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Abstract

(Albania), Khasan region Iran

The paper analyses the glaze of a ceramic sherd found in the southern sector of the Durres amphitheatre. Specifically,
the sherd was found in a layer datable to the late 12th to early 13th century, which can be interpreted as a dismissal
layer of a pottery kiln in use between the early and second half of the 12th century. The glaze was analysed using
SEM-EDS and Total XRF techniques. The green-ocean glaze with a blue-sky decoration of the fragment has As-Co
and Pb-Sn-Si compounds as pigments and phosphorous as a modifying agent and a flux. The glaze composition

1 0.22 wt.9%, MnO 0.08 wt.%, MgO 0.23 wt.%, CaO 2.51 wt.%,
Na,O 1.55 wt.%, K,O 5.16 wt.%, P,O5 3.01 wt.%, SnO, 4.13 wt.%, As,0Os 4.13 wt.%, PbO 25.4 wt%. Fe is expressed

as FeO,,- The trace elements composition (ppm) is Co 3684, Ni 1023, Cu 819, Zn 3070, Bi 3172, and Sr 205. We
introduced a robust glaze classification scheme based on chemistry. This scheme categories the glaze as alkaline-lead
SnO,-opacified. We examined uncommon compounds formed in various textural contexts to establish the produc-
tion origin and technique peculiarity. The glaze glasses form three different compositional domains: one represents
the parental high-temperature initial glass composition, and two are related to immiscible segregations forming

at lower temperatures. Five phases of the apatite supergroup were identified, along with other phases distributed
throughout the glaze. The compounds present, such as Pb and Sn silicates, leucite, and k-feldspar and their balances,
constrain the firing temperature to 720 °C and 900 °C, respectively.
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Introduction
The archaeological excavation between 2018 and 2022 at
the southern sector of Durres amphitheatre has yielded
valuable insights into the city’s function during the medi-
eval period [1, 2]. We have made remarkable discoveries
by exploring the site’s complex stratigraphic sequence,
shedding light on how the amphitheatre influenced the
integration of medieval residential architecture within its
galleries. This groundbreaking research has enhanced our
comprehension of the city’s historical significance during
the medieval era.

The amphitheatre of Durres, traditionally attributed to
the Trajan period, stands with a harbour city and the Via
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Egnatia, which placed the city as a focal point connecting
East and West.

The building’s use as an amphitheatre can be dated
to the mid-fifth century. Subsequently, the structure
is reused with different functions: defensive and pro-
ductive in late antiquity, funerary in the early medieval
period, commercial to residential-productive, and then
exclusively residential in the medieval period. Reuse for
residential purposes will remain unchanged until modern
times [2].

The importance of the city of Durres is closely related,
therefore, to its strategic position, and this role remains
unchanged even after the end of the structure’s use as an
amphitheatre. This role is well evidenced by the archaeo-
logical investigations conducted in the southern sector
of the amphitheatre. In particular, it is worth mentioning
the conspicuous amount of pottery found in the inves-
tigated stratigraphies, among which there are several
imported pottery, for example, from the Italian peninsula
and the Aegean area. In addition, Byzantine pottery, such
as glazed pottery, sgraffito ware, and measles ware are
particularly significant.

During the 2022 campaign, a significant discovery was
excavating a pottery kiln [3]. This discovery provided
insight into the craftsmanship of pottery production
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during the medieval period. Among the deconstruction
layers facing the kiln, we uncovered a sherd of protos-
tonepaste. This fragment has been identified as part
of a biconical bowl from Iran, dating to the first half of
the twelfth century [4]. The pottery fragment had light
blue glazing and dark blue painted decorations inside.
The sherd pottery is residual to of the furnace’s disuse
phase, while it is in phase to use the furnace (early 12th—
late 12th century). Few finds of so-called stonepaste or
fritware ceramics exist in the Western European area
(excluding Islamic Spain). A few finds in of the Ligurian-
Genovese [5] and Venetian areas [6] confirm the role of
these maritime cities in relations with the East. For us,
the discovery of a fragment from Raqqa Ware in Salento
[7] holds excellent significance due to its pivotal cultural,
technological, and commercial links with the area of Dyr-
rachion (Durres).

The pottery displays a paint applied over the glaze
(Fig. 1). A comprehensive examination of the ceramic
body concludes that its provenance within the Iranian
region, particularly between Késhin and Qamsar [4].
The finding of this ceramic type establishes cultural ties
and trade connections between Durres and the Iranian
region in the medieval period. We thoroughly examined
the glaze to enhance the study of the ceramic body’s

500 um
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Fig.1 Hand-scale ceramic sample from Durres. Insets (a) and (b) represent the external and internal glaze at contact with the ceramic body



Perna et al. Heritage Science (2024) 12:82

consistency. This demonstrates how the study of glazes
on medieval ceramics helps us to understand advances
in the production of ceramic objects. Alchemical recipes
could clarify why certain compounds are used in glazes,
giving them a distinct appearance and making them dif-
ficult to replicate inexpensively. Alternatively, the com-
position of a glaze might be connected to uncommon
geological sources characteristic of the region. This com-
plex matter can only be resolved by employing compara-
tive techniques. Our glaze contains elements like As and
Co and intricate phosphate compounds. It is suggested
that As was used in glazes from different regions of the
ancient world, such as Egypt, Syria, Iran, and Iraq, and
diffused in Islamic lands.

The primary objective of studying the glaze is to thor-
oughly analyse and describe it, aiding in reconstructing
its origin and the techniques used in its production. By
examining the glaze’s attributes alongside the ceramic
type, we can differentiate between locally-made items
and those imported to Durres. The recognition that
advanced technologies, including pottery production,
spread through the historic Silk Road from the Far East
to the West brings forth the difficulty of pinpointing
glaze categories of akin compositions for establishing the
origin and production technique of artefacts; however,
the ceramic fragment’s distinctive composition is rare at
Durres, where was found a single fragment of fritware
with origins traced back to Syria, dating to the 13th-14th
century [8]. In addition, the pottery found in phase with
the sherd analysed, datable to the 12th century, is glazed
Byzantine pottery, the sgraffito ware, the measles ware
that compares with the Aegean area, Corinth and Argos.
Therefore, while not quantitatively substantial, the thor-
ough analysis of this sherd holds considerable qualitative
significance, emphasising its potential role in delineating
trade routes and cultural interactions.

Methods

The glaze was analysed at D.AT.A.-UD’A analyTicAl
High-Tech Laboratory in the G. d’Annunzio Univer-
sity in Chieti, Italy. OPTECH and Zeiss optical micros-
copy were used to study the glaze in thin sections. The
chemical composition of the glaze was detected by scan-
ning electron microscopy Phenom XL SEM-EDX. Most
accurately, the backscattered electrons microscope imag-
ing mode was used in BSE images, in which the differ-
ent phases present could be distinguished based on their
atomic number contrast. The total reflection X-ray fluo-
rescence analysis to detect the trace elements of glaze
composition was performed by TXRF Horizon (GNR),
with Mo-Ka excitation energy, working at 40 kV and
15 mA. SEM-EDX and TXRF microanalysis has been
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applied here as a new methodological approach for char-
acterising glaze materials. The data acquired through
the two analytical techniques has been processed with a
mathematical calculation to obtain an accurate ratio of
elements and precise data from the samples. The micro-
analytical method was also carried out on soil standards
JG-3, GBW-07045, GBW-07405, and NIST to validate the
analytical data on our sample [9].

Results

Petrography

The glaze is semi-opaque and has a pearly, glassy sheen
with a brilliant refraction effect. Under a reflected light
microscope, the surface of the glaze appears slightly
wavy with lighter and darker areas. There are no visible
bubbles or cracks on the surface. The glaze displays an
ocean-green background with RGB values of 85, 128, and
105 and a Pantone colour code of 625 C. The decoration
is a blue sky with RGB values of 0, 210, and 194 and a
Pantone colour code of 3265 C (Fig. 1). The design seems
to have been created using the blue-sky glaze fired on top
of the ocean-green glaze (Fig. 1).

The thickness of the glaze is about 500 pum. Under
Scanning Electron Microscope (SEM), a dense network
of crystals can be seen branching out on the surface of
the glaze. We found silica crystals and skeletal euhedral
and hexagonal crystals of As-Pb apatites (Figs. 2 and 3).
The silica crystals consist of a felt-like arrangement of
prismatic crystals up to 100 pm long but only 1-2 pm
thick. They can be subdivided into dendritic or radiate
aggregates. This type of structure is typical of melts that
have been quenched.

The glaze is opaque due to scattered aggregates of
1-2 um crystals of Sn oxides, which form sparsely dis-
tributed patches. The polished section of the glaze shows
relics of quartz and K-feldspar. Larger rounded quartz
fragments show overgrowth of euhedral prismatic silica
crystallites and sometimes lead silicate. Clusters of euhe-
dral crystals of neo-formed K-feldspar are present, along
with strongly leucite. Euhedral prisms of silica crystal-
lised in plastic segregation are common. These plastic
segregations have a well-defined contour and differ from
the surrounding glass. Apatite minerals are widely dis-
tributed in the glaze. Large, scattered vesicles up to 80 um
are typical. These vesicles are either empty or internally
filled with phosphates and lead silicate crystallites.

Glass and minerals composition in glaze

The archaeometric study involves the definition of min-
eral phases with stoichiometry derived from the mineral’s
crystal structure, which is relatively fixed.
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Fig. 2 SEM-EDAX BSE greyscale image of the composition and morphology of the glaze. a Residual quartz with tridymite overgrowth, sylvite
euhedral, and aggregates of tin compounds in the glass matrix; b Spinifex texture of tridymite in ameboid immiscible glass segregation; ¢ Incipient
symplectic structure formed by tridymite and K-feldspar; d Residual orthoclase plus quartz microliths; e Neo-formed laths of sanidine in the glass;

f Corroded leucite in reaction with sanidine; g Residual pure Sn oxide, cerussite; in reaction with the surrounding glass forming tin-lead silica
compounds; h and i Details of aggregates of tin compounds in glass. Qz quartz, Sy/ sylvite, Trd tridymite, Kfs K-feldspar, Lct leucite, Cst cassiterite, TC

tin compounds

Glass

Outer glaze glass composition Chemical compositions
of blue-sky and green-ocean glasses, obtained by SEM
analyses, are in Table 1.

Substantial differences exist in the As,0;/CoO ratio
(Fig. 4a). The blue-sky decoration has a moderate As,O,/
CoO ratio of around 1.8. In contrast, the green-ocean
glass has a remarkably high As,0,;/CoO ratio of about
60. The As,O; and CoO proportion of 2:1 resembles
that of cobaltite (CoAsS) oxide composition (i.e., CoO at
28.6 wt.%, As,O; at 44.7 wt.%, and S at 19.3 wt.%) [10].

Notably, As/Co ratios depend on the ore’s ores and roast-
ing process [11, 12].

In the triangular diagram of SiO, vs. PbO vs. all other
elements, the glasses overlap in a restricted field with a
low-lead alkaline composition (Fig. 4b) (after [13, 14]).

Inner glaze composition Glaze-body glass composition
notably differs from the surface and shows a greater vari-
ability. The average composition is SiO, 45.9 wt.%, Al,O4
2.75 wt.%, CaO 1.6 wt.% Na,O 0.89 wt.%, K,0 4.3 wt.%,
PbO 43.9 wt.%, As,O; 0.66 wt.%. In the conventional
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Fig. 3 SEM-EDAX BSE grey scale image of the different apatite types in the glaze. a BSE imaging of skeletal zoned apatite type 1 crystal; Same as (a)
elements distribution in false colours highlighting Ca (yellow) (b) and P (purple) (c); (d), (e) apatite type 2; (f) apatite type 3

Table 1 chemical compositions of blue-sky and green-ocean
glasses, obtained by SEM analysis

Oxides (wt.%) Blue-sky glasses Green-
ocean
glasses

Sio, 520 54.6

AlLO, 470 420

FeO, 1.50 0.60

MgO 1.20 0.80

CaO 1.30 1.40

Na,O 3.00 3.60

K,0 6.20 530

P,0s 2.70 2.70

PbO 24.1 250

As,05 090 0.70

CoO 0.50 bdl

Si0,-PbO-Na,0 + K,0+ Al,O;+ As,0;+CaO  diagram
(Fig. 4¢), the glasses follow a definite trend with moderate
PbO content (43.9 wt.%) and low alkali content (5.2 wt.%).

Two groups of glass compositions can be distinguished
by their different elemental contents. One group is char-
acterised by low PbO and high Na,O + K, O, related to the
crystallisation of feldspars and leucite. The second group

has higher PbO and lower Na,O + K,O, which is related
to the crystallisation of silica (tridymite). These latter
glasses have a higher PbO/SiO, ratio (>1) (Fig. 4d) and
a very constant ratio of other elements between 6.5 and
8.5 wt.% of CaO +Na,0+K,0 + Al,0;+ As,O; (Fig. 4c).
On the other hand, after the crystallisation of leucite plus
K-feldspar, the glass has a high CaO+ Na,O +K,0+Al,
O3+ As,0; above 10 wt.% (Fig. 4c) and a low PbO/SiO,
ratio below 0.8 (Fig. 4d).

Silica

Silica can form several different structures depending
on temperature variations and glass composition. Large,
irregularly shaped quartz crystals show overgrowth of
small tridymite laths (Fig. 2a). Additionally, tridymite
forms a spinifex texture only in discrete areas of glass
segregations that are chemically different from the rest
of the glass (Fig. 2b and c). The plastic shape of these
areas suggests immiscibility between glasses with vary-
ing concentrations of Si, Pb, P, and As. Silicate liquids
at relatively low temperatures exhibit immiscibility gaps
between the saturated SiO, component and the under-
saturated SiO, component. In nature, this phenomenon
is widely observed between mafic (basaltic) and felsic
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Fig. 4 Classification diagrams for glasses from the surface and the body of the glaze. a Bivariate diagram As,05/CoO vs P,Os (in wt.%)

for the glasses in the blue-sky decoration and the green-ocean matrix. b SiO,-PbO-Al,0; + CaO +Na,0 +K,0 + As,0; (in wt.%) classification diagram
for the glass in the blue-sky decoration and the green-ocean matrix (modified following [13]). Grading ranges from 70 wt.% SiO, to 50 wt.% SiO.. ¢
SiO,-PbO-AlL,05+Ca0 + Na,O +K,0 + As,O5 (in wt.%) diagram for glass in the glazed body (modified following [13]). Grading ranges from 70 wt.%
SiO, to 50wt.% SiO.,. d Bivariate diagram Al,O;+CaO+Na,O+K,0 (in wt.%) versus PbO/SIiO, ratio shows the glasses’ crystallisation trend correlated
with the different mineralogical phases. All type glasses (avg) refer to the average composition of all the glasses (Lct-Kfs-type glasses; Trd glasses;
General glasses). Glass composition analyses are in Additional file 1: Table S2

(granitic) liquids [15]. This process is also likely to occur
in artificial silicate liquids.

Furthermore, the texture suggests possible incipient
eutectic crystallisation of K-feldspar + tridymite. Immis-
cibility features are also apparent in Fig. 4, where the glass
associated with tridymite contains significant amounts
of K, Al, and Si, capable of crystallising K-feldspar.
Although we did not find a close textural relationship
between K-feldspar and tridymite, incipient intergrowth
structures are apparent from the micrographic texture
adopted by the semi-oriented tridymite crystals (Fig. 2c).

K-feldspar—Leucite
The feldspars occur in two different paragenetic and
textural associations. Orthoclase with an average

stoichiometric formula of (K;g¢,Naj10)097AL 00Si50305
was added as a flux and partially reacted with the lead
silicate melt. It also occurs in small lithics composed of
quartz and orthoclase of granitic origin (Fig. 2b and d).
This lithotype is the source from which the mixture used
to form the silica-alkaline components of the glaze recipe
was obtained.

The orthoclase differs from small aggregates of euhe-
dral newly formed K-feldspar (sanidine) (10 um) dissemi-
nated in the glaze (Fig. 2d). The freshly formed K-feldspar
is very pure, with no Na present, and has an average com-
position of K ggAl; (5Si5 5304.

K-feldspars also occur associated with newly formed
leucite. Leucite forms large patches of composite anhe-
dral or subhedral crystals with clear engulfment due to
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resorption and disequilibrium with the surrounding glass
(Fig. 2e and f). The average composition of leucite is
Ko.96AL1,00(S11.77A10.26)1.9306-

Tin compounds

Tin is a crucial component in the opaque lead glaze. Diva-
lent and tetravalent Sn compounds form a complex reac-
tion pattern when reacting with the lead glass, modifying
the glaze’s physical properties. For example, Sn** has low
solubility, but Sn?* divalent forms metastable phases in
phosphate and arsenate lead silicate glasses [16]. Sn**
ions dissolved in glassy network whereas Sn*"ions pre-
cipitate as cassiterite when amount is higher than 6-8
wt% (e.g. [17]).

Discrete anhedral crystals of almost pure Sn oxide
are present and are characterised by a striking reaction
with glass to form microcrystals of variable composi-
tions (Fig. 2g). With further progression of the reaction
of SnO, with the melt, a broad patch of crystallites is
formed, associated with the disappearance of each pure
SnO, crystal and the formation of compact aggregates of
Sn and Pb silicates (Fig. 2h and i), with an average com-
position of (Sng;,Pbg 1)093(Sig.9s Alg10)10505- The ana-
lytical reproducibility and euhedral contour suggest a
mineral not yet accepted by the IMA (International Min-
eralogical Association) and requires further investigation.

Apatite supergroup

An essential feature of this structural group is its ability
to incorporate a range of vicariant elements on the Ca
and P sites. The general formula of the group, consist-
ing of more than 20 mineral species, can be expressed as
XM1,Y"M2,(V'TO,);X with M=Ca?*, Pb>*, Ba’*t, Sr’t,
Ml’l2+, Na+, C63+, La3+’ Y3+, B13+; T= P5+, ASS+, V5+, Si4+,
S¢*, B3*; X =F, (OH), Cl [18]. Notably, the apatite miner-
als of the pyromorphite—mimetite series, Pb;(PO,);Cl-
Pb.(AsO,);Cl, are rare and crucial for their physical
properties [19, 20]. In the glaze, phosphates were crystal-
lised in five occurrences corresponding to different molar
solutions: apatite, pyromorphite, britholite, mimetite,
and johnbaumite. The main chemical features are shown
in Additional file 1: Figure S1, and representative analy-
ses are provided in Additional file 1: Table S1. In Figure
Sla, a mixture of hedyphane, apatite, and pyromorphite
trends evolve in a continuous series up to an extreme
term of mimetite and johnbaumite. Furthermore, when
we examine the molar mixtures of these end-members,
it becomes possible to distinguish several molar mixtures
that are distinct from each other. Most of these align with
britholites and apatites, while the remainder correspond
to a combination of johnbaumite and mimetite (Figure
S1b).
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The first 20 um of the blue-sky glaze surface contains
oscillatory zoned, skeletal hexagonal euhedral apatite
(type 1), 5 um in diameter, clustering as an intergranu-
lar phase among tiny silica prisms (Fig. 3 a, b and c).
They are a mixture of end-members of the apatite group
containing As and Pb. The average molar solution has a
composition of (Caye5Pby1;Nag g3 As™ 4 11)501 (PooSioss
As*);04)300 @ molar solution composed of 62%
hydroxyl-apatite, 28% britholite, 8% mimetite, 6% john-
baumite and 4% pyromorphite. The oscillatory zonation
results from a variation of P+ Ca versus Si.

Larger unzoned microcrystals and crystallite aggre-
gates are also sparsely present in the ocean-green glaze.
In this portion, euhedral crystals are found whose for-
mula is (Caggy PbgggNay 2)493(P5 035110304)3.06(Clo 25)-
The molar solution is dominated by 51% apatite, 33%
britholite, and 16% pyromorphite, while terms with As
(johnbaumite and mimetite) are characteristically absent.

Apatites are mostly aggregates of subhedral to anhe-
dral-zoned microcrystals (apatite type 2) (Fig. 3d and e)
and are highly heterogeneous regarding molar composi-
tion. Apatite type 2 zoning ranges from the core to the
rim with a proportional increase in mimetite and john-
baumite end-members:

L. core: (Cayg5Pby g6NagsAS*" g 30)5(Py 35107045850
4)3(Clyo7Fo13) and molar composition hydroxyl-apatite
23%, brytholite 23%, johnbaumite 22%, mimetite and
pyromorphite 16%, respectively.

2. intermediate: (Cay,oPb,3,Nag0sAs> ™ 38)5(Pg 05Sip o
As”*] 3:0,)5(Cly 56Fo04) and molar composition mimetite
27%, johnbaumite 25%, britholite 21%, apatite and pyro-
morphite 14%, respectively.

3. rim:
(Cay g3Pby 64AS° 0 43)4.00(Po.10S10.67A5°2.2304)3(Cly 33)
and molar composition mimetite 46%, johnbaumite
32%, britholite 19%, pyromorphite 2% and apatite 1%,
respectively.

Apatite type 3 occurs as euhedral larger crystals in mia-
roles or as internal wrapping or filling of vesicles (Fig. 3f).
Their composition matches the formula (Ca,;q,Pb, g
AS*50)499 (As”TO,); and molar composition mimetite 56%
and johnbaumite 44%, similar to lead-calcium other arsenate
compounds [21, 22].

Finally, apatite type 4 occurs as subhedral crys-
tallites up to 3 pm in abundant discrete crystal-
lites in isolated patches in the glass of the glaze.
The average stoichiometric formula is CaggPb;gg
(A5, 14Si) 5304)2 6705(Cly 45); o Which is consequently
classified as hydroxyl-headphone.

Glaze chemistry
The average composition of the glaze is in Table 2. Other
chemical characteristics are a PbO/SiO, ratio of 0.53, an
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Table 2 Average composition of the glaze

Oxide Wt% Oxide Wt%
Sio, 476 Sno, 413
TiO, 0.22 As,Os 413
ALO, 408 PbO 2544
FeO, 0.22 Element ppm
MnO 0.08 Co 3684
MgO 0.23 Ni 1023
Cao 2.51 Cu 819
Na,O 1.55 Zn 3070
K,0 5.16 Bi 3172
P,0s 301 St 205
2000
1000 Alkaline  Alkaline-lead | Lead glaze o 00
ot siaze o
A
“ o oo A
100 o
A O
O
QN 10 e o
& 0 e
a 3.5 i A I~
Y ey P
e + a Alkaline-lead Legend
i $nOy-opacified & Egyptian glazes
<«——_ Alkaline glaze o Syrian glazes
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Fig.5 Classification scheme for glazes. The scheme is based

on the ratio of alkali content to lead content (as [24]), dividing

the three fields of alkaline glaze, alkaline-lead glaze and lead glaze,
and on the ratio PbO/SnO,. with divisor at 3.5, (following [23]),

that represent a weighted average in the field of typically opacified
glazes. The data used are from [26-29]. The dotted lines correspond
to PbO/Sn0O, from 20 to 2 for Ottoman, Timurids, and associated
productions and between 3 and 6 for Iznik productions [30]

Alkalinity Index (A.L = (Na,O+K,0)/Al,O,) of 1.65 and
Na,0-2 < K,0, giving a potassic character to the glaze.

We propose a classification scheme based on a PbO/
SnO, ratio equal to 3.5, dividing SnO,-opacified glaze
from others following the flow chart of [23] and on the
conventional classification in alkaline, alkaline-lead,
and lead glaze based on the ratio between alkali and
lead [24]. The new classification scheme is based on
robust chemical data. Furthermore, additional informa-
tion classifying the glazes based on geographic origin
allows us to compare the sample in the study with alka-
line-lead SnO,-opacified Iranian glazes [25].

The glaze studied is an alkaline-lead SnO,-opacified
glaze (Fig. 5).
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In the conventional triangular diagram of [6], our sam-
ple was plotted together with a dataset of 172 samples
from Iran, Iraq, Egypt, and Syria (Additional file 1: Fig-
ure S2). From a geographical point of view, our glaze falls
close to the cluster of Iranian glazes (Additional file 1:
Figure S2a). However, some Egyptian and Syrian glazes
samples were also plot near our sample (Additional file 1:
Figure S2a).

From the point of view of SnO, content, in the diagram
of [6], glazes with a PbO/SnO, ratio greater than 3.5 con-
firm classification as alkaline-lead SnO,-opacified (Addi-
tional file 1: Figure S2b). Our glaze can be compared with
lustre, opaque, blue, and turquoise glazes (Additional
file 1: Figure S2c-f). The glaze is close to the blue and tur-
quoise Iranian plotting field.

Body composition

The ceramic specimen discovered in the Durres amphi-
theatre’s southern sector shares similarities with earth-
enware and protostonepaste. However, it exhibits a more
pronounced association with protostonepaste, particu-
larly in normative mineralogical composition, specifically
the alkali feldspars, quartz, and clay minerals ratio. It is
characterised by a meticulously balanced amalgamation
of crushed kaolinised leucogranite, frits, and talc. Our
investigation suggests that the ceramic traces its origins
to Iran, specifically the Késhdn and Qamsar regions, dat-
ing back to the 12th century. The ceramic body is the
subject of a dedicated paper [4].

Discussion

The main characteristic of the glaze studied is the pres-
ence of two different immiscible domains (glass + miner-
als), one characterised by the crystallisation of tridymite
and the other by the crystallisation of alkaline minerals
(leucite and k-feldspar). Notably, immiscibility occurs
only in the innermost part of the glaze and is proximal to
the ceramic body. We interpret and discuss this observa-
tion by assuming that the immiscibility phenomenon is
due to a greater temperature drop than that of the sur-
face, whose homogeneous composition was quenched at
the end of the firing process. These characteristics seem
to us to be more peculiar than the general mineralogical
composition. However, there are some parallels in the
literature, e.g. the presence of phosphates and Sn and Pb
compounds.

First, by comparing the silicon dioxide (SiO,), alumin-
ium oxide (Al,O;), and alkali content of the glaze and
removing all other elemental components, we deduce
that the glaze was produced by adding 20% potassium
feldspar and 58% quartz—K-feldspar yields potassium
to the melt. Potassium reacts with the melt, forming
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new phases, such as sanidine and leucite, during cooling
(Fig. 5a).

Pb and Sn silicates, due to the high solubility of PbO
in glass, decompose to form SnO,, resulting in aggregates
of PbO-Sn0O,-SiO, microlites in irregular patches embed-
ded in the lead glass. These Pb and Sn silicate compounds
crystallise phases that resemble the compound known in
the literature as lead—tin yellow I (Pb,SnO,) and lead—tin
yellow II (PbSn,SiO,). These are compounds that, in our
case, have crystallised in the form of a mineral with its
stoichiometry (Sng;; Pbgg)ogs (Sigos Al g10)105 O3 as
described in the previous paragraph 3.5. Lead-tin yel-
low II, whose probable composition is identified by [31],
was synthesised between 800°C and 950 “C by [32] from a
mixture of lead—tin yellow I and silica [33]. The chemical
composition we refer to as these compounds is the prod-
uct of an initial interaction of lead—tin yellow I with silica,
which led to the formation of lead—tin yellow II, SnO,
and SiO,. Recombination of these compounds resulted in
the mixture we found. [32] also considers lead—tin yellow
as a glass opacifier.

A significant difference exists between state diagrams
involving peritectic and eutectic leucite-k-feldspar and
tridymite and state diagrams using compounds without
considering their crystal structure. The latter is mainly
used in ceramics. It is not easy to draw a parallel between
the two. If we omit to consider the temperature data pro-
vided by mineralogical state diagrams and use only those
for the compounds in ceramic glazes, we obtain results
that fit better with the known firing temperatures of the
ceramic materials themselves.

The range of temperatures at which these transforma-
tions occur depends on the composition of the mixture;
the higher the PbO/SiO, ratio, the more stable the par-
ticles [24]. The diagram in Fig. 5b, taken from [34] and
[35], shows us that starting from the composition of our
glaze (Melt) during cooling, we intersect eutectic point
(PbO*SiO,+quartz) at a temperature of 760 ‘C, with
a ratio of PbO/SiO, equals to 0.53, that matches well
with the eutectic point. These temperatures agree with
known data in the SiO,-Al,05-K,0 system in which the
various eutectics give temperature estimates for both the
tridymite—quartz phase (temperature 720 °C) and the
leucite—k-feldspar eutectic with a minimum temperature
of 810 C and a maximum temperature of 1140 ‘C. The
latter is not reasonable in the case of our glaze as it cor-
responds to mullite crystallisation, which is not present
in our case. Consequently, considering the combination
of the diagrams described above, our glaze’s final firing
temperature range is between 720 “C and 900 °C (Fig. 6).

Arsenic is a flux that lowers the melting point of the
glaze and a pigment. In our case, phosphorus reacts
with arsenic trioxide (As,O;) to form an unusual
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Fig. 6 PbO/SiO, ratio diagram, modified from [34] and [35]. The
green star represents our composition and the green line represents
the crystallisation path

sequence of apatite crystallisation. Also, the presence
of mimetite s.s., lead chloroarsenate, is known in the
literature mainly as an alteration product (which could
be our case, as the OH mimetite we found crystallises
in the bubbles). The sequence of minerals in the apa-
tite supergroup shows gaps among the various mix-
tures, indicating crystallisation at different times. The
end-member solubility is linked to different tempera-
tures, volatile fugacity, and redox conditions. These
compositions also correspond to different textural
situations. For example, the mixture of britholite and
hydroxyl-apatite is more common in rapidly cooled
surfaces. At the same time, terms with arsenic seem to
be relegated to late crystallisation forms such as mia-
roles and vesicles. The crystallisation of apatites leads
to an undersaturation of phosphorus in the glass at the
end of the process. It thus prevents further crystalli-
sation of phosphates, favouring the crystallisation of
arsenic-lead compounds. From a compositional stand-
point, our glaze aligns with the typical compositions
of medieval alkaline-lead SnO,-opacified glazes (e.g.,
[18]). Peculiar features of the glaze are the presence
of As and Co, used as blue and green pigments (e.g.,
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[11]). Different decoration colours correspond to dif-
ferent As/Co ratios of glass compositions.

For example, blue-coloured glasses show a lower As/
Co ratio, suggesting the addition of cobaltite and CoO.
It is known from the literature that the addition of only
0.05 wt.% of Co is sufficient to obtain bulk glass blue,
and only 0.5 to 1 wt.% of cobalt is needed for a darker
blue hue [11]. Green-coloured glass has a higher As/Co
ratio, suggesting that Co derives from cobaltite. Blue
glazes produced using Co are typical of Iran, where Co
ores are widespread close to Kashdn (e.g., secondary
deposits at Talmessi and Meskani and the cobalt mine
of Qamsar) [36, 37]. Asserted that Persian cobalt ores
are in the arsenical form and Chinese cobalt ores are,
without exception, in the form of asbolite. Because
of spectrographic analytical data published by [36,
37], Khamsar, near Késhédn, was suggested to be the
most likely source of supply for cobalt since it con-
tained arsenic. Around AD 1425, a significant shift in
the chemical makeup of the blue pigment occurred,
transitioning from an arsenic-containing cobalt ore to
one abundant in manganese (asbolite) [11, 38]. Other
worldwide Co deposits have significant amounts of Ni,
Zn, Bi, and Ag not found in the studied glaze. The pro-
duction site is Iranian, characterised by the absence
of Co ore association with other elements. Iranian art
and culture thrived during the twelfth and thirteenth
centuries, leading to the advancement of mining tech-
niques and activities. For example, the blue enamel of
the "Saljuqi” tile was obtained from the cobalt mine at
Qamsar (Kdashdn) and widely exported with potteries
in the Islamic world [39].

We also detected other modifying agents, such as
copper (Cu) and relatively small amounts of bismuth
(Bi), manganese (Mn), and iron (Fe).

Regarding the chemical and mineralogical evolution
of the glaze, we observed a complex immiscibility phe-
nomenon that leads to various compositional domains
of both the melt and the mineral phases that crystal-
lise from it. This phenomenon is visible in the segre-
gation structure in the glaze, which can range in size
from tens to hundreds of microns. In both textural and
compositional terms, we found segregation of plastic
form capable of crystallising silicon dioxide (tridymite)
or an association of alkaline minerals with differ-
ent silica saturation, such as K-feldspar and leucite.
These variations are also reflected in the chemistry of
the glasses. The ratio of PbO/SiO, remains constant,
while the Agpaitic Index (AI) depends on the crystal-
lising phases. In the case of tridymite crystallisation,
the AI reaches a maximum value of 2.4. In contrast, if
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the feldspar and feldspathoid phases crystallise, the Al
drops to 1.4.

Conclusions

1. The miscible phase of the glaze contains tridymite
on liquid, indicating a high temperature at the sur-
face and its stabilisation by quenching of the surface
itself. The inner part, in contact with the ceramic
body, apparently underwent a different thermal
pathway, leading to immiscibility and separation of
two immiscible compositional domains, one with
tridymite and one with leucite and k-feldspar.

2. Adding P and As produced a complex phosphate
arsenate sequence, indicating a progressive P recom-
bination with As, Ca and Pb during the firing pro-
cess. Texturally, it is evident that these compounds
hold distinct positions concerning the other mineral
phases present. Phosphate ligands can cause brittle-
ness in glaze if they remain during melting.

3. In parallel with the crystallisation sequence of arse-
nate phosphates, we have the development of min-
erals with reproducible stoichiometry composed
of Sn—Pb-Si. In particular, these mineral composi-
tions approximate those of the non-natural, non-
crystalline compounds used as pigments, commonly
referred to as lead—tin yellow I and lead—tin yellow
II. By this, we mean that such minerals have not yet
been found in nature and are a peculiarity of ceramic
glazes.

4. We propose a new classification scheme for glazes
based on a PbO/SnO, ratio of 3.5 and PbO. Chemical
datasets include information about the geographic
origin of the glazes. It aligns with the typical compo-
sitions of Iranian alkaline-lead SnO,-opacified glazes.
As and Co are pigments, and P is a glaze modifier.
Different decoration colours correspond to different
As/Co ratios in glass compositions.

5. Trydimite on the liquidus curve indicates a mini-
mum temperature of 900 ‘C. On the other hand, the
presence of leucite also indicates a high temperature.
Combining the ceramic diagrams of the PbO/SiO,
type with those known for the leucite-K feldspar-sil-
ica system, we obtain a minimum T of 720 °C for the
different eutectics present.

6. The sherd is an underglaze painted with a knot back
decoration widespread in the Iranian area. This deco-
rative motif can be dated chronologically to the mid-
second half of the 12th century. The context of its
discovery confirms this dating.
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