to
hercynite and maghemite than to hematite and magnetite (Cianchetta
et al., 2015b). Nevertheless, a broad and weaker band at ca. 736 em !
was occasionally observed in some spectra (Fig. 9f); as reported in the
literature (Scarpelli et al., 2014; Cianchetta et al., 2015a), this band
could be attributed to the vibrational modes of the spinel structure,
hercynite, thus supporting the evidence provided by Mossbauer
spectroscopy.

In most Raman spectra, peaks of other minerals were detected along
with the most intense bands of Fe(III) and Fe(II) phases. In particular,
bands of quartz (ca. 460 cm_l), residual clay minerals (ca. 820 cm_l),
and anatase (ca. 143 cm’l) have been identified.
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5. Conclusions

The inclusion of Raman spectroscopy in the characterization of
archaeological objects is now a regular practice, and experimental ap-
plications straightforwardly demonstrated the reliability of data ac-
quired on complex materials such as the pottery (Bersani et al., 2016).

In this perspective, we tried to address some relevant research
queries by comparing bulk analyses with data from p-RS. Since this
technique turned out to be particularly sensitive in the detection of
micrometric to sub-micrometric mineral phases, it is fundamental in
understanding ceramic manufacturing technologies, from the selection
of raw materials to firing conditions in the kiln. In particular, the ad-
vantages of p-RS are:

(1) p-RS on temper-grains allowed for the identification of mineral
solid solutions, like plagioclase and clinopyroxene. The detection
of andraditic garnet and forsteritic olivine along with K-feldspar
and leucite confirms the source of the volcanic temper to be the
Somma-Vesuvius volcanic complex. These p-RS data are in per-
fect agreement with the mineral chemistry determined by EDS
analyses.

p-RS can reliably constrain the range of firing temperatures
experienced by the pottery, overcoming some problematic issues
concerning TiO, polymorphs, by investigating the spectral fea-
tures of ceramic matrices and comparing them with those of
ceramic replicas made with LCC fired at a range of carefully
controlled temperatures. The expected mineralogical changes of

(2)

12

3

this clay type mainly concern the de-hydroxylation of clay min-
erals that is characterized by a pronounced decrease of 10 A
dehydroxylated phases’ peak intensity in the XRPD patterns; the
p-RS acquisition on archaeological pottery and ceramic replicas
highlights comparable behavior of the 730 and 820 cm™! bands
that the EFT to be 900-950 °C.

p-RS turned out to be a valuable tool in determining local redox
conditions due to its sensitivity in detecting variations in the
oxidation state of iron in Fe(II) and Fe(III) oxides in different
parts of the ceramic body which may depend on firing atmo-
sphere. The acquired spectra identify the Fe-bearing phases
whose oxidation state determined the color of the pastes: Fe(III)
in hematite (a-Fe3O3) produced the red color of rims, Fe(II) in
magnetite (Fe3O4) and hercynite (FeAl,04) produced the black
color of cores, whereas the coexistence of both Fe(III) and Fe(II)
mineral phases resulted in the orange and/or brown color in some
portions of the ceramic bodies.

Although hercynite may also be obtained by firing clays rich in
organic matter in an oxidizing environment (Maritan et al.,
2006), in this case, a non-oxidizing environment with low oxygen
fugacity fO, was created in the cores, possibly because the time of
firing was insufficient to complete oxidation within the interior of
the ceramic (Maritan et al., 2006; De Bonis et al., 2017a). Such a
condition was also favored by the low interconnection of pores,
which hinders the circulation of oxygen in the core of the ce-
ramics (De Bonis et al., 2017a).
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(4) The comparison between the results of p-RS and more traditional
techniques (i.e., SEM-EDS, XRPD, Mossabuer spectroscopy)
demonstrates a strong correlation between data acquired through
the different techniques, confirming the affordability and appli-
cability of p-RS in the characterization and identification of
mineral compositions of the different components of archaeo-
logical pottery (and potentially other materials). Finally, p-RS has
obvious advantages over other methods in that small samples are
needed (only a thin section is required), the time for sample
preparation is minimized, spectral acquisition times are
comparatively short, and the method is highly sensitive.
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