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Abstract

Voltammetry of immobilized particles (VIMP) and
scanning electrochemical microscopy techniques are
combined to study nanosamples from 60 Apulian red-
figured pottery objects from six Apulian archaeological
sites (Altamura, Arpi, Conversano, Egnazia, Monte
Sannace, Taranto) and three Attic samples from Pella.
The VIMP signatures corresponding to the
electrocatalytic effect of microparticulate deposits of
the clay body and the black gloss on the oxygen evolu-
tion reaction and the oxygen reduction reaction are
obtained. These signatures provide information on the
reducing/oxidizing conditions of firing. The combina-
tion of the above voltammetric data permits us to dis-
tinguish between Apulian production and Attic
importations as well as to discriminate the productions
from different archaeological sites or even within differ-
ent technologies in samples from the same site.

KEYWORDS
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Apulian red-figured pottery has been widely studied because of its excellent drawing ability and
remarkable quality (Beazley, 1963; Trendall, 1967; Trendall & Cambitoglou, 1978, 1982). This
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pottery was produced within the 5th and 4th centuries BCE (typically between 450 and 300 BCE)
and was based on painting on the vase a black glossy background, saving figures from the
ceramic body. The production has been formally divided into three periods: Early (430-
370 Bce), Middle (from 370 to 340-330 BcE) and Late Apulian (340-300 BcE) (Trendall, 1989).

This pottery is directly related to the preceding Attic production, characterized by the fine
texture of the ceramic body and the direct painting of the black gloss on the ceramic body.
During the 4th century, however, in the Apulian sites, a new technology appears (Eramo &
Mangone, 2019; Giannossa et al., 2017, 2021; Mangone et al., 2008, 2013). A part of the
Apulian production has the characteristics of the Attic production, but a second group is char-
acterized by the coarse texture of the ceramic body and the application of a red engobe layer on
the clay paste, before the black gloss painting. Accordingly, there is debate about the technical
characteristics of the Apulian red-figured pottery, in particular whether local production mim-
icked Attic manufacturing procedures or developed new methodologies, whether generalized
techniques or local variants were produced, including the conditions of firing (more or less
reducing/oxidizing conditions, one- or two-step firings) (Eramo & Mangone, 2019; Giannossa
et al., 2017, 2021; Ingo et al., 2000; Mangone et al., 2008, 2009, 2013; Maniatis et al., 1993;
Mirti et al., 2004, 2006; Tang et al., 2001; Thorn & Glascock, 2010; Tite et al., 1982). The eluci-
dation of these matters is made difficult by the absence of historical sources describing the tech-
nical aspects of the production, the coexistence of local with imported productions in
archaeological sites, and the intrinsic difficulties of the chemical and mineralogical analyses of
ceramic materials.

In this context, recent research has characterized peculiar features of Apulian red-figured
pottery in the 4th century BcE, different from the Attic one based on electron microscopy, X-ray
diffraction and atomic spectroscopy techniques (Eramo & Mangone, 2019; Giannossa
et al., 2017, 2019, 2020, 2021). The purpose of the current work is to describe the application of
a solid-state electrochemistry technique, the voltammetry of immobilized particles (VIMP) to
the characterization of provenances and manufacturing techniques of Apulian red-figured
pottery and, in particular, its relationship with Attic production. The VIMP is a technique
developed by Scholz and Meyer (1998) and Scholz et al. (2014) based on the abrasive transfer-
ence of a small amount of solid sample (of few nanograms) to the surface of an inert electrode
(paraffin-impregnated graphite). The record of its voltammetric response in contact with a
suitable electrolyte where the solid is sparingly soluble permits us to acquire compositional ther-
mochemical and even structural data on the solid material (Doménech-Carb¢d et al., 2013;
Scholz et al., 2014). Due to its inherent sensitivity and essentially non-destructive character, the
VIMP has been extensively used in the fields of archacometry, conservation and restoration
(Doménech-Carbd, 2010; Doménech-Carbé & Doménech-Carbd, 2018; Doménech-Carbd
et al., 2009), in particular being applied to the study of ceramic and glass materials (Di Turo
et al., 2018; Doménech-Carbo et al., 2002, 2019; Fabrizzi et al., 2020; Ramaciotti et al., 2020;
Sanchez-Ramos et al., 2002).

In the current report, we describe the application of VIMP methodology to a set of samples
from some of the most important Apulian sites: Altamura (Bari), Arpi (Foggia), Conversano
(Bari), Monte Sannace (Gioia del Colle, Bari), Egnatia (Fasano, Brindisi), and Taranto as well
as three Attic samples from Pella. This study is aimed to elucidate the possibility of an electro-
chemical discrimination of sites and/or manufacturing techniques studying separately the
voltammetric response of the clay body and black gloss layer.

This study is based on the systematic evaluation of electrocatalytic effects exerted by ceramic
materials on the oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) pro-
cesses. These are particularly intense for a ubiquitous component of ceramic materials, haematite,
which has recognized electrocatalytic ability towards such processes (Bouhjar et al., 2018;
Peter, 2013; Shimizu, Sepunaru, & Compton, 2016; Shimizu, Tschulik & Compton, 2016; Wan
et al., 2019; Zhu et al., 2013), but also by hercynite, an iron spinel characterizing black glosses
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(Zhao et al., 2017). Previously (Doménech-Carbd et al., 2022), we studied these catalytic pro-
cesses in haematites, iron earths and some Apulian ceramic pastes combining VIMP and scan-
ning electrochemical microscopy (SECM). Here, we extend the number of samples and sites and
apply this methodology not only to clay bodies but also to black glosses, the most remarkable
feature of this type of ceramics. VIMP measurements were complemented with SECM where the
application of the redox competition methodology (Henrotte et al., 2020) to SECM permits us to
detect local electrocatalytic activity of surfaces at the nanoscopic scale, as previously applied in
the study of pigments in paintings (Doménech-Carbé et al., 2015).

In this regard it is pertinent to mention that the voltammetric response of pottery samples in
contact with aqueous electrolytes mainly involves the reduction of Fe(III) minerals (haematite,
Fe,03; goethite, FeO(OH)), of widely studied solid-state electrochemistry (Grygar, 1996, 1997,
Shimizu, Tschulik, & Compton, 2016), and the oxidation of Fe(II) ones (fayalite, Fe,SiOy;
chrysolite, (Mg,Fe),SiOy; augite, Cag i Mgg 76Fe0 49(S103),). In the case of black glosses, these
are composed of different stable or metastable Fe oxides with spinel structure such as
maghemite, magnetite often accompanied by ilmenite and wiustite and mixed crystals of
hercynite (FeAl,O4), embedded in vitreous or partly crystalline matrices (Giannossa
et al., 2019; Ingo et al., 2000; Liihl et al., 2014; Tang et al., 2001). The proposed methodology
provides information on the manufacturing techniques, including firing temperature and possi-
ble multiple firing protocols, to some extent a controversial matter ( Fontannaz, 2005; Liihl
et al., 2014; Robinson, 2014; Thorn, 2009; Walton et al., 2013).

EXPERIMENTAL
Samples

Apulian samples comprised 13 from Monte Sannace (MS1, M8, M9, M14, M25, M28, M29,
M31, AM2, AM3, AM4, AM6, AM7), five from Altamura (A4, AS, A8, A9, All), one from
Conversano (Col), 13 from Egnatia (Egnl, Egn4, Egn6, Egn13, Egn25, Egn29, Egn33, Egn35,
Egn39, EgndN, Egn24N, EgnlP, Egn5P), 13 from Arpi, 10 coming from the ONC28 tomb
(I1-01, 12-01, 13-01, C1-01, C7-01, A1-01, F-01, Ar4, Ar5, C5), and three coming from the
Niobidi’s tomb (ANS5, ANS, AN10) and 15 from Taranto (212411, 227007, 227093, 227130,
227141, 227161, 227183, 227185, 227186, 227197, 227204, 227229, 227236, 227237 and 52231B).
Attic samples consisted of three fragments from Pella (Pellal to Pella3). Unbroken and
reassembled items, as well as fragments, have been analysed. A photographic image of some
examples representative of the finds analysed is provided as Supporting Information (Figure S.1).

Instrumentation and methods

Voltammetry measurements were performed at 298 K in a three-electrode cell using a CH
1660C potentiostatic device (Cambria Scientific, Llwynhendy, Llanelli, UK) using air-saturated
aqueous 0.10 m HCI (Panreac reagents) as a supporting electrolyte. Commercial graphite bars
(Alpino Maxim HB-type, 2 mm diameter) were used as working electrodes, completing the
three-electrode arrangement with a platinum disc auxiliary electrode and an Ag/AgCl (3 m
NaCl) reference electrode. Square wave voltammetry (SWV) was used as the detection mode.
VIMP analysis of the red ceramic body was carried out by scratching ~1 pg of solid mate-
rial from the cross-section of the fragments with the help of a scalpel. The ceramic material was
distributed forming a fine layer onto one plane face of an agate mortar and then aliquots of the
same were abrasively transferred to the graphite electrode as in typical VIMP experiments
(Scholz & Meyer, 1998; Scholz et al., 2014). Sampling in the black gloss was carried out by
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pressing the graphite bar directly onto the surface of the black surface of the ceramic fragments.
In both cases, the sample-modified electrode was then dipped into the electrochemical cell so
that only the lower end of the electrode was in contact with the electrolyte solution, and the
voltammograms were recorded. To avoid possible biased selection of samples, these were ran-
domized prior to voltammetric experiments.

SECM experiments were performed with CH 920c¢ equipment using a microdisc platinum
electrode tip (CH 49, diameter 20 pm) and a Pt disc electrode (geometrical area 0.018 cm?) cov-
ered with a fine bed of carbon paste (graphite powder plus paraffin oil). Ceramic samples
(~1 pg) were deposited onto the carbon paste layer. The bipotentiostat mode was used to apply
potentials to the tip (ET) and the electrode substrate (Eg). The rate of scanning of the tip over
the substrate was 20 pm/s for all experiments, the distance between tip and substrate being of
the order of the tip electrode radius. Air-saturated 0.10 m HCI aqueous solution was used as the
electrolyte in order to use the reduction of dissolved oxygen as a redox probe (Doménech-Carbo
et al., 2015).

RESULTS AND DISCUSSION
VIMP

Figure 1 shows the SWVs recorded for the black gloss of samples (a,b) 52231B and (c,d) ANS5 in
contact with air-saturated 0.10 M HCI aqueous solution in negative-going (a,c) and positive-going
(b,d) potential scans. According to the predominance of non-electroactive silicate and aluminosil-
icate species in ceramic samples, this voltammetry is dominated by the background processes of

Ay

1.0 0.0 -1.0 1.0 0.0 -1.0
E /V vs. Ag|AgCI E/V vs. Ag|AgCI

FIGURE 1 Square wave voltammetry of samples (a,b) 52231B and (c,d) ANS transferred onto a graphite electrode
in contact with air-saturated 0.10 m HCI aqueous solution. Potential scan initiated at: (a,c) 1.05 V in the negative
direction, (b,d) —0.95 V in the positive direction. Potential step increment 4 mV; square wave amplitude 25 mV;
frequency 10 Hz. The dotted lines mark the base lines used to measure peak currents denoted by double arrows
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OER ~1.0 V versus Ag/AgCl and hydrogen evolution reaction (HER) ~—1.0 V, accompanied
by the reduction of dissolved oxygen (ORR) at —0.65 V (Corr). In the potential region between
0.4 and —0.4 V weak cathodic and anodic signals appear. These can be attributed the reduction
of Fe(Ill) compounds, mainly oxohydroxides, and the oxidation of Fe(Il) ones. That which
appears in both negative- and positive-going potential scan voltammograms at ~0.8 V can be
associated (at least mainly) with the oxidation of haematite (Cy, Ay), as judged by the similarity
of the voltammetric response to that of clay bodies and haematites. The oxidation process can be
represented as follows (Doménech-Carbo et al., 2022):

Fe'";05 +2xH,0 — Fe!V Fe, . 03(OH),, +2xH" 4 2xe™. (1)

As previously noted, both OER and ORR processes can be catalysed by some of the compo-
nents of the sample, haematite in particular. This compound is a recognized catalyst and
photocatalyst for the OER process (Bouhjar et al., 2018; Peter, 2013; Shimizu, Sepunaru, &
Compton, 2016; Shimizu, Tschulik, & Compton, 2016; Wan et al., 2019; Zhu et al., 2013), a
role conceivably played by other Fe(Ill) minerals. In turn, the Ay/Cy signals can be attributed
to the oxidation of haematite to higher oxidation states of iron (IV, V and VI) (Cummings
et al., 2011, 2012; Doménech-Carbd et al., 2021; Klahr & Hamman, 2014; Le Formal
et al., 2010).

The catalytic ability of haematite on the electrochemical reduction of oxygen can be associ-
ated, according to Shimizu, Tschulik, and Compton (2016) with the increase in the rate of
decomposition of hydrogen peroxide, an intermediate product in the ORR process. Consis-
tently, prior data on haematite electrochemistry (Doménech-Carbé et al., 2022) revealed that
the ORR signal is decreased on decreasing the crystallinity and degree of hydration of the min-
eral. Since the thermal treatment above ~500°C should dehydroxylate haematite, these features
suggest that the intensity of the ORR signal can be representative of the firing temperature.

Additionally, Fe(I) minerals—spinels in particular (Zhao et al., 2017)—could also act as a
catalyst for ORR. Although the ORR catalytic ability of haematite is mainly associated with
the disproportionation of the intermediate H,O, generated during O, reduction (Shimizu,
Sepunaru, & Compton, 2016), a second reduction/regeneration mechanism can be proposed.
This is supported by the recognition of the increased catalytic activity via activation by applica-
tion of reductive potential inputs (Wan et al., 2019). This catalytic pathway involves the electro-
chemical generation of Fe(II) centres:

Fey05 + xH g + xe” — Fe'l,  Fe'' O;_(OH) , (2)
which react with O,, producing superoxide radical anion:
Fel';  Fe' 03 (OH) +xH,0 +x0; — Fe",05_(OH), +xH"3q+x0,"". (3)

The generated O, ~ subsequently reacts to yield H,O, and H,O, whereas Fe(II) active sites are
electrochemically regenerated:

Fe'',0;_(OH),, +xH"yq +xe~ — Fe'l,_ Fe'' 0;_,(OH) + xH,O0. (4)
The catalysis of ORR by hercynite in principle results from the direct reaction with O,:
Fe'ALOs + xH,0 4 x0, — Fe [Fe',_ AL,O4(OH) + xH",q+x0," ", (5)

accompanied by the electrochemical regeneration of the Fe(II) centres:
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1330 DOMENECH-CARBO ET AL.

Fe' Fe''; | Al,O4(OH) + xe~ — Fe"AlL,O4 4+ xH,0. (6)

The electrochemical activation of haematite could involve the replacement of some O>~ ions by
OH ™ ones coupled to the Fe*" to Fe>* reduction (Ruan et al., 2001).

SECM

Figure 2 shows a colour graph and SECM topographic images of a microparticulate deposit of
the clay body of sample 211412 forming a fine layer on a carbon paste substrate in contact with
air-saturated 0.10 m HCL. SECM images were recorded by fixing the tip potential (ET) at a
value where the oxidation of dissolved oxygen occurs at —0.45 V, as previously determined vol-
tammetrically. When no potential was applied to the substrate (Figure 2a,b), the exposed
regions of the base electrode (marked by white arrows) yield a positive feedback response,
whereas the regions covered by the clay body display negative feedback and a peaked topogra-
phy. According to the redox competition methodology (Henrotte et al., 2020), when a potential
activating haematite (—0.45 V) to act as ORR catalyst is applied to the substrate (Es), the
regions concentrating catalytically active centres, display enhanced tip currents (continuous
black arrows). In contrast, the tip current in the regions poor in such catalytically active centres
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FIGURE 2 Colour (a) and (b—d) topographic scanning electrochemical microscopical images of Taranto sample
211412 on carbon paste substrate immersed in air-saturated 0.10 m HCL. (a,b) Ex = —0.45 V; Eg = 0.00 V;
() Er=—-045V; Es=—-045V;(d) Er=-045V; Es=1.00V
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becomes depleted (dotted arrows) (Figure 2¢). The inverse effect was observed when the sub-
strate potential was moved to a value at which the Ax plus OER processes occur (Es = 1.0 V).
Now, the regions displaying increased and depleted tip currents are interchanged (Figure 2d).
These features suggest that the ORR and OER processes are catalysed by different species,
hercynite and haematite in the case of ORR, and hydroxylated haematite in the case of OER.
This means that, to some extent, the ratio between the intensities of the Corr and Cy/Ay sig-
nals is representative of the crystallinity and degree of hydration of haematite and the propor-
tion of Fe(II) and Fe(III) species in the ceramic materials.

In principle, the mineral components of pottery can also act as catalysts in the case of the
signals at ~0.4 V (C, and A,) that can be attributed to the oxidation/reduction of oxygen func-
tionalities (presumably of the quinone/catechol type) existing in the graphite surface (Noked
etal., 2011).

For our purposes it is pertinent to emphasize two characteristics of our VIMP measure-
ments: (i) the intensity of the voltammetric signals can in principle be taken as proportional of
the net amount of electroactive species transferred onto the electrode surface, depending not
only of the chemical composition but also on the crystallinity and particle shape and size;
(i1) since the amount of sample effectively transferred onto the electrode cannot be accurately
controlled, the absolute intensities of the signals cannot be reproduced in replicate experiments.
The first of these characteristics implies that the observed voltammetric response depends not
only on the mineralogical composition of the ceramic body but also on the compaction, grain
size and degree of crystallinity of the sample, thus providing information on subtle differences
between ceramic materials of slightly distinct origin. The second characteristic implies that sig-
nal intensity ratios or biparametric tendency curves have to be used to compare the VIMP
behaviour of different samples.

Electrocatalysis and sample grouping

Considering the signals C,,A,, Cy/Ay and Corr We can apply a common scheme for the inten-
sity of the signals based on theoretical models on the electrochemistry of redox-active solids
(Lovri¢ & Scholz, 1997, 1999; Oldham, 1998; Schroder et al., 2000). As previously discussed,
the signals Cy/Ay can mainly be attributed to the oxidation of Fe(III) species; haematite in par-
ticular (Le Formal et al., 2010, Cummings et al., 2011, 2012; Doménech-Carb6 et al., 2021;
Klahr & Hamman, 2014) overlapped with the catalysed OER. The intensity of the Cy peak will
be representative of the net amount of such Fe(III) species (as well as their shape and size distri-
bution and crystallinity). The signal Corg recorded in voltammograms such as in Figure 1 can
be attributed to the reduction in dissolved oxygen catalysed either by haematite and other
Fe(III) minerals and, in the case of black glosses, by hercynite and eventually other
Fe(II) pristine species or electrochemically generated in the reduction of Fe(III) ones. As previ-
ously noted, the intensity of this peak will be to some extent representative of the net amount of
such Fe(II) species. Finally, the signals Co/A, can mainly be attributed to the reduction/
oxidation of oxygen functionalities existing (or electrochemically generated during the experi-
ment) in the graphite surface. In principle, both Fe(IIl) (mainly) and Fe(II) species, among
others, can act catalytically on this process.

Since the ceramic material forms a discontinuous microparticulate deposit on the graphite
surface, the measured peak currents will reflect the contribution of the electrochemical process
at the exposed graphite surface and the catalytic one promoted by the ceramic materials. This
will be proportional to the net perimeter of the base electrode/ceramic particle/electrolyte junc-
tion. This can be taken as proportional to the area covered by the microparticulate deposit, S.
Denoting by S, the total area of the graphite electrode, the peak current (I;) for the process
J (J = H, OER, ORR, etc.) can be expressed as
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1332 DOMENECH-CARBO ET AL.

I;=g;(So—S)+ph;S, (7)

where g; represents the electrochemical coefficient of response of the J-process at the graphite
surface, /1y is the corresponding coefficient for the catalytic process and p represents a geometri-
cal coefficient relating the surface of the particles with their perimeter. This last coefficient will
depend on the granulometry of the ceramic sample, whereas g, &y are dependent on the process
and the electrochemical parameters (electrolyte, potential scan rate, etc.). Since in replicate
experiments the value of S will vary, one can characterize a given ceramic sample considering
two electrochemical processes A, B. Then, eliminating S between the corresponding equations
such as Equation (7), one obtains

Ia— gASoilB — 2850

— , 8
Pha — gan  Phe — gp ®)

phg — gB) ( phy — gB>
Ig=Ir"=2—28 )+ S, (gp—ga——28). 9
B A(phA . 8B gAphA_ oA )

This equation predicts that plot of Iy versus /4 should consist of a straight line whose slope and
ordinate at the origin will be characteristic of each ceramic sample. Experimental data agree
reasonably with this model as depicted in Supporting Information Figure S.2 for several clay
body samples. One can see that, although there is relatively high data dispersion, the samples
from each site fall within separate apparently linear tendency curves. Similar results (see below)
were obtained in voltammograms of samples from the black gloss of the ceramic fragments.
These differences reflect the different values of the phs and phy coefficients characterizing each
ceramic production. The above treatment, however, is an oversimplification because the abra-
sive transference of the sample onto the graphite surface results in a variable effective surface
due to the different surface scratching in each replicate measurement. This feature will be also
influential on the relatively high data dispersion.

Voltammetric site analysis

The preceding analysis is entirely consistent with experimental data for the ceramic body and
the black glaze layer. For instance, the plot of I(Corr) versus /(Cy) recorded in SWVs in condi-
tions such as in Figure 1 for Taranto samples clearly separates the data points of the ceramic
body and the black glaze. As can be seen in Figure 3a, the /(Corr) values for the black glaze
are always clearly larger than those for the clay body, in agreement with the expected larger
proportion of Fe(II) species over Fe(IIl) ones in the black gloss relative to the clay body. This
behaviour was observed from samples from Monte Sannace, Conversano and Pella. The differ-
ence between the clay body and the black gloss is low in the case of Altamura and Arpi
(Figure 3b) (see Supporting Information, Figure S.3), whereas in the case of Egnatia samples
there is the possibility of discriminating two different subsets (see below).

In principle, the differences in the recorded electrochemical responses can be attributed to
differences in the manufacturing process, from the choice of raw materials to the refining, mak-
ing and firing of the vase. In fact, clear differences can be seen even under the optical micro-
scope with regard to the granulometry and presence of an engobe layer (see Supporting
Information Figure S.4).

In spite of relatively high data dispersion, voltammetric data allow discriminatation of site-
characteristic patterns. This can be seen in Figure 4, where plots of I(Corr) versus /(Cy)
corresponding to the black gloss of pottery samples in this study are depicted. As shown in
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FIGURE 3 Plots of (Corr) versus I(Cy) recorded in SWVs in conditions such as in Figure 1 for Apulian red-
figured pottery samples from: a) Taranto and b) Arpi, superimposing the data points for the black gloss (solid circles)
and the ceramic body (circles)

Figure 4a, the data points of Taranto are clearly separated from those of Arpi. These represen-
tations permit discrimination of different sub-series within the same site. Thus the data points
for samples from the ONC28 tomb in Arpi are separated from those of the Niobidi’s tomb at
the same archaeological site. Figure 4b compares the voltammetric data for Monte Sannace,
Altamura and Pella. The samples from Monte Sannace are clearly separated from the Altamura
and Pella samples. The data points for these last samples occupy the same region of the graph,
in turn coincident with that occupied by the samples from the Niobidi’s tomb in Arpi.

A second case where this discrimination can be clearly derived from electrocatalytic data is
that of Egnatia samples. As can be seen in Supporting Information Figure S.5, a subset of the sam-
ples from this site, constituted by specimens EgndN, Egn24N, Egn33, EgnlP and Egn5P, can be
fitted to the Pella’s pattern for both clay body (a) and black gloss (b) data representations.
According to VIMP data, several samples, in particular including the Arpi ANS5, AN8 and AN10
can be attributed to local production in ‘Attic mode’. It is interesting to underline that Egn4N,
Egn24N, Egn33, Egnl1P and Egn5P are the only analysed finds from Egnatia made with the tradi-
tional technology (absence of engobe) (Mangone et al., 2013) and that ANS5, AN8 and ANI10
come from one of the richest funeral complexes in Daunia: the Niobidi’s tomb (De Julius, 1992).
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FIGURE 4 Plots of [([Corr) vs. I(Cy) recorded by square wave voltammetry under conditions such as in Figure 1
for the black gloss of pottery samples from: (a) Taranto and Arpi; (b) Monte Sannace, Altamura and Pella

A clear discrimination between these and those fabricated in ‘Apulian mode’ can also be
derived from the /(Corr) versus /(C,) representation presented in Figure 5, where both produc-
tion modes become clearly separated. Interestingly, the two sets of samples can be fitted to dif-
ferent straight lines, in agreement with the previous theoretical approach.

Archaeometric implications

VIMP data—which are conditioned by the influence of mineralogical composition and gran-
ulometry on catalytic effects on OER and ORR processes—reflect, mainly, the proportion of
catalytic species associated with haematite, hercynite and other iron minerals. Although other
species in the sample may exert catalytic effects on these electrochemical processes, one can in
principle assume that the ratio between the Corr and Cy signals, [(Corr)/I(Ch), is to some
extent representative of the firing temperature and the apparent Fe(II)/Fe(IlI) ratio in the sam-
ple. This ratio is dependent on the composition of the raw materials, the firing temperature and
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FIGURE 5 Plots of I(Cogrr) versus /(C,) recorded by square wave voltammetry under conditions such as in
Figure 1 for Apulian red-figured pottery samples (clay body) in this study, separating the samples fabricated in Apulian
and Attic modes. Continuous lines represent the fit of each subset of data to linear functions

the reducing/oxidizing conditions in the firing process. In this regard it is pertinent to note that
haematite (and aluminous haematite (Ruan et al., 2001), which can appear as raw material or
resulting from the dehydroxylation of goethite and other iron minerals, may differ in crystallin-
ity depending on temperature. Although this is a matter for debate, it was suggested that some
OH™ ions can substitute O>~ ones into the haematite lattice with concomitant replacement of
Fe*™ ions by Fe?' ones. Similarly, the reducing activation of haematite results in
electrocatalytic activity on ORR (Wan et al., 2019).

Under this view, one can separate the samples from Taranto, Conversano and Monte
Sannace as those showing higher I(Corr)/I(Cy) ratios in the black gloss relative to samples
from Altamura, Arpi and Egnatia. On independently comparing electrochemical data for the
clay body, the I[(Corr)/I(Cy) ratio increases from Taranto and Monte Sannace to Altamura,
Arpi, Conversano and Egnatia.

Actually, firing conditions are still under debate (Liihl et al., 2014; Robinson, 2014; Walton
et al., 2013). In the early studies, it was hypothesized that all coverings were applied on the unfired
vase and underwent a single firing process (Noble, 1960). However, considering the results of more
recent archaeometric analyses on archaeological black gloss, Walton et al. (2013) questioned the
hypothesis of a single firing, at least when black gloss and red overpainting with a very similar
composition were present on the same vase. In this context, the existence of significantly different
apparent I(Corr)/I(Cogr) ratios in the black gloss and the ceramic body (see Figure 3) could be
indicative of the application of successive firing steps during the fabrication of the vases.

To summarize, electrochemical data provide information on the apparent Fe(IT)/Fe(I1I) ratio
(and, ultimately, on the reducing/oxidizing conditions of firing) and the hardness, porosity, shape
and size distribution of the ceramic material, here termed for brevity its ‘granulometry’. The
above considerations suggest that: (a) the studied pottery prepared in the ‘Apulian mode’differed
from the samples prepared in ‘Attic mode’ in both the ‘granulometry’ and/or firing conditions;
(b) apparently, samples from Altamura, Arpi and Egnatia prepared the black gloss similarly to
the Attic mode, whereas the production of Conversano, Monte Sannace and Taranto differed
using more reducing conditions; (¢) the clay body of Monte Sannace and Taranto presented
properties similar to Attic samples in regard to the apparent Fe(Il)/Fe(IIl) ratio, while all other
samples, in particular those from Altamura, showed higher values of this parameter.
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FIGURE 6 Two-dimensional diagram grouping the different sets of samples according to averaged I(Corr)/1(Cp)
data for the black gloss and the clay body in this study

The foregoing set of considerations can be summarized using the two-dimensional diagram
depicted in Figure 6, where the I(Corr)/I(Cy) ratios determined in VIMP experiments for the
black gloss and clay body are plotted. Clearly, the electrochemical data draw a picture where
the production of each site was distinctive, although reproducing more or less accurately some
of the characteristics of the Attic pottery.

All results prove the existence of a polycentric production in Apulia during the Late period,
at least regarding the manufacturing of ceramic bodies. For black glosses, on the other hand,
the results obtained do not allow us to exclude the hypothesis of export of dried Attic black
glaze to Greek colonies, as advanced by some scholars (Noble, 1960), at least for the samples of
Arpi, Altamura and the samples 24N, 33N, 1P, 5P and 6P of Egnatia.

All this information is essential to map the production sites of finds and their transfer, and to
trace the commercial routes. A geographical scheme showing the possible technological connec-
tions of the studied Apulian sites, here grouped as showing more or less close similarity to the Attic
production mode, is provided as Supporting Information Figure S.6. It is in general believed that
the red-figured pottery expanded from Taranto (Fontannaz, 2005; Robinson, 2014; Thorn, 2009),
and current data suggest a complex scenario for this process of technology propagation in which
the production in Altamura, Arpi and Egnatia was apparently closer to the Attic mode. Moreover,
differences in the production technologies employed at the various sites can be retrieved by means
of these results. The implementation of electrochemical techniques within the context of research
on Apulian pottery enhances the scope of available techniques as a complementary analytical tool
able to be used with samples at the microgram-nanogram level. They can help to understand the
outstanding skill levels of Apulian potters in the 4th century BCE.

CONCLUSIONS

A series of 60 fragments of Apulian red-figured pottery coming from the archaeological sites of
Altamura, Arpi, Conversano, Egnatia, Monte Sannace and Taranto and three fragments from
the Greek site of Pella have been studied by means of VIMP and SECM techniques. Nano-
samples from either the clay body or the black gloss of ceramic fragments attached to graphite
electrodes in contact with air-saturated 0.10 m HCI display well-defined voltammetric
responses. The catalytic enhancement of OER and ORR signals provide specific voltammetric
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signatures that can be combined to obtain sample-characteristic and site-characteristic tendency
curves that can be interpreted on the basis of a simple model. These can be considered as
roughly representative of the Fe(II)/Fe(IIl) ratio in the samples, in turn informing on the more
or less reducing/oxidizing firing conditions used during their manufacture.

Electrochemical data permit discrimination, using solely amounts of sample at the micro-
gram level: (a) between the local Apulian production and the Attic one, identifying Attic impor-
tations recovered in the Apulian sites; (b) of the ceramic production manufactured in the
Apulian sites; (c) of different types of production in each site. Additionally, electrochemical
data provide information on the firing conditions of fabrication and on the granulometry of the
clay body. Future research will improve knowledge of the electrochemical processes and their
implications with regard to the elucidation of the ceramic manufacturing techniques, the dis-
crimination of local varieties and even dating.
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