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Abstract The manufacturing of Italian maiolica (tin-glazed pottery) was extremely appreciated during the Middle Ages and Renais-
sance, leading to the production and collection of a rich cultural heritage. This pilot study aims to characterize the production technique
and the origin of the lead used as a flux in a set of samples of maiolica glazes made in the area of Florence over a wide time span,
ranging from the fifteenth to the nineteenth century. In particular, this is the first study that applies provenance analysis, using
lead isotopes, to tin-glazed artefacts made in the site of Montelupo Fiorentino and by the Ginori manufactory in Doccia (Florence,
Italy), both important production centres of ceramics in Italy. The samples were first analysed by scanning electron microscopy
to characterize their layer structure and chemical composition. Lead isotope analysis was then performed by thermal ionization
mass spectrometry and showed that the samples tend to be distributed into distinct groups according to their period of production.
Moreover, the comparison with the lead isotope composition of the deposits of the European and circum-Mediterranean area from
which lead was historically extracted showed that the isotopic composition of the samples differs from that of the Italian deposits,
suggesting that lead was imported from abroad. The isotopic composition of all the investigated maiolica glazes is compatible with
German ore deposits, in agreement with what is reported by the historical sources relating to the lead supply areas.

1 Introduction

Maiolica is a term of Italian origin indicating tin-glazed earthenware. Tin glaze technique arrived in Italy around the thirteenth
century from the Islamic world, where it originated, through Spain. Italian maiolica developed its own shapes and styles, becoming a
very important art form during the Middle Ages and the Renaissance. The main information about raw materials and the techniques
used in the production of Medieval and Renaissance Italian maiolica are mainly reported in the treatise by Cipriano Piccolpasso (c.
1557) [1-3] and in the review by Tite [4] and references therein. According to what reported by Piccolpasso, the glaze was made by
mixing sand, wine lees (containing potassium) and, optionally, natron (Na;CO3-10 H,O) with lead (PbO) and tin (SnO») oxide. The
latter were used as flux and opacifier, respectively. Indeed, the production of tin-opacified lead-alkali glazes require the preparation
of a suspension containing a lead compound and silica, with the addition of tin oxide and an alkali element [5]. Although the lead
and tin oxides can be added directly to the suspension, they are sometimes first pre-fritted with the alkali and silica, as documented
by some frits found at Paterna and Denia in Spain dated to the thirteenth century [6]. The resulting frit is then ground to a powder
and used in suspension. On the basis of Piccolpasso’s treatise, lead and tin metals were melted together to produce a mixture of lead
and tin oxides [1]. The heating of tin alone produces a grey powder, probably as the result of the formation of a coating of tin oxide
which prevents complete oxidation of tin metal. However, with the addition of lead oxide, the formation of a tin oxide coating is
prevented by intermixture of the tin oxide (SnO;) with the lead oxide (PbO) [5].

Despite this overall comprehension of the materials and manufacturing techniques used in the maiolica production, very little
is known about the provenance of the raw materials used to produce the tin-opacified glazes. Unlike ceramic bodies, which were
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often made with local raw materials, given that clays and tempers are typically widespread and of moderate economic value [3,
7, 8], the materials needed as glaze fluxes, opacifiers and colourants could be rather rare and expensive and a more complex and
long-range supply chain could be needed. In support of this, Piccolpasso mentions an interesting proverb in his treatise: ‘piombo
todesco, stagnio fiandresco’ (" German lead, Flemish tin”) [1]. Tin ores deposits are not present in the Flanders: the association of tin
with this area is due to the commercial routes through which the metal reached Italy (at the time of Piccolpasso the main trade centre
in northern Europe was Anversa, also favoured by its geographical position which placed it on the routes connecting Venice and
Milan to the North Sea [9]). On the contrary, the provenance of lead from German deposits is an actual possibility since significant
galena (PbS) deposits are present in the area and have been exploited for the extraction of silver from the eleventh century. On the
other hand, Vannoccio Biringuccio reported in his important treatise De la pirotechnia written in 1540 that lead was a widespread
and easily available metal, but he only mentions the deposits of Andalusia (Spain) for their good quality [10]. Since from historical
considerations and documents it is not possible to clearly identify the origin of lead used as flux in the production of glazes, the aim
of this study is to acquire new information using lead isotope analysis.

Isotope geochemistry is based on the study of natural variations in the relative abundances of isotopes of different elements. These
variations are measured by mass spectrometry and their ratios (206Pb/204Pb, 207pp,204pp,  208pp204py, 208 pp,206pp, 207Pb/206Pb)
can be successfully used as geochemical tracers [11-13]. Lead isotope analysis was proposed as an analytical technique for tracing
the geological provenance of some archaeological artefacts more than 50 years ago and is now widely used in archaecometry, mainly
for provenance studies of metallic artefacts (copper, silver, lead, tin, etc.). A large amount of data is available in the literature and is
carefully discussed in the reviews by Artioli et al. [14] and Killick et al. [15]. These provenance studies contribute to the reconstruction
of ancient metal trade routes and help us to better understand the economic, political and social aspects of ancient civilizations [16].
Numerous lead isotopic data are available to date and are collected in large databases such as OXALID (https://oxalid.arch.ox.ac.
uk), BRETTSCAIFE (https://brettscaife.net), GlobaLID (https://globalid.dmt-lb.de) and the one reported by Tomczyk [17].

However, lead isotope composition of metal artefacts has some critical points, discussed extensively by Artioli et al. [14]. The
method is very effective in excluding the origin of metal artefacts from deposits that are not isotopically compatible, but often it
is not possible to identify a specific source of origin, due to the very similar isotopic signatures of ore deposits that are even very
distant from each other geographically. The interpretation process should therefore be accompanied by complementary chemical,
geological, historical, archaeological or archacometallurgical information [16]. Another limitation of the technique is represented
by the possible mixing or recycling of different lead sources which can determinate a distribution of isotopic ratios around a mixing
line between two or more source clusters, making provenance interpretation difficult [15].

Beside the field of archaeometallurgy, lead isotope analysis has been effectively used also for provenance studies on non-metallic
archaeological materials, such as ceramics, glasses and glazes (see, for example, [ 18—-25]). In particular, some of the first applications
of lead isotope analysis on glazed pottery were on artefacts from the early Islamic period [26, 27], known both for having been
widely traded and for the existence of documentary sources relating to the long-distance trade of lead [24]. Other studies concerned
lead-glazed ceramics from the American south-west, Roman and Medieval ceramics from the Mediterranean, and Tang period
ceramics from China [18-20, 28, 29].

Studies on the origin of tin glazes are not widespread; some examples are represented by the articles published by Wolf et al.
[27] and Habicht-Mauche et al. [29] on fragments produced in Fustat (Egypt) and Rio Grande (USA), respectively. Furthermore,
Chiarantini et al. [30] studied the lead isotopic composition of the pigment Naples yellow (lead antimoniate) used in maiolica from
Montelupo Fiorentino (Florence) between the fifteenth and sixteenth centuries: the authors analysed the lead isotopic composition
of the yellow pigment and, for comparison, of a few white glazes. The interesting results of these studies suggested that the sources
of lead in the glaze were very distant from the places of production of the artefacts, indicating potential long-distance trade of lead
or lead frits for the production of maiolica glazes.

The focus of this pilot study is on the isotopic composition of the lead contained in the white tin glaze (without pigmentation)
of artefacts made in the sites of Montelupo Fiorentino and Doccia (Florence, Italy) over the period of time from the fifteenth to the
nineteenth century, with the aim of providing constraints on the origin of the lead ore(s) used in the maiolica production. Moreover,
the study also aims to characterize the production technique and raw materials used in the production of tin glazes in these two sites.

2 Materials and methods

Ten samples of maiolica were analysed in this study: eight sherds from Montelupo Fiorentino (Florence), dated between the fifteenth
and eighteenth centuries and currently preserved at the Museo della Ceramica di Montelupo Fiorentino, and two fragmentary objects
made by the Ginori manufactory in Doccia (Florence) in the first half of the nineteenth century, which belong to a private collection
(Fig. 1).

The layered structure and the chemical composition of the samples were characterized at the MEMA laboratory of the University
of Florence. Polished cross sections of the glaze and the underlying ceramic bodies were first analysed by reflection microscopy using
aZeiss Axioskop optical microscope (equipped with Axio Vision6 software). The same sections were also analysed through scanning
electron microscopy (SEM) equipped with an energy-dispersive X-ray spectrometer (EDS) using a Zeiss EVO MA15 instrument
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Fig. 1 The 10 samples of maiolica
analysed, listed in chronological
order and with reference to the
area where they were found
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equipped with an Si—Li spectrometer and Oxford INCA250 software. The working conditions were as follows: accelerating voltage
15 kV, beam current 10 nA, working distance 8.5-9.5 mm and spot size about 1 pm.

The lead isotope composition of the samples was measured by thermal ionization mass spectrometry (TIMS) using a Thermo
Scientific Triton-Plus at the Radiogenic Isotope Laboratory of the Earth Sciences Department of the University of Florence. A small
quantity of glaze (ca. 1 mg) was sampled with a scalpel from each of the 10 samples. This sampling was performed in the same area
investigated with SEM-EDS, taking care to change the tip of the scalpel between one sample and another to avoid contamination.
Once collected, the glaze fragments were cleaned from the underlying ceramic material using a micro-drill to avoid any contribution
to the isotopic composition not directly derived from the glaze. The fragments were dissolved in a mixture of concentrated HNO3
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and HF, dried and redissolved twice in HNOs, and then refluxed in 6 M HCI to achieve the complete dissolution of the glaze.
Once dried, the samples were dissolved in 0.7 M HBr and loaded onto Bio-Rad AG1-X8 anion exchange resin. After elution, the
purified lead fractions were refluxed twice with HNO3 and HC1O4 to ensure the complete destruction of any organic matter released
by the resin. Once dried down, the samples were then diluted in 2 M HNO3 and loaded with H3PO4 and silica gel onto Re zone
refined filaments for thermal ionization mass spectrometry (TIMS) analyses. Lead isotope composition was measured in static mode.
Instrumental mass bias was corrected using replicate analyses of NIST SRM 981 standard. The external precision of NIST SRM981
was 208Pb/204Pb = 36.539 +:49, 207Pb/2MPb = 15.441 £ 15, 20Pb/2%Pb = 16.901 £ 12, 27Pb/2%Pb = 0.9136 = 3, 298Pb/27Pb =
2.3663 49, 208Pb/29Ph = 2.1620 4 14 (20, n = 46). The accuracy of Pb isotope data was further tested by measuring the reference
material AGV-1 (Table 4) provided by USGS, which yielded 2°°Pb/2%4Pb, 207Pb/2%Pb and 2°®Pb/2%*Pb in agreement with those
reported in literature (e.g. [31-34]).

3 Results
3.1 Composition and layer structure

The chemical compositions of the investigated glazes are reported in Table 1. The glazes are of the lead-alkali type with SiO, content
of 45.7-57.7 wt% and PbO content of 17.2-36.2 wt%. The total alkali contents (NayO + K;,O), used as flux, are in the range of
3-8.7 wt%, with KO being always more abundant than Na,O. Tin is present in the form of cassiterite (SnyO) crystals, which act
as opacifiers, and range between 3.4 and 12.7 wt%. Lime (CaO) and alumina (Al;O3) are present in amounts<5 wt%. In some
samples, Fe, O3 is also present in amounts <1 wt%. An example of the typical distribution of the elements within the ceramic body
and the opaque glaze is clearly visible in Fig. 2.

Figure 3 shows the images of the samples observed by SEM in backscattered electrons (BSE). Cassiterite crystals are abundant in
all samples and have a small size of ca. 2-10 pm, with the exception of samples 017, 018 and 007 where they form large agglomerates
(from 15 to 35 pwm). Furthermore, cassiterite crystals are evenly distributed throughout the thickness of the glaze layers.

Quartz and K-feldspar crystals are present in the glazes of all samples, with the exception of sample 023 in which only quartz
was detected. They are present in large quantities only in six of the investigated samples (i.e. 023, 012, 007, 002, 022 and 006). The
silicate crystals have very variable dimensions (in the range of 10-80 pwm) and are distributed quite homogeneously throughout the
thickness of the glaze.

The samples also show variability in the thickness of the opaque glaze layer: from about 40 to more than 250 pwm (Table 2).

Although this study is mainly focused on the glazes, we also reported the results obtained from the SEM—EDS analysis on the
ceramic bodies (Table 3), which was sampled, together with the opaque glaze, in only 7 samples: 017, 018, 023, 012, 022, 006 and
M1. They revealed similar chemical compositions (except for sample 022, see below). The main constituent oxides are SiO2, CaO,
Al O3, Fe; 03, MgO, Nay0 and K;O. SiO; ranges between 47.2 and 65.4 wt% and Al,O3 between 14 and 18 wt%. The Ca-rich
composition (c. 10-22 wt% CaO) is consistent with the pink cream colour of the body and with the local manufacturing technique:
it is known indeed that potters from Montelupo used lime to whiten the ceramic body and reduce the amount of tin necessary to
produce the white opaque glaze [3, 7]. In a few samples, the ceramic bodies contain PbO between 0.4 and 2.2 wt%, which is most
likely related to a contamination from the glaze layer during the firing phase. Sample 022 differs from the others for its composition,
which is rich in MgO (6.0 wt%), Al,O3 (20.0 wt%) and K,O (10.6 wt%) and poor in CaO (3.9 wt%) and Fe,O3 (0.8 wt%). This
sample is also characterized by a high amount of PbO (7.0 wt%), probably because the analysis was performed in proximity of the
opaque glaze layer.

3.2 Lead isotope results

The lead isotope composition of the analysed glaze samples is reported in Table 4. Sample M5 was analysed twice (indicated with
A and B in Table 4) to check the reproducibility: consistent isotopic compositions were obtained.

In general, the samples are distributed in distinct and well-separated compositional groups according to their historical period
of production, with the only exception of two samples. Namely, sample 012 (sixteenth century) has an isotopic composition more
similar to the samples of fifteenth-century production, and sample 023 (fifteenth century) falls closer to the samples from the
sixteenth century. Therefore, the samples were clustered into 3 different groups (Fig. 4): (i) Group A includes all the samples from
the fifteenth century (i.e. 017, 018, 023) and the sixteenth century (i.e. 012, 007, 002) made in Montelupo Fiorentino, (ii) Group
B contains samples from the seventeenth century (022) and the eighteenth century (006) made in Montelupo Fiorentino, and (iii)
Group C identifies the samples from the nineteenth century (i.e. M5 and M1) made by the Ginori manufactory in Doccia.
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SEM BSE Image
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Fig. 2 Top: Backscattered electron image of an area of sample M 1 analysed by SEM-EDS. Bottom: SEM-EDS compositional maps of the element distribution
within the ceramic body and the opaque glaze of the same sample

4 Discussion

The resulting chemical compositions of all the investigated samples are in agreement with those of Renaissance and late Renaissance
maiolica reported by Tite in his review of Italian maiolica [4]. The occurrence of both potash and soda in the glazes is consistent
with Piccolpasso’s description of the use of wine lees (potassium-rich) and sea salt in the production of the marzacotto [4, 35]. In
addition, the measured SnO,/PbO ratios (0.1-0.6) match the estimated ranges from Piccolpasso’s recipes (0.1-0.5, [35]). Among
the analysed samples, it is possible to highlight some compositional differences according to their historical period of production
(Fig. 5, Table 1). Samples 017 and 018, dated 1440-1470, show a higher content of alkali (Na;O + K»O, 7.9 and 8.7 wt%) and a
corresponding lower content of lead (PbO, 20.1 and 17.2 wt%) than the later samples; also, the SnO, content is significantly higher
than in the other samples (SnO,, 12.7 and 10.8 wt%). This composition is similar to that reported in the literature (e.g. [4, 7]) for
the medieval production, during which large quantities of tin were used as glaze opacifier. Samples 023, 012, 007, 002, 022 and
006, dated from the second half of the fifteenth to the second half of eighteenth century, have a lower content of tin (SnO», range of
3.4-6.3 wt%) and alkali (NayO + K> O, range of 2.7-6.6 wt%) and a corresponding higher content of lead (PbO, range of 25.5-36.2
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Fig. 3 Samples observed at
SEM-EDS in backscattered
electrons (BSE)

Sample 017 (1440-1470) Sample 018 (1440-1470)

Sample M1 (1792-1850) Sample M5 (1792-1850)

wt%). Instead, the samples by Ginori (M1 and M5, dated between the end of eighteenth first half of nineteenth century) show again a
high SnO; content, associated with a high PbO and low alkali content. The recipes for the production of glazes underwent a change
between the end of the fourteenth century and the first half of the fifteenth century. The Medieval maiolica glazes tend towards
the high lead type with a total alkali content less than 5 wt% (NayO + K,O). In contrast, in the early and late Renaissance, glazes
are consistently of the lead-alkali type with lower PbO content and total alkali content in the range of 2—-11 wt% (Na;O + K70).
Also, the tin content is typically higher in Medieval archaic glazes (SnO,, from 7 up to even 28 wt%) than in later ones, in which
the SnO, does not exceed 10 wt% [4, 35]. Since the Renaissance, the recipe of maiolica glazes has remained unchanged and there
are no significant changes in their chemical composition between the mid-fifteenth and early seventeenth centuries [4]. The Ginori
manufacture resumed the recipe of Renaissance glazes [36, 37], albeit using higher quantities of tin as opacifier (SnO;, 7.5 and 9.3
wt%).

The mineralogical analysis highlights that the occurrence of angular quartz and potassium feldspar particles in the glazes is
almost certainly the result of the addition of sand, which Piccolpasso reported being sometimes added to the glazing mixture of
marzacotto (i.e. glaze mix), and which underwent only limited dissolution during the firing [35]. The addition of sand to the glaze
mix is known to make the unfired opaque glaze more robust, less powdery and to increase the suitability of incorporation of the
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Table 2 Thicknesses of the white Sample Date (AD) Thickness (um)
glaze layers
017 1440-1470 3545
018 1440-1470 80-105
023 1460-1480 130
012 1500-1510 80
007 1505-1515 180
002 1510-1515 140-160
022 1600-1620 250
006 1750-1780 175-185
M1 1792-1850 130-140
M5 1792-1850 250-290
Fig. 4 Lead isotope composition (@) 2.105
of the investigated samples: 6 ¢
a 207pb/206pp versus 2.100 roup ‘9 (M5]
208 py, 206 pp. 1, 206pp,204pp, o
versus 208Pb/204Pb, The samples 2.005 1 [006]
are clustered in 3 groups: Group a [022]
A, Group B and Group C. The g' 2.090 1 GroupB
error ellipse represents the S
external reproducibility of the Q2085 1
NIST SRM981 Pb standard at the R
95% confidence level (20) 2.080 1 20 standardﬂ
2.075 + + + + +
0.844 0.846 0.848 0.850 0.852 0.854 0.856
207Pp/206Ph
388
(b)
387 1 GroupA
[m1]
2 386t [ms] GroupC
¢ (8Y
r-]
o 385t
§ m m
384 +
G"°“p B 2 standard/
383 t + + t t
18.30 18.35 18.40 1845 18.50 18.55 1860

206Pp/204Ph

A15th century (Montelupo)

{l16(h century (Montelupo)

@17th century (Montelupo)

B {l18th century (Montelupo)
C  #19th century (Ginori, Doccia)

coloured decoration as well, while it does not provide a significant contribution to the opacity, since the refractive indices of quartz
and feldspars are comparable to those of the glaze [5, 35, 40]. This addition of sand to the glaze mixture is documented starting from
the Renaissance (as reposted by Piccolpasso). Indeed, it is interesting to note that the samples from the mid-fifteenth century and the
nineteenth century (i.e. 017, 018, M1 and M5) show low amounts of silicate inclusions (5% of quartz and K-feldspar crystals) and
present large agglomerates of cassiterite in the size range of 15-35 pm. On the other hand, the Renaissance and late Renaissance
samples (i.e. 023, 012, 007, 002, 022 and 006) have a higher amount of silicate inclusions, and the cassiterite crystals have lower
size (c. 2-10 wm) and abundant and homogeneously distribution throughout the thickness of the glaze (see Fig. 3).

The thicknesses of the opaque glaze layers are quite variable in the different samples (from around 30 to around 300 pwm) and,
in general, do not seem to be correlated with the period of production. Nevertheless, they are compatible with the thicknesses of
the maiolica sherds investigated by Tite [4], which reported the range of 60-300 wm for the opaque glaze. It must be considered
that the thickness of the glaze likely depends also on the type of artefact (i.e. shape) and on the area where the sample was taken,
since the application of the glaze on the ceramic body can be inhomogeneous (e.g. occurrence of protruding elements or cavities).
Furthermore, the number of samples studied is not sufficient to represent a historical period and further studies on a larger maiolica
record would be necessary.
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Table 4 Lead isotopic composition of the investigated samples

Sample Date (AD) 206 pp,204py 207pp,204pp 208 pp,/204py 207pp,206py, 208 pp,206py,
017 1440-1470 18.526 15.685 38.770 0.84667 2.09278
018 1440-1470 18.552 15.683 38.739 0.84533 2.08812
023 1460-1480 18.485 15.652 38.481 0.84675 2.08173
012 1500-1510 18.524 15.680 38.748 0.84648 2.09182
007 1505-1515 18.525 15.653 38.549 0.84495 2.08091
002 1510-1515 18.498 15.657 38.550 0.84642 2.08403
022 1600-1620 18.416 15.639 38.415 0.84923 2.08597
006 1750-1780 18.366 15.633 38.381 0.85120 2.08984
Ml 1792-1850 18.374 15.685 38.582 0.85366 2.09980
M5A 1792-1850 18.355 15.680 38.559 0.85428 2.10076
M5B 1792-1850 18.354 15.681 38.564 0.85437 2.10112
AGV-1* - 18.945 15.658 38.559 0.82647 2.03527
Ref [Baker et al. 2004]* - 18.942 15.658 38.569 0.82661 2.03610
Ref [Weiss et al. 2006]* - 18.940 15.653 38.560 - -

*AGV-1 composition is reported as Reference Standard Material

Fig. 5 Chemical compositions of (a)
the samples compared to those

reported in the literature regarding

Italian maiolica made before the

fifteenth century [4], in the

fifteenth—sixteenth century [4, 35,

38] and in the

seventeenth—eighteenth century §
[39]. a PbO vs. SnO2; b PbO vs. "
K20 + Na20
(b)
(o}
]
=z
+
(o}
~N
X

30

25

20

15

10

(O Before 15th century
{_ 15-16th century
{3 17-18th century

30 40
PbO

50 60

A 15th century (Montelupo)
B 16th century (Montelupo)
@ 17th century (Montelupo)
# 18th century (Montelupo)
9 19th century (Ginori, Doccia)

Finally, none of the samples has the transparent overglaze layer named coperta. The coperta was sometimes applied over the
painting decoration of the pottery before firing the artefact for a second time [4]. An important advantage of applying this layer
over the decoration is that it creates a smooth and shiny reflective surface and a protective layer for the decoration [35]. The coperta

started to be applied from the fifteenth century, but it was not always used [2, 4], as confirmed also by the present study.
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Fig. 6 Lead isotope composition (a) 214
of the samples compared with the
Italian ore deposit signatures.
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4.1 Potential sources of lead

The lead isotope results obtained in this study (Fig. 4) allowed to make some hypothesis regarding the sources of lead used in
Montelupo and Ginori maiolica production on the basis of the lead isotopic data currently available in the literature and the historical
and archaeological evidence for the exploitation of lead ores. It is necessary to stress that in this type of studies it is not possible to
exclude a mixing or recycling of lead from different sources and this represents the main limitation of the technique [14, 15]. However,
the investigated samples, do not plot along *mixing lines’ between two or more lead ore deposits, possibly arguing against multiple
sources. The isotopic composition of the samples was compared with that of the main lead ore deposits of the European and circum-
Mediterranean area exploited in Antiquity, in the Renaissance times and/or in the Modern era (Fig. 7) combining the isotopic data
from the open-access databases OXALID (https://oxalid.arch.ox.ac.uk), BRETTSCAIFE (http://www.brettscaife.net) and globalLID
(https://globalid.dmt-1b.de/) with those published during the last decades by several authors [41, 42]. At a first observation, it was
possible to exclude some lead deposits which have an isotopic composition significantly different from the samples investigated such
as those of Cyprus, Czech Republic, Egypt, Finland, Greece, Hungary, Ireland, Macedonia, Morocco, Norway, Romania, Serbia,
Sweden, Spain, Syria, Tunisia and Turkey (not reported in Fig. 7). Notably, the Spanish deposits mentioned by Biringuccio in his
treatise De la pirotechnia written in 1540 not isotopically compatible with the maiolica samples analysed. Indeed, as discussed in
paragraph 1, this method is very useful for excluding some possible deposits, but it is more difficult to unequivocally identify a
specific source, due to the overlap of the isotopic fields of the different lead deposits. Therefore, a limited number of lead deposits
were selected for further considerations: Italy, Germany, Austria, England, Bulgaria, France and Switzerland (Fig. 7). Among these
deposits, we first considered the compatibility of the lead isotope composition of maiolica glaze with the local Italian deposits
(Fig. 6). We took into consideration those located in Sardinia, Tuscany (southern Tuscany and the Apuan Alps) and Veneto (Monte
Civillina, Vicentine Alps) regions characterized by Pb-Ag-Zn mineralizations and exploited since the Bronze Age (Sardinia and
southern Tuscany), the late Roman era or the early Middle Ages (Monte Civillina and Apuan Alps). Sardinia has many ore deposits
located in the Sulcis-Iglesias and Fluminimaggiore area (Cagliari, SW Sardinia), Silius (Cagliari, SE Sardinia) and Fonni, Lula and
Torpe area (Nuoro, NE Sardinia). Their exploitation began in the Bronze Age and continued intensely through the centuries until
the twentieth century, crossing only a period of decline during the Aragonese and the Spanish domination between the sixteenth and
seventeenth centuries [43]. The metal deposits of Tuscany experienced intense but time-restricted exploitation during the Granducato
of the Medici family in the sixteenth century [30, 44], while the Monte Civillina deposits reached their peak of extraction between
the fifteenth and sixteenth centuries under the government of the Serenissima Republic of Venice [30].

The samples from Montelupo and those by Ginori in Doccia provided different results and will be discussed separately. Importantly,
all the samples made in Montelupo Fiorentino are isotopically incompatible with the ore deposits of Tuscany (south Tuscany and the
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Fig. 7 Lead isotope composition (a) 212
of the investigated samples
compared with that of the main
European lead ores.
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Apuan Alps) and also, more in general, with the other Italian lead ore deposits (Monte Civillina in the Vicentine Alps and Sardinia)
(Fig. 6). We can, therefore, exclude that lead was supplied from Tuscan deposits but also from other main Italian deposits reasonably
available at the time.

On the other side, the two samples by Ginori, dated to the end of the eighteenth and the first half of the nineteenth century (M1,
MS5) and belonging to Group C, fall in a different area of the isotopic diagram with respect to the other samples from Montelupo
(Fig. 4). This could be due to the fact that the Ginori manufactory had lead supply sites different from those exploited by the
Montelupo potters in previous centuries, although no historical information is available in the literature to the authors’ knowledge.
The lead isotope composition of these two samples is comparable with that of the Apuan Alps deposits (Fig. 6). The consistency
of the most recent production with an Italian deposit could be related to a possible change in the supply of raw materials, including
lead. Historical information regarding lead ores exploitation in the first half of the nineteenth century is available only for the Bottino
mine (Apuan Alps, Tuscany) [44]. This site is the most important Pb(Zn)-Ag mineral deposit in the Apuan Alps [49, 5019] and,
after a period of exploitation in the sixteenth century, was reopened for the supply of silver in 1829. In 1836 the ‘Compagnia del
Bottino” was established and the mine flourished, becoming the most important in Italy for the production of silver, before its final
closure in 1969 [44]. Given its proximity to the area of Doccia (Sesto Fiorentino, Florence) and the large amount of lead produced
as a waste of silver smelting (the total lead production is estimated to have been of the order of 4000t [50, 51]), this mine can be
indicated as a probable source of lead for the production of Ginori maiolica glazes in the first half of nineteenth century.

A detailed comparison with other European ore deposits (Fig. 7) was made to investigate the potential provenance of the samples
clearly not related to the Italian lead ore supply. (The comparison between the samples and the individual lead ore deposits divided
by country are reported in the Supplementary materials.)

Samples of the fifteenth (017, 018, 023) and sixteenth centuries (012, 007, 002), all belonging to Group A, have an isotopic
composition broadly overlapping that of the Harz Mountains and the Rhine Massif in Germany, Carinthia and Bleiberg in Austria,
Derbyshire in England, northern Bulgaria and south-western Switzerland, suggesting these polymetallic districts characterized by Cu-
Pb—Zn (Ag) mineralizations as a source for glazing raw materials. The Harz Mountains, Rhine Massif, Bleiberg, Derbyshire, south-
west Switzerland deposits were active in the twelfth—thirteenth century [47, 52-54], but only the Harz mountains and Derbyshire
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deposits intensified their extraction between the fifteenth and sixteenth centuries becoming one of the most important producers in
Europe [55, 56]. Instead, the mineral districts of Bulgaria were already exploited in prehistoric times and extensively in Roman era
[57], but the substantial mining activity dates back to the mid-twentieth century [58] and there is no indication about the possible
fifteenth—sixteenth-century exploitation.

Samples from the seventeenth century (022) and the eighteenth century (006), belonging to Group B, are found to be isotopically
compatible with the same deposits of Group A and, moreover, with those of Somerset in England, southern Bulgaria and of Massif
Central in France. With the exception of the Harz Mountains, Somerset and south-western Switzerland deposits, whose extraction
was flourishing in the seventeenth century and in the eighteenth century [47, 52, 55], the information on the mining activity of the
other deposits in this historical period is very scarce.

The provenance of the lead from the German area is in agreement with the historical sources, in particular with the ‘piombo
todesco’ mentioned by Piccolpasso and with the study by Chiarantini et al. [30], which was mainly focused on the Naples yellow
pigment but also included one sample of white glaze from Montelupo. On the basis of lead isotope composition, these authors
suggested that the lead used for the pigments did not have a local origin but was imported from abroad, likely from Turkey deposits,
whereas the white glaze sample showed affinity with the German deposits. Moreover, a study by Wedepohl and Baumann [56] on a
group of lead glasses extracted from archaeological contexts in north-western Europe and dated between the twelfth and fifteenth
century showed lead isotope compatibility with the deposits of the Harz and the Rhine Massif, highlighting how much lead from
Germany was widespread and traded in Europe.

At the same time, also the English lead sources are rather plausible from a historical point of view. It is known indeed that the
tin, used as opacifier in the production of Italian glazes, probably had an English origin (Cornwall and Devon deposits), whose trade
was managed by the Flemings since the fifteenth century [7, 59]; it is then possible to hypothesize that lead could circulate together
with tin along the same commercial routes.

Among the European deposits, Ginori samples are compatible with the isotopic composition of some of the deposits discussed
for groups A and B (Rhine Massif in Germany, Carinthia in Austria, Massif Central in France) as well as to those of the Apuan Alps
deposits in Italy, as discussed before (Fig. 6). Considering that the information on the historical sources of extraction and trade of
lead in this historical period are scarce and incomplete, it is not possible to exclude the provenance of the lead from other supply
areas or to formulate further hypothesis.

5 Conclusion

The compositional analysis of the glaze samples investigated allowed to highlight some important aspects concerning both the
methods and the materials use to produce the glaze for maiolica in the area of Florence between the fourteenth and nineteenth
centuries. The maiolica glazes analysed are of the lead-alkali type, opacified with tin oxide, and their stratigraphy and composition
are compatible with the artefacts investigated by Tite [4] in his review on Italian maiolica.

Lead isotope analysis provided promising results for the reconstruction of the evolution of Italian maiolica technology and the
commercial and cultural relations in the European and Mediterranean area over time. The lead isotope composition showed that the
samples are distributed into distinct groups according to their historical period of production. This indicates that lead isotopes could
be a robust tool to discriminate maiolica wares made in different periods. The comparison with the lead isotope composition of
the deposits of the European and circum-Mediterranean area, from which lead was historically extracted, showed that the isotopic
composition of the samples of Montelupo Fiorentino (Florence), dated between the fifteenth and eighteenth centuries, differs from
that of the Italian deposits (south Tuscany, Apuan Alps, Monte Civillina and Sardinia) suggesting an import of lead from abroad.
The isotopic composition of the samples is instead compatible with German ore deposits, in agreement with the proverb reported
by Cipriano Piccolpasso in his famous treatise about maiolica written in c. 1557 ‘piombo todesco, stagnio fiandresco’ (‘German
lead, Flanders tin’). At the same time, also the lead deposits of Great Britain (Somerset and Derbyshire), Bulgaria, France (Massif
Central) and south-western Switzerland are isotopically compatible with the investigated maiolica glazes and cannot be excluded
as possible centres of supply. A mixing or recycling of different lead sources cannot be excluded, but the limited number of samples
examined did not allow us to identify any ‘mixing lines’. Therefore, the isotopic compatibility with the German lead ore and the
agreement with the historical source of Piccolpasso suggest this area as the most probable source of lead for the production of the
investigated glazes. It is interesting to note that other studies on the origin of lead used in the production of tin-opacified glazes have
highlighted the existence of a long-distance trade for lead ores: see, for example, [27, 60], related to maiolica sherds produced in
Fustat (Egypt) and Rio Grande (USA), respectively. On the other hand, exploitation of local deposits has been identified only for
Spanish medieval and post-medieval productions to date [28].

Regarding the lead isotope composition of the two samples made by the Ginori manufactory in Doccia between the end of
eighteenth and the first half of nineteenth century, they are compatible with the Apuan Alps lead ore deposits, suggesting, along with
the proximity to the production area, a possible lead supply from the nearby Bottino mine. However, the European lead ore deposits
of Rhine Massif in Germany, Carinthia in Austria, Massif Central in France and south-western Switzerland cannot be excluded as
possible lead supply areas for these samples as well.
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In conclusion, although this is a pilot study carried out on a small number of samples, it provides important constraints on the
production techniques and on the origin of lead used in the maiolica manufacture in Montelupo Fiorentino and Ginori in Doccia,
which were among the most important production centres in the area of Florence (Italy). The prosecution of the study on a larger
dataset will be very useful to implement the knowledge and valorization of this rich cultural heritage.

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1140/epjp/s13360-024-05024-2.
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