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Abstract: Faience objects produced from the fourth millennium BC in ancient Egypt are considered as
the first high-tech ceramics in human history. Despite extensive studies on manufacturing technology,
many aspects of this complex technology remain a mystery and there is no methodology in place
to unravel the techniques of Egyptian faience object production. Detailed studies presented herein
fill the gaps, verifying standing opinions and allowing certain aspects of faience manufacturing
technology to be reconstructed. The object of this innovative investigation is a hemispherical faience
bowl discovered by archaeologists excavating a Ptolemaic workshop district at the site of Tell Atrib in
the southern Nile Delta. The multiproxy analysis included the application of specialised software
and preparation techniques coupled with complementary methods of light and digital microscopy,
SEM with EDS, XRD, STA with EGA, as well as image analysis. Sources of raw and accessory
materials (mineral and organic binders, fluxes, colourants) used for preparing the silica paste and
glaze slurry were determined. The results helped to reconstruct how the raw material was prepared
and how faience vessels were made. The bowl was moulded by compression using a two-part
mould. The moulded and dried bowl was then covered by glaze slurry using the application method.
A synthetic colourant, Egyptian Blue, was probably used to colour the glaze. The item was fired once
at a temperature of 1050-1150 °C. Oxidised conditions were maintained in the kiln during the firing
process and firing at the maximal temperature was relatively short. Application of the multiproxy
approach has shed light on the technological aspects of faience bowl manufacturing. The obtained
results have confirmed the usefulness of the comprehensive methodology that was applied for the
reconstruction of particular manufacturing stages of faience objects.

Keywords: Athribis; relief-decorated hemispherical bowls; silica paste; moulding; glaze slurry;
glazing; firing; light and digital microscopy; Scanning Electron Microscopy with Energy Dispersive
Spectroscopy (SEM-EDS); qualitative and quantitative image analysis; X-ray Powder Diffraction
(XRD); Simultaneous Thermal Analysis (STA); Evolved Gas Analysis (EGA)
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1. Introduction

The beginnings of faience manufacturing in ancient Egypt go back to the predynastic period in
the fourth millennium BC. The manufacturing techniques applied to these unique and exclusive items
were modified and improved over the centuries, but significant technological development took place
especially in the Hellenistic Period. Several generations of experience and a high level of technical skill
were at the source of extremely beautiful faience objects which, however, were highly demanding as far
as the manufacturing process is concerned. In the Ptolemaic Period, a plethora of different objects were
produced, including vessels, figurines and ornamented items, often displaying complicated shapes
and decoration. Relief-decorated hemispherical bowls are of particular interest. They are considered
among the most advanced technologically faience objects from ancient Egypt.

Faience objects were produced from silica paste, the main component of which over 90% was fine
quartz with admixtures that played various functions during the manufacturing process. Sophisticated
techniques were applied to the moulding process. The surface of the objects was coated with glaze,
typically blue or green in colour. Glazing flowed the process of decorating the surfaces with relief
motifs. Some reliefs were filled with a mixture containing colourants. The objects were fired in kilns of
an advanced construction. Application of such a complex process indicates that the faience objects are
considered as the first high-tech ceramics in human history [1]. This view is accepted by numerous
researchers, e.g., Nicholson and Welc [2,3].

The chemical composition of glaze in faience objects from the Early Dynastic Period to the
Hellenistic Period in terms of the colourants used was studied in detail by Kaczmarczyk [4]. Vandiver [5]
determined the typical chemical and grain size composition of the body, containing from 92 to 99% of
silica and a small admixture of calcium, sodium, potassium, magnesium, titanium, aluminium and
copper compounds. Based on optical microscopy studies, she proposed criteria for determining one of
the glazing methods used: application, efflorescence or cementation. Scanning electron microscope
(SEM) studies of the glazing methods were expanded by microstructural analyses of faience objects
and their replicas [6,7]. The investigations of Vandiver and Tite [5,8,9] were focused on silica paste
admixtures that maintained its consistency and plasticity. These authors proposed clay or organic
binders that enabled moulding of faience objects even on a potter’s wheel. For the reconstruction of
the silica paste, Matin [10] used Serish as an organic binder, which Persian refers to the powdered root
tuber of the plant Asphodelus sphaerocarpus. The aqueous solution of Serish was commonly used in
Persia in many traditional handicrafts, e.g., bookbinding and textile crafts [11]. Analysis of quartz
pebbles recognised in the Tell el-Amarna and Memphis sites has shown that they were used for
faience manufacturing [12,13]. In turn, Shortland [14] interprets the iron and aluminium content in
analyses of quartz grain surfaces as the usage of desert sand or pebbles in the preparation of the
silica paste. The multiproxy investigations of Mao [15] included detailed structural studies in SEM
with EDS and WDS analyses, and X-ray fluorescence analysis, which were preceded by macroscopic
observations and xeroradiography. These results are interpreted with regard to the use of forms for
the manufacturing of faience objects. An important issue in the reconstruction of the manufacturing
technology is the remains of workshops, especially kilns, which were subject to detailed studies in the
Tell Atrib, Tell el-Amarna and Memphis sites [16-18].

Faience objects are relatively rare on archaeological sites. These are usually single fragments from
poorly dated contexts. Numerous well-preserved faience objects can be found in museum collections all
over the world. However, most of them have not been dated and their provenance remains unknown.
Despite numerous studies conducted so far, many crucial issues related to faience manufacturing
technology have yet to be resolved including:

e  Determining of the raw material used to produce faience objects, particularly the admixtures
which affected on conditions of moulding and firing;

e  Recognition of the structural-textural features of the faience, as well as the relationship between
glaze and body;
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e  Reconstruction of the process of silica paste preparation, relief decorating and glazing;
e  Determining the number of firing stages, their temperatures, duration and conditions in the kiln.

The existence of this large number of unsolved issues was a trigger to undertake novel studies on
the technology of faience manufacturing. A multiproxy approach was applied, including mutually
complementary research methods and detailed textural-structural analyses of the faience material.
Interpretation of the obtained results may supply many answers to some of the unsolved issues.

The main focus of the studies was the elaboration and application of a novel and multiproxy
analytical method and assessment of its significance in the reconstruction of technological processes
applied in faience manufacturing in antiquity. The particular aims include: (1) determining the
physical parameters which supply detailed information on the process of silica paste preparation;
(2) determining the textural-structural, mineralogical-petrographic and chemical characteristics of the
faience body and glaze; (3) determining the parameters of the grain skeleton, matrix and pore space of
the faience body; (4) determining the raw material, binders, fluxes and colourants; and (5) determining
the moulding and firing conditions.

The set-up aims were achieved by using multiproxy and mutually complementary preparation
and research techniques on a macro- and microscale (Figure S1). Observations were made in
a digital and optical microscope and in a SEM, analyses of the elemental composition were
performed with the application of EDS, the mineral composition was determined using X-ray
Powder Diffraction (XRD) analysis, the gaseous composition, using Simultaneous Thermal Analysis
(STA), Thermogravimetry-Differential Scanning Calorimetry (TG-DSC) with Evolved Gas Analysis
(EGA), Fourier-Transform Infrared Spectroscopy—Quadrupole Mass Spectrometry (FTIR-QMS) and the
microstructural parameters were determined using digital image analysis.

The studies were performed on a fragment of a relief-decorated hemispherical bowl from the
Tell Atrib archaeological site. The bowl was subject to analyses that were aimed at reconstructing
the techniques used during its manufacturing. Following the multiproxy approach, the set-up
aims of reconstructing some aspects of faience manufacturing technology were achieved. As a result,
the obtained data allowed establishing the properties of the basic raw material, i.e., quartz, and its origin.
Analysis of the faience body and the glaze layer allowed drawing conclusions on the applied admixtures
which significantly influenced the moulding, drying, glazing and firing conditions. Quantitative
image analysis with the application of specialised software led to obtaining raw material parameters
crucial for the manufacturing technology, such as grain size distribution and their orientation, or the
characteristics of the pore space. Quantitative analyses allowed specifying the qualitative description
and supplied strong evidence on the course of some technological processes, such as preparation of the
silica paste, its interaction with water and admixtures, moulding of faience objects, and their drying,
glazing and firing. Additional important methodological aspect of the performed investigations was
establishing the usefulness of the applied research techniques in the reconstruction of subsequent
stages of the faience manufacturing technology.

2. Archaeological Site and Faience Object

2.1. The Excavation at Tell Atrib

Studies of Ptolemaic faience manufacturing technology were hampered by the lack of precisely
dated artefacts from this period until the discoveries made at the Tell Atrib archaeological site (ancient
Athribis), located in Benha in Egypt (Figure la). Excavations were conducted first by Kazimierz
Michatowski in 1957-1968 on Kom A and then by Barbara Ruszczyc in 1969-1984 on Kom Sidi
Yousuf [19-22]. The work was continued by a Polish-Egyptian mission headed first by Karol Mysliwiec
in 1985-1995 and then by Hanna Szymariska in 1998-1999 [23-25]. The excavations and multiproxy
studies are reflected in numerous publications, e.g., [3,26-30].
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Figure 1. The Tell Atrib (Athribis) archaeological site. (a) Map showing the location of the site in the
Nile Delta (Egypt) marked with a star; (b) site map with the location of Room No. 139 in the presumed
Ptolemaic faience production area, where fragments of the faience bowl were found.

A fragment of a workshop district with an undisturbed stratigraphic sequence was discovered in
the Ptolemaic and Roman parts of ancient Athribis (Figure 1a). A plentiful assemblage of artefacts
included numerous terracottas, ceramics and faience objects in successive layers. An absolute and
contextual chronology of these layers was established on the grounds of a study of associated coins
and stamped handles of imported amphorae [31,32]. In his study of the faience material from these
well-dated archaeological contexts (from the second half of the third century until the second century
BC), Welc suggested the location of faience production workshops in the Ptolemaic district found south
of Kom Sidi Yousuf (Figure 1b). The bowl studied in this article came from Room 139 in the general
area of these presumed workshops [3]. Traces of settlement from the Greco-Roman period for nearly
two millennia were covered by silty clay sediments of the Nile Delta. Specific water-ground conditions
prevailing in this area preserved faience objects in good condition. As a result of extraction from the
sediment, many undamaged faience vessels were mechanically damaged during the excavation works.
Since the excavation, the faience objects have been kept in museum conditions and were not subject to
conservation procedures.

2.2. Relief-Decorated Faience Bowl

Faience manufacturing technology in ancient Egypt reached a peak development in the Ptolemaic
Period, between the third and second centuries BC [3,13]. Numerous kinds of faience objects were
produced during this time, including vessels, figurines and ornamental pieces. Relief-decorated
hemispherical bowls, covered with polychromatic glaze are among the most high-tech items compared
to the rest of the faience production. A fragment of a hemispherical bowl (MS) of type B.1 (cat. 4),
discovered at Tell Atrib [3,27,33,34], was selected for the purpose of reconstructing the technological
process of faience manufacture. The fragment comprises a base with a diameter of 3.5 cm, and the lower
part of the body with the wall 0.4 cm thick (preserved dimensions of the sherd: height, 9.3 cm; width,
10.0 cm (Figure 2a). The faience body is composed of low-porosity-fired silica paste, covered with a thin
layer of polychromatic greenish-blue glaze. The polychromatic glaze is darker on sunken parts and
lighter on the raised relief. This is a typical feature of relief-decorated faience vessels from the Ptolemaic
Period [3,13]. The bowl fragment is dated contextually to the second half of the third century [3].
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Figure 2. Fragments of the relief-decorated faience hemispherical bowl found at the Tell Atrib
archaeological site. (a) Photograph of the analysed fragments. The black dotted line indicates orientation
(T—top, B—bottom) of the sample cut out for further investigations; (b) shape reconstruction. The red
dotted line indicates the area of the sample used for the preparation of the thin section and fresh fracture;
(c) prepared MS samples with marked orientation T-B: MS thin section (left), MS fresh fracture (right).

3. Analytical Methods

Appropriate and detailed recognition of the internal structure of a material and identification
of its components requires observations on various detection levels from macro-, through meso-,
to microscale, and even down to nano and atom scale. Such an approach allows for obtaining a large
dataset which, when combined, results in an overall image of the subject and ensures an appropriate
interpretation, e.g., reconstruction of the manufacturing technology of materials and items used
in antiquity.

The multiproxy analysis began with the macroscopic observations of the bowl: glaze and body
on the vessel walls and on the fracture (Figure S1). Microstructural analysis with the application of
microscopic techniques required the preparation of a fresh fracture and a thin section from the vessel
fragment. Microscopic observations were performed in a cross-section perpendicular to the vessel wall.
The inside wall surface is located towards the upper margin in the presented images. MS samples
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(MS thin section and MS fresh fracture) were prepared from a fragment cut out from the faience bowl
(Figure 2b,c). Additional preparation was made from the separated fragments of the faience layered
structures, and the remaining chips were subdivided into individual samples for the planned analyses.

The MS thin section sample was made on standard microscopic glass, 26 X 48 mm in size.
After cutting out a 5 mm thick band, the sample was impregnated with epoxy resin in vacuum
conditions. The impregnated sample was glued to glass, and next, the sample was pulverised to the
thickness of about 0.025 mm. The surface of the thin section was polished to a smoothness that allowed
analysis at large magnifications.

3.1. Digital and Stereoscopic Light Microscopy

Observations of the faience bowl fragments began from macroscale (see Section 4.1). A Delta
Optical 450T stereoscopic light microscope with a DLT-Cam PRO camera and a Delta Optical Smart
5MP PRO digital microscope were used for the preliminary analysis. Glaze and relief decorations on
the surface and in cross-sections and the body on the fracture surfaces were analysed. Next, the study
included precise separation of the layers comprising the faience bowl: glaze layer, interaction layer,
relief infillings and body layer. Fragments of each layer were next subject to detailed observations.
Mutually differing structural elements and relicts of raw material or firing process were selected for
detailed analyses. The separated parts of the faience material were then used to make a preparation for
SEM studies (see Section 3.3 for details). The leftover material from particular layers was used in the
remaining analyses (see below).

3.2. Polarised Light Microscopy

High-resolution large-format scans allow for the observation and analysis of the material structure
of the bulk sample fragment and its parts at variable zoom. Combining such observations with the exact
place of sample acquisition from the analysed object permits the determination of correct relationships
between the internal structure and material properties with the manufacturing technology. Analysis of
the scanned surface facilitates the selection of crucial places that require detailed investigations with
the application of other techniques.

The large-format scan of the MS thin section sample was made with the use of a Nikon Eclipse
LV100 POL polarising microscope equipped with a DS-5Mc camera and a mechanised Méarzhauser
table with high positioning precision in the XY plane. The table allowed for an automatised scan
of a series of images and their precise stacking with the use of the stitching mode in NIS Elements.
The scan was prepared at X4 magnification under plane-polarised light (one nicol) and crossed
polarised light (two nicols); each surface was composed of 108 images (18 X 6) with a total resolution
of 21,694 x 5844 pixels (see Section 4.2.1).

The MS thin section sample analysis was performed with the application of a Zeiss Axioplan
petrographic polarisation microscope coupled with a digital camera. The studies were focused on
features of the faience texture and structure such as: dimensions of grains and pores, their shape
and rounding, distribution of components of the grain skeleton and matrix, and identification of
the minerals.

3.3. Scanning Electron Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS)

3.3.1. MS Fresh Fracture Sample

The next step of the analysis was made with the application of a Jeol JSM-6380LA SEM. The analysis
was executed in a high vacuum. The fractured sample was gold-coated and observed in the secondary
electron (SE) mode. The selected regime of microscopic analysis allowed obtaining images with sharp
boundaries between the structural elements (grains and particles) and the pores. The skeleton built of
grains, aggregates and particles, the degree of packing, the types of contact between the structural
elements, and the pore space were characterised.
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3.3.2. Fragments of the Faience Layered Structure

A Jeol JSM-6380LA apparatus integrated with an EDS Brucker GmbH XFlash 6/10 detector was
used in the qualitative microstructural characteristics of the layered structure fragments (see Section 3.1).
The analysis was performed in low vacuum conditions, i.e., 35—40 Pa, at: acceleration voltage 20 kV,
beam current 65 mA, working distance 10 mm, and live time of chemical analysis at 60 s. In such
conditions it was not necessary to coat the surface with carbon, therefore no peaks resulting from
coating with this element were detected. The photographs were made using the backscattered electrons
(BSE) mode. The investigations were made to carry out qualitative analyses of the layered structure
and chemical composition of the faience object.

3.3.3. MS Thin Section Sample

A carbon-coated thin section was observed with Zeiss Yigma™ VP (variable pressure) SEM with
a field emission electron gun (FEG) using the AsB™ (Angular selected BSE) detector and EDS analyser
using CrossBeam® Technology EDX (XFlash 6/10™) detectors produced by Bruker GmbH. The chamber
design provides an ideal geometry for simultaneous two-detector EDS analyses. The analysis was
executed in a high vacuum at an acceleration voltage of 20 kV, beam current of 80 pA, working distance
of 7.7 mm and live time of chemical analysis at 60 s. The investigations were aimed at qualitative
analyses of the faience layered structure and the quantitative analysis of its chemical composition.

3.4. Image Analysis

The analysis was executed with the application of a Jeol JSM-6380LA SEM in a high vacuum.
The MS thin section sample was viewed in a backscattered electron (BSE) mode after coating with
a layer of carbon. Photographs were used to carry out image analysis. Quantitative image analysis
was based on BSE images with the application of specialised STIMAN (STructural IMage Analysis)
software [35-38]. Morphometric and geometric parameters of the pore space and the grain skeleton
were determined. The analysis was performed on a series of images at x50, X100, X200, x400, x800,
%1600 and %3200 magnifications, on the total area of 5 mm?, following the software instruction [37].

Analysis of SEM images allowed determining the following parameters: area S, perimeter P,
diameter D, form index of the pores and grains Kf, and degree of orientation, anisotropy, K, of the
structural elements. The obtained distribution of the equivalent diameter of the grains allowed
determining the abundance of the grain fractions and drawing a grain size distribution curve. Based on
the distribution of the equivalent diameter of the pores, the contents of ultrapores, micropores,
and mesopores were determined [39]. The form index Ky allowed distinguishing three categories of
pores and grains [37]: isometric, anisometric, and fissure (pores) or elongated (grains). The degree
of orientation of the structural elements was determined following the method of gradient intensity
signal [40,41]. The obtained pie-chart, orientation rose, was used to determine the values of
microstructural anisotropy K, and the preferred orientation direction « of the structural elements [41].

3.5. X-ray Powder Diffraction (XRD)

X-ray Powder Diffraction (XRD) was performed for the MS sample: glaze together with the
underglaze layer (MS-GLZ) and the body layer (MS-BDY) separately (see Section 3.1). The samples
were analysed with an X ‘Pert PRO MPD (Panalytical) diffractometer using Co K« radiation, in the
same range of 20, with a step of 0.026° 20. The Bragg-Brentano method and the DSH method (Debye-
Scherrer—Hall) was applied for analyses of the MS samples. The first one requires about 400 mg of the
powdered sample, whereas the second one requires 20-30 ug. The MS-BDY sample was analysed with
the Bragg—Brentano method with the registration time of 3 h and 4 h and the MS-GLZ samples were
analysed with the DSH method with the registration time of 1 h and 3 h, respectively.
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3.6. Physical Properties

A fragment of the faience bowl covered with glaze, with a volume of about 1 cm? (2 em?), was used
to determine the specific and bulk density. To determine bulk density, the surface of the faience
material was sealed with parafilm. Bulk density was determined using the water displacement method
according to [42]. The AS 110.R2 PLUS Analytical Balance with KIT 85 Density Determination Kit for
determining the density of solids and liquids was applied. The parameter was designated based on
two determinations. Studies of specific density were performed with the application of a helium gas
pycnometer. The same faience fragment was ground in an agate mortar to a fraction below 0.1 mm.
Before determination, the sample was dried at a temperature of 105 °C. The AccuPyc 1330 model was
used in the determinations and the analysis was performed according to the operating instructions.
The parameter value was designated based on 50 determinations and used to calculate the porosity
value and the void ratio.

The porosity of the material was also determined with the application of a second method,
STIMAN software, based on the quantitative analysis of SEM images (see Section 3.4). The void ratio
was based on calculating the relationship between porosity and the void ratio.

3.7. Simultaneous Thermal Analysis (STA): TG-DSC with Evolved Gas Analysis (EGA): FTIR-QMS

TG-DSC was performed for the MS sample: glaze and underglaze layer (see Section 3.1 for sample
preparation), by means of a Netzsch STA 449 Jupiter F1 instrument (Germany) in a helium atmosphere
(flow rate at 20 cm3/min), from room temperature up to 1000 °C at the heating rate of 10 °C/min.
The TG-DSC analysis was conducted in a crucible made from Al,O3. The mass of the sample was
30 mg. At the same time, gaseous FTIR and QMS spectra were gathered by an FTIR TGA 585 (Bruker,
Germany) and QMS 403C Aéolos (Netzsch, Germany) analysers in order to evaluate the gaseous
products emitted during heating of the tested compound. The FTIR spectrometer with the IR cell kept
up at 200 °C was connected online to an STA apparatus by a Teflon transfer line with a diameter of
2 mm heated to 200 °C. The FTIR spectra were recorded in the spectral range of 4000-600 cm ™! with a

4cm™!

resolution and in 16 repetitions. The QMS analyser was connected online to an STA instrument
by a quartz capillary heated to 300 °C. The QMS was operated under electron ionisation with an energy
of 70 eV. The QMS measurement in scan mode for m/z, where m is the mass of the molecule and z is the

charge of the molecule in electron charge units in the range of 1-100 m/z was performed.
4. Results and Interpretation

4.1. Digital and Stereoscopic Light Microscopy

Observations of the faience bowl fragments using digital and optical microscopy are presented
in Figure 3 and Figure S2. Threefold enlargement of the bowl fragment allowed observing the
faience structure composed of a thin glaze layer, a body layer and relief decorations (Figure 3a—).
The glaze is greenish-blue in colour with a thickness of about 0.3-0.4 mm. Glaze preservation of the
analysed fragments is variable. It is best preserved on the inside of the bowl fragment, whereas on
the outside, it occurs mainly in the sunken parts of the reliefs (see Figure 2a). The glaze surface is
covered by numerous oval depressions (holes), 10 to 20 um in diameter, and a network of canaliculi,
which are visible at X45 magnification and do not display any orientation (Figure 3e and Figure S2a,d).
Dark brown relicts of glaze slurry are visible in some pores within the glaze (Figure 3f and Figure S2b,d).
The interaction layer can be found between the glaze layer and the body layer; it was exposed during
sample preparation for further studies (Figure 3f). This layer is characterised by high transparency
and a lighter colour than the glaze. It is even colourless in places. A much larger number of pores
was determined within compared to the glaze surface and interior. The body is yellowish-white
in colour, attaining a light orange hue directly below the glaze layer (Figure 3f and Figure S2c,d).
The body thickness is about 3-4 mm and thins out towards the bow] rim. Apart from a homogenous
mass, a X15 magnification of the body surface displays larger grains, 0.1-0.2 mm in size (Figure 3c).
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The grain colour is uniform; white and transparent grains prevail, whereas pink and grey grains are
rare. A x45 magnification of a fragment of the body surface shows a linear orientation of elongated
quartz grains, whose longer axes are arranged parallel to the vessel walls and directed according to
the T-B orientation (Figures 2b,c and 3d). The body also contains round and oval pores of variable
sizes. Dimensions of the largest ones reach even 1 mm (Figure 3b). The internal walls of large pores
are characterised by smooth surfaces. The longer axes of oval pores are oriented parallel to the vessel
walls and follow the T-B orientation. The body also contains transparent elements resembling a ribbon,
whose length reaches 1 mm and width does not exceed 10 pm (Figure S2b,d). The body surface is
covered by reliefs (Figures 2a and 3a,b), which are 0.3 to 0.6 mm deep and filled with light brown silica
paste that has a higher porosity than the body. The infilling mass does not adhere tightly to the body
surface, forming small voids, 0.2 mm in size. In turn, it is attached well to the covering glaze layer.

Figure 3. Layered structure of the faience bowl observed under a digital and light microscope.

(a) Fragment of the faience bowl with reliefs; (b) fragment of fresh fracture marked on (a). Glaze layer,
oval pores in the body and relief (hollow underglaze with filling) are visible; (c) fragment of the
area after cutting of the sample. Orientation of the photograph T-B (B—right side, see Figure 2).
Glaze layer and grains in the body characterised by different colours, sizes and shapes are well-visible;
(d) fragment of the area marked in (c) with the well-visible orientation of elongated quartz grains
(arrowed); (e) glaze surface with well-visible pores and canaliculi (arrowed); (f) fragment of the inside
surface of the faience bowl. Glaze layer visible in the upper right side of the image, below the partly
exposed interaction layer and body layer. Well-visible dark grains in the body and oval pores in the
glaze and interaction layer. (a—c,f) show images taken under a digital microscope, (d,e) show images
taken under a light microscope.

Selected structural elements observed during the analyses were used to prepare a sample for
further studies (Figure S2). Their analysis supplied new data on the processes taking place during
firing of the faience object (see Section 4.3.2).

Interpretation

Degassing of the forming alloy must have begun during the firing process, as evidenced by pores
located in the glaze and in the interaction layer. The formation of these pores could also depend
on the degassing of the body layer during a single firing. The presence of pores may indicate the
faience firing temperature but this requires detailed investigations (see Section 4.7). The degassing
bubbles derive from gas imprisoned between the melted particles of the powdered glaze slurry.
Bubbles reaching the surface from the melted glaze formed depressions similar to pin-holes [43].
The canaliculi network observed in the glaze developed during the firing process. Canaliculi formation
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is linked with diverse thermal expansion of the body and glaze layer. Formation of the canaliculi
required a coefficient of the thermal expansion of the glaze layer (continuous layer) higher than the
sum of the values of this parameter for quartz grains of the body layer (discontinuous layer; for an
explanation, see Section 4.3.3). Tensile stress develops when the glaze shrinks more intensely than the
body during cooling. Large stress values may cause the development of cracks in the glaze. A fracture
network resembling a spider-web pattern was formed on the surface; it is similar to that observed on
glazed pottery, where it is referred to as crazing [44].

The low content of large quartz grains in the body points to good fragmentation of the material.
Angular elongated grains indicate that crushed quartz rocks were used for manufacturing the bowl.
The orientation of elongated quartz grains and elliptical pores indicates that moulding methods
including compression of the silica paste must have been used in the manufacturing process. A small
content of air was trapped in the material during moulding of the silica paste. During compression,
the air concentrated in the form of oval bubbles, whose shape became slightly flattened along the
direction of tensile force and perpendicular to the compressive force. Therefore, orientations of the
longer pore axes are in accordance with the T-B orientation. Fine elongated quartz grains followed the
shape of the bubble surface because of the pressure within the bubble. After drying, the distribution
of grains reflecting the bubble shape was preserved due to mineral and organic binders, and after
firing the smooth surface of the pores became fixed. Ribbons found in the body were formed during
the firing process. Their bent shape is the effect of creating new phases between the quartz grains.
The reliefs were infilled with a slightly different material than the silica paste used for the moulding of
the body, as indicated by the different colours and larger porosity of the relief infilling. The colourant
used for relief infilling must have been earlier mixed with glue. The large porosity of the relief infilling
material is the result of burning organic matter from the glue.

4.2. Polarised Light Microscopy

4.2.1. Analysis of the Large-Format Scan

A large-format thin section scan was used to analyse a large fragment of the faience bowl
cross-section with a surface area of about 2.5 cm? (Figure S3). The body layer (BDY) with light
grey quartz grains in a dark brown matrix and the glaze layer (GLZ) and interaction layer (IAL) are
well-visible on the plane-polarised light (one nicol) image (Figure S3a). In turn, quartz grains (light
blue to dark grey) and single grains of other minerals, e.g., feldspars, and pores (black) can be seen in
cross-polarised light (two nicols; Figure S3b). A distinct thin glaze layer, 0.1-0.2 mm thick, with quartz
grains within, can be seen at image magnification. A thin, light brown interaction layer (IAL), 0.2 mm
thick, is visible below the glaze layer. The glaze layer is about 0.4 mm thick in the hollow observed in
the upper right corner of the thin section. The body layer is composed of well-sorted angular quartz
grains with sizes below 0.2 mm. Grains larger than 0.2 mm are very rare. The orientation of elongated
grains is clearly visible on most of the thin section surface, particularly in its central part; the longer
axes of the grains are arranged parallel to the vessel walls, according to the T-B orientation. In some
places, the orientation becomes undulated and turbulated (see area close to the bow!’s inside wall) or
does not occur at all (see area close to the bowl’s outside wall). Places of denser material within the
body can be seen e.g., in the left lower and right upper corner of the cross-section and in some places
in the central part of the thin section. In some cases, lower density areas can be observed, especially
in the central parts of the sample area. Large circular and oval pores of variable sizes, from 0.3 to
0.5 mm, are well-visible in cross-polarised light (two nicols; Figure S3b). Similar to the elongated
grains, the oval pores are arranged with their longer axes according to the T-B orientation.

4.2.2. Petrographic-Mineralogical Analysis

The matrix, which plays the role of a binding agent, comprises about 10-20% of the analysed
faience body. It is an aphanitic, locally very fine-grained, homogenous substance, light brown in colour
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(Figure 4). The substance is composed of products of the transformation of clay minerals and other
fine-grained components due to firing in high temperatures. Determination of the content of clay
minerals is very difficult because they are masked by other components, particularly by the brown
ferruginous colourant.

Figure 4. Microstructure of the faience body observed under a polarised light microscope (MS)
thin section. Orientation of the photograph T-B (T—lower left side, B—upper right), see Figure 2.
(a) Angular quartz grains (white) within the light brown matrix. Arrows indicate fractured grains.
Oval light brown pyroxene grain visible in the centre (1 nicol); (b) angular quartz grains (white,
light blue, dark grey-blue) within the brown matrix. Well-visible light brown pyroxene grain in the
centre. Arrows indicate fractured grains. The same fragment as in (a; 2 nicols); (c) very fine-grained
substance with a high degree of homogenisation and light brown colour (matrix) visible between quartz
grains. Substance composed of products of thermal alteration of various primary minerals, mainly clay
minerals. Its brown shade results from the presence of dispersed, very fine-grained iron compounds,
mainly hematite (1 nicol); (d) oval pores (arrowed) and dark brown biotite well-visible. The same
fragment as in (c; 2 nicols). (a—d) show well-oriented elongated quartz grain (from upper right to lower
left side).

Detrital components (grains) comprise about 80-90%. Their size is very variable, but they are
dominated by grains in the coarse aleuritic (coarse silt) and fine psammitic (fine sand) fractions with
an average size of about 20 pm. Subordinately occur larger psammitic (sand) grains with a maximum
diameter of up to 100 um. Angular quartz occurs almost exclusively in the analysed vessel fragment;
it shows traces of melting. Some quartz grains are slightly cracked. Quartz is typically monocrystalline,
whereas the polycrystalline variety occurs very rarely. Other detrital components occur in trace
amounts; they are mainly individual crystals of slightly degraded biotite with poor, relict birefringence
and pale brown pleochroic colours (Figure 4c,d). Grains of pyroxene have also been noted in the sample
(Figure 4a,b). Most quartz grains are elongated, due to which their oriented parallel arrangement
is evident.
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Interpretation

Elongated and angular quartz grains observed macroscopically were confirmed in petrological
observations. The lack of rounded grains excludes the use of sand deposits as raw material. Good sorting
points to the selection of the material during the preparation of the mixture. The distinct orientation
of the elongated grains as well as the flattening of pores indicate moulding of the object through
compression. The variable density of the silica paste and the changing orientation of elongated grains
may suggest moulding with a still lower part and a moveable upper part. The uneven clamp during
bowl moulding and its bent shape resulted in a variable state of stress and strain in the material caused
by the activity of compressive and tensile forces.

The main components of the matrix are clay minerals, partially thermal transformed to very
fine-crystalline mullite. The basic component of the grain skeleton is quartz and determination of the
rock used as the raw material is not possible at this stage of investigations. Subordinate occurrences of
biotite and pyroxene particles may point to magmatic or metamorphic rocks. Variability of the quartz
fractions, its poor rounding degree and oriented arrangement point to processes of breaking up of
the raw material and silica paste formation. Fine quartz grains display traces of partial melting of the
edges, but it is not possible to precisely state the duration and temperature of the firing process.

4.3. Scanning Electron Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS)

4.3.1. Microstructure—MS Fresh Fracture

The analysed faience body is composed mainly of poorly sorted quartz grains. Most grains vary
in size from 200 um to even below 5 um (Figure 5a,c). The largest grains maximally contribute to 5%.
The dominating grains are between 200 and 50 um and between 40 and 10 pm in size. Edges and
corners of all grains are completely nonrounded and highly angular (Figure 5b,c). The edges and
corners are partly melted. Melting is more intense and the edges are more rounded in the case of
smaller grains. Microporosity between the grains is dominated by pores from 20 to a few micrometres
in size. Larger oval pores, attaining diameters of 50 um and above, are rare. Large and medium
grains constitute the base of the grain skeleton, between which occur partly melted, very fine grains
(Figure 5¢,d).

Interpretation

Partial thermal melting of the edges and corners of the quartz grains forming the vessel body
suggests that the firing process was very well controlled. Partly melted parts of the grains attain the
form of concave surfaces, which suggests the beginning of a deliberately interrupted melting process.
Firing temperature and duration were matched carefully to assure melting only of the fine grains and
formation of a firm body.

4.3.2. Microstructure and Elemental Composition—Fragments of the Faience Layered Structure

Single, oval and shallow hollows with sizes from 50 to 100 pum and many similar hollows with
smaller sizes below 10 um can be observed on the glaze surface (Figure S4a, spherical pores (SP)).
Similar spherical forms occur within the glaze (see upper left part of the image). Silicon is the
main component of the glaze. They are accompanied by carbon, aluminium, chlorine, calcium and
lead. Sodium, magnesium, sulphur, potassium, iron and copper occur in trace quantities (compare
Figure S4a,b with Table S1). Remains of the glaze slurry, usually represented by alloys with oval,
rarely irregular shapes are visible in the upper right part of the image (Figure S4a, ALY, spherical
shaped alloy (SSA)). The alloys are rich in metals (Pb, Fe, Cu), alkaline elements (Na, Mg, Al, Ca),
as well as carbon, phosphorus, chlorine and sulphur. Oval alloy forms are more common in the glaze
and underglaze layers. Single quartz grains, 50 to 150 pm in size and with rounded edges and corners,
have been noted (Figure S4a, dark grey, quartz (Q)). Chemical analyses have indicated the presence of
small amounts of carbon.
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Figure 5. Microstructure of the faience body observed in a scanning electron microscope (SEM)-MS
fresh fracture. Images of fracture in the secondary electron mode (SE). White rectangles in (a,c) denote
the areas enlarged in (b,d), respectively. Orientation of the photograph T-B (B—right side, see Figure 2).
(a) Poorly visible quartz grains surrounding the fine-grained matrix with clay particles. Oval macropores
(black area) marked arrows. Scale bar equals to 500 um indicates a x50 magnification; (b) well-visible
oval macropore in the centre and angular, elongated quartz grains (arrowed); (c) well-visible very
fine-grained matrix with clay particles and numerous micropores between fine quartz grains (arrowed);
(d) melted quartz grains, particularly well-visible in the centre. Left arrow indicates melted and
cemented contact between two fine quartz grains. Well-visible new phases crystallised on the surface
of the quartz grains (right upper and lower arrow).

The glaze surface is covered by canaliculi (CL), which form irregular polygons, whereas cracks
are rarer (cracks (CR); Figure S4a). The canaliculi attain diameters from 5 to 10 um and have smooth
edges, whereas the cracks are very narrow (1-2 um) and have sharp margins (see also Figure 3e).

The glazed bottom looks similar to the glaze surface (Figures S4c,e and S5a). Oval degassing
pores (SP) and remains, usually alloys after the glaze slurry, prevail in the lower part of the glaze layer
(alloys (ALY), SSA). The chemical composition of ALY and SSA is similar, with the largest contents
of carbon and silicon. The contents of calcium, sulphur, lead and phosphorus are lower. Compared
to SSA, ALY contains less alkaline elements—sodium and magnesium (Figure S4d and Table S1).
Pores filled with a fine dispersive substance, probably a relict of glaze slurry (RS) have also been
noted. They usually attain an oval form and have a variable preservation and chemical composition.
The main elements occurring in the RS include carbon and silicon, enriched in iron and alkaline
elements. Phosphorus, chlorine and sulphur occur in small quantities (compare Figure S4c,d with
Table S1). Some RS are spherical, strongly porous and contain a very fine dispersed material composed
mainly of clay minerals (CLY; Figure S5b,d). Other RS are more irregular with fine particles and coarse
grains, and are very compact. They have a variable chemical composition (compare Figure S5c,e with
Table S1). All RS contain carbon and silicon, and in variable proportions aluminium, magnesium,
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potassium, calcium and iron. They contain also trace quantities of sodium, phosphorus, sulphur,
chlorine and titanium.

The body layer structure contains relicts of admixtures to the silica paste (Figure 6a—c). They usually
form concentrations (relict of silica paste (RSP)) and alloys (ALY) of the silica paste with irregular
shapes lying between the quartz grains (see also Figure 3f). Alloys in the body layer are characterised by
a higher content of lead, phosphorus and sulphur than the alloys in the glaze layer, whereas the quartz
grains also contain trace amounts of carbon (compare Figure 6a,d with Table S1). Relicts of the silica
paste contain dispersed, fine grains of metals and heavier elements sticking in the fine detrital mass,
mainly particles of clay minerals. Besides silicon, aluminium and carbon, the chemical composition
of the clay minerals from the body includes iron, calcium, potassium, magnesium, phosphorus and
trace amounts of sodium. Trace amounts of sulphur, chlorine, titanium and lead have also been noted.
Compared to the composition of clay minerals from the RS in the glaze, they contain larger amounts
of calcium, phosphorus, sulphur and chlorine. Single platy microaggregates of clay minerals are
almost intact.

The body also contains relicts after the firing process in the form of elongated carbon-silicon
ribbons (compare Figure S2b,d with Figure 6e—g, C-5i ribbon (RBN)). Their length reaches maximally
several hundred micrometres and width does not exceed 10 um. The ribbons are primarily composed
of carbon and silicon. Analysis No. 38 shows also the low content of other elements such as sodium,
potassium and calcium, which stands out from the rest of the analyses (compare Figure 6h with
Table S1).

Interpretation

These oval hollows are interpreted as pin-holes and were formed during the melting and degassing
of products within the glaze slurry (Figure S4a, SP). Pores filled with gas emanated outside from the
liquidised glaze. Assuming a single firing process, firing products were also degassed from the body
layer, which was surrounded by glaze from both sides. Oval alloys are remains of unreacted substrates
of the glaze slurry, which concentrated during firing and solidified after cooling. Their oval form is
the result of higher elasticity of the thin and mostly warmer fluid alloy surrounded by a dense and
relatively cooler fluid glaze. Cylindrical shapes of quartz grains indicate partial melting of the grain
edges following interaction with the molten and fluid glaze. Grains jutting out from the glaze derive
from the body surface from which, being poorly bound, they were detached during application of
the glaze slurry. This fact points to the application method of glazing. Poorly bound grains on the
body surface probably indicate a single firing. Such an approach to the firing process is more practical
and economical.

The canaliculi are related to the larger shrinkage of the cooling glaze on the surface of a stiffer
body (Figure S4a). They may also be connected with the degassing of the firing products. The dual
nature of the canaliculi is linked with gradual cooling and hardening of the interior glaze layer in
relation to the quick cooldown of the exterior layer. The cracks, in turn, point to brittle cracking and
formation in a stiff glaze layer.

Pores filled with a fine dispersive substance represent relicts of the glaze slurry (RS), whose infilling
is almost intact (Figures S2b,d, S4c,e, S5a,b,d). They are preserved in the fired faience material.
Explaining the preservation of such forms during firing remains an open question; their detailed
studies should supply data on the preparation of the glaze slurry and the glazing process. The increased
content of various types of alloys (SSA, ALY) directly below the glaze layer is caused by the sinking of
these substances and their preservation of grains of the body layer. The substances, when heavier and
warmer, gravitationally sink into the denser and fluid glaze. The inward sinking is linked with the
location of the glaze layer from the inside of the bowl and points to the position in which the object
was fired.
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Figure 6. Fragments of the layered structure of the faience bowl and their elemental composition.
Images viewed in SEM (low vacuum mode (LV) and backscattered electron mode (BSE)). Colour
number and dot mark the localisation of EDS analyses (see Table S1). (a) Fragment of the body with
relict of silica paste (RSP), alloys and clay minerals (CLY); (b,c) show enlarged images with clay minerals
from (a); (d) analyses located in image (a); (e-g) C-Si ribbons (RBN) from the body; (h) analyses located
in images (e,f).

The complex chemical composition of the body alloys points to the fact that before firing the
admixtures in the body layer contained large amounts of clay minerals, e.g., derived from the silty
clay sediments of the Nile River (Figure 6c,d). Their presence in the body confirms the application of
clay admixtures to improve the plastic properties of the silica paste during moulding. Such admixture
maintained also the durability and hardness after the drying of the moulded object. The application of
clay to reinforce the structural bonds between the grains may point to a single firing stage. In turn,
the preserved plates of clay minerals may aid in the reconstruction of the firing temperature.

The structures of carbon-silicon ribbons were formed during the synthesis of gaseous firing
products of organic and mineral substances (Figure 6e—g and Figure S2b,d). Similar structures
are synthesised as nanomaterials [45]. Their presence indicates that an organic admixture was
introduced into the silica paste. The role of such admixture was the better binding of the quartz
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grains during body moulding and after its drying, and partial infilling of the pore space. Additionally,
the organic binder supplied carbon to the reactions taking place during the firing process. After firing,
the substance disappeared from the pores, the objects gained high porosity and became very lightweight.
The application of an organic binder again points to a single firing stage. In order to state which organic
substance was the binder used in faience manufacturing, these structures need to be studied in detail.
Additional data on the firing products were obtained from EGA analysis during STA; they have not,
however, supplied a comprehensive answer to this issue (see also Section 4.7).

4.3.3. Microstructure and Elemental Composition—MS Thin Section

The thin section displays the faience layered structure, composed of a glazed layer, body layer
and an interaction layer between them, which binds both layers (Figures 7 and 8, Figures S6 and S7).
The results of the quantitative analysis of the elemental composition are given in Table S2.

Figure 7. Microstructures of the faience glaze and underglaze layer observed in scanning electron

microscope (SEM)-MS thin section. Images viewed in a high vacuum mode (HV) and backscattered
electron mode (BSE). Localisation of EDS analysis marked with red number and dot or oval (see Table S2).
Orientation of the photographs T-B (B—right side, see Figure 2). (a) Fragment of the body with glaze
and underglaze layer. Well-visible canaliculi (CL), spherical pores (SP) and spherical shaped alloy
(SSA) in the glaze layer (arrowed). Many fragments of the alloy (ALY) are visible in the underglaze
between the interaction layer (IAL) and body layer (BDY). Large fragment of the highly porous body
is visible below the glaze and underglaze layer. Highly porous fragment of the body has an oval
shape in the bottom and is flat on the top. Notice very fine quartz grains linked by interparticle glass
forming a fragile structure inside the porous fragment. White rectangle denotes the area enlarged in (b);
(b) fragment of the highly porous body with melted very fine grains of quartz. Alloy and interparticle
glass (IPG) existing between the melted grains (arrowed); (c) many spherical shaped alloys (SSA) are
visible between the glaze and underglaze layer. Canaliculi in glaze, interaction layer and interparticle
glass are well-visible (arrowed). White rectangle denotes the area with a relict of glaze slurry (RS)
enlarged in (d); (d) relict of glaze slurry and canaliculi are visible in the glaze layer.
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Figure 8. Microstructures of the faience body layer observed in the scanning electron microscope

(SEM)-MS thin section. Images viewed in a high vacuum mode (HV) and backscattered electron mode
(BSE). Localisation of EDS analysis marked with a red number and dot (see Table S2). Orientation of
the photographs T-B (B—right side, see Figure 2). (a) High orientation of elongated quartz grains
(arrowed). Well-visible oval pores (black area) with a smooth internal surface; (b) biotite sheets (BT)
between quartz grains; (c) fragment of the body with Zr mineral and alloy (ALY; in the centre—arrowed).
Relict of silica paste (RSP) surrounding a zirconium mineral (Zr). Note large grain of slag mixed with
alloy (on the right); (d) fragment of the body with zirconium (Zr) mineral (in the centre) and iron
titanium mineral Fe-Ti (in the upper right).

Glaze Layer

The glaze layer (light grey) tightly covers the body layer (Figure 7 and Figure S6, GLZ). The glaze
surface is smooth with small chips. Its thickness is maximally 200 um (0.2 mm) with insignificant
variations. The layer is not homogenous. Its upper part contains single quartz grains sticking in the
glaze or slightly jutting above its surface (Figure 7a and Figure S6a, Q). The grain sizes vary from 20
to 100 pm. The grains immersed in the glaze have rounded edges and corners, and the contact zone
between the grains and the glaze is blurry (Figure 7a,c). The lower part is fused on the surface of the
body layer (BDY), penetrating between the quartz grains (grey) at about 50-80 um. The lower contact
of the glaze is sharp, uneven and has a lighter hue from the rest. Numerous oval pores of variable sizes
(Figure 7a and Figure Séb,c, SP) occur in the glaze layer. Large single pores with sizes from 20 to 50 pm
are rare. In turn, pores with dimensions from below 10 pm to the tenth parts of a millimetre occur
in accumulations (Figure S6c,d). Very fine pores are also present in some quartz grains in all layers.
The glaze layer is cut by numerous canaliculi, usually parallel to the surface, rarely perpendicular
or oblique (Figure 7a,c and Figure S6a,b). Their length varies from tens to hundreds of millimetres,
and the width is from 5 to 10 pm. They occur isolated or in series, forming blind branches. They are
oblique and often terminate with a circular thickening. They are usually empty, in some cases only
filled with a light grey or white substance. The canaliculi margins are rather blurry and surrounded by
a darker edge similar in hue to the glass phase. The edge follows the shape of the canaliculi margin.
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The glaze layer contains oval aggregates about 50 um in size (light to dark grey in colour;
Figure 7c,d, RS). The aggregates are inhomogeneous, and have a sharp contact with the glaze in some
cases and a blurry contact in others.

A large, oval hollow with a depth of 350 pm, narrower from the top (270 pm) and wider at the base
(800 um), partly filled with glaze, is visible in the body layer (Figures Séc,d and S3a). The glaze surface
is concavely curved to the width of the wider, basal part of the hollow, forming an internal, 140 um
deep depression. The glaze layer is covered by cracks and canaliculi. The cracks have sharp margins
and terminations. They are up to 200 pum long and about 1-2 pum wide. The canaliculi margins and
terminations are cylindrical, their width varies from 5 to 10 pum and length exceeds 250 pm. The cracks
and canaliculi have similar patterns, perpendicular and parallel to the upper and lower margin of
the hollow (Figure Sé6c,d, CL, CR). The direction of canaliculi propagation from the body layer and
IAL to the surface is clearly visible. Numerous smaller, parallel canaliculi propagate from the main
perpendicular canaliculi; their dip is similar to the arrangement of the hollow margins. Moreover,
glaze infilling the hollow contains a large number of oval pores, with dimensions from several to
30 um, and two large pores, with dimensions of 60 um and 140 pm, respectively. Relicts of material in
variable forms are visible in one of the pores. In the lower part of the glaze and directly below occur
oval concentrations (SSA) even up to a size of 50 pm. At the contact between the glaze and body, a vast
glass layer forming IAL is visible, particularly on the right side. The width of this layer is about 80 pm
and it has an uneven surface. A small (up to 10 um in size) oval concentration with a crack in the
middle (RC) occurs in the glaze at the contact with glass. Light-coloured edges concentrically extend
from this concentration.

Numerous oval concentrations SSA (white) with variable sizes from 10 to 100 um can be observed
at the glaze and IAL contact (Figure 7c and Figure Sé6a,b, SSA). The concentrations are inhomogeneous
and some of them display internal structures and cracks (Figure 7c and Figure S6d). Similar oval
concentrations very rarely occur in the body layer. Oval pores partly infilled with a similar substance
have been noted (Figure S6b). Some canaliculi are connected with the oval concentrations and infilled
with the same substance. At the IAL and BDY contact occurs an accumulation of concentrations (white)
characterised by irregular shapes (Figure 7a,b, ALY).

The elemental composition of the glaze layer is homogeneous (Table S2, GLZ). The basic
component is silicon (about 45%). Among alkali, calcium (3-5%) dominates above potassium (0.5-1.5%).
Magnesium occurs in low quantities up to 0.5%, whereas sodium is not detected. The content of lead in
the glaze is about 5-6%; chlorine, 3-4%; iron, 1-2%; and coppet, up to 2.6%. Aluminium, titanium and
barium occur in trace quantities. Analysis No. 1 shows the lack of lead and a significant decrease in
the contents of iron, copper and calcium. In turn, the contents of magnesium, aluminium, silicon and
titanium are higher. The contents of chlorine and potassium are twice higher. Sodium and sulphur
occur in small amounts at about 1%.

A relict of glaze slurry preserved in the glaze layer is characterised by a similar elemental
composition as the glaze (Figure 7c,d and Table S2, RS). It contains, however, higher amounts of
sodium (about 10-15%), aluminium, chlorine, titanium and iron. Small quantities of phosphorus and
sulphur are also present. Additionally, Analysis No. 127 contains large amounts of barium at 25%.
Small amounts of carbon in Analysis No. 133 correlate well with the qualitative analyses of the relicts
of glaze slurry performed in low vacuum settings (see Table S1).

A colourant relict filling the hollow in the glaze is composed in almost 50% of iron (Figure S6d, RC).
Additionally, it contains cobalt and carbon (10% each), zinc (6%), copper (about 4%) and aluminium
(2.5%). Magnesium, titanium and silicon occur subordinately.

The main elements comprising the SSA structures include lead, calcium and phosphorus in
variable proportions. Usually, they do not contain silicon and aluminium or these elements occur
in trace quantities. Only Analysis Nos. 29 and 82 show the presence of silicon at about 10-15%.
Chlorine at 1-3% occurs in all analyses. Trace quantities of magnesium, iron and copper occur in most
of them. Single analyses contain trace quantities of sodium, potassium, chromium, titanium, strontium,



Minerals 2020, 10, 785 19 of 42

manganese, cobalt, nickel or arsenic. Additionally, Analysis No. 116 contains carbon. The structures
are characterised by a low content of oxygen, usually not exceeding 10%.

The alloy infilling canaliculi (ALY) in the glaze has a similar chemical composition as the SSA
(Table S2). It primarily contains lead (almost 50%), as well as calcium (about 20%). Phosphorus and
silicon contribute to about 8%, and chlorine to 2%. The alloy comprises also sodium, potassium, copper,
iron, aluminium and magnesium in quantities not exceeding 1%.

Interpretation

The presence of quartz grains in the upper part of the glaze layer indicates their detachment from
the body layer during application of the glaze slurry. The grains must have been poorly bounded,
which caused loosening of the bonds at the contact with the fluid slurry. This points to the application
method during glazing and, at the same time, to single firing after forming the body and applying the
glaze slurry on its surface. An additional argument testifying for a single firing is the fact of partial
penetration of the glaze slurry into the body layer. If biscuit firing would have been applied, the glaze
slurry could not have penetrated the body during glazing because the vitrified surface would have
sealed the body interior, particularly its surface. The lack of a vitrified surface blocking the entry of
the glaze slurry to the body interior caused its partial penetration. The glaze slurry was probably
applied and distributed with a paintbrush, which additionally disrupted the grains on the body surface.
During the firing process, the glaze slurry was characterised by mean viscosity and surface tension
values, which points to a more fluid consistency. This is confirmed by the chemical composition of the
glaze, dominated by elements decreasing viscosity. Such properties caused even distribution of the
glaze slurry on the bowl walls and lack of stains.

Pores of variable sizes observed within the glaze layer are imprisoned gas bubbles. This fact may
point to the melting and formation of soft glaze at an early firing phase, when processes of gas burning
and release in the body layer were not finished yet. An additional factor favouring the formation
of bubbles in the glaze is the high content of phosphorus derived from bone ash. Bubble formation
in the glaze slurry and their behaviour after hardening of the glaze was possible due to moderate
viscosity resulting from equivalent contents of aluminium and titanium, which increase viscosity,
as well as magnesium, calcium, lead, sodium and potassium, which increase liquidity. This condition
was sustained by the moderate surface tension of the glaze slurry, resulting from the similar content of
elements increasing (Al, Mg, Ca) and decreasing (Ti, Pb, Na, K) its value [46].

Oval concentrations observed on the glaze and body contact were formed during melting of
the glaze slurry. As a result of melting, its components including heavy elements formed oval
concentrations, which were unreacted and sank in the fluid glaze alloy finally to set on the body
grains. The concentrations increased their volume because of the rising temperature and additionally
expanded the glaze. The resulting canaliculi were filled with alloy excess. The oval concentrations
were solidified after firing and became cracked following thermal shrinkage during cooling. Structures
occurring within the concentrations were formed during alloy crystallisation. Alloys may be good
indicators of the firing temperature and require detailed investigations. The oval concentrations point
to the excess of heavy components in some parts of the glaze. This results from the uneven distribution
of glaze slurry on the body surface, which is linked not only with a nonuniform application of the
mixture but also differences in the specific weight of the slurry components. Heavier fractions moved
faster in the applied layer of glaze slurry and were set on the body grains.

Oval voids partly filled with alloy point to more advanced reactions with the glaze alloy. Most of
the metal components in the alloy reacted forming the glaze. Only the relict alloy was retained in the
oval voids.

The large oval hollow party filled with glaze is the relict of a lower fragment of an air bubble
(Figure S6c,d). The upper part of the bubble and the glaze layer are not preserved. This is indicated by
the smooth surface of the rounded fragment of the glaze. The compressed air bubble developed close
to the vessel wall during bowl moulding. Such bubbles, well-preserved as pores with smooth walls,
are common in the body layer interior. Air accumulated in flattened bubbles close to the vessel surface
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point to the compression mode of bowl moulding. The phenomenon could occur particularly in the
lower mould when the air could not escape under the overburden of the upper mould. Being very thin,
the roof of the bubble was destroyed during removal of the upper mould or during application of glaze
slurry on the vessel surface. Slurry only partly infilled the developing hollow, whereas air formed the
bubble. During firing, after glaze fluidisation, large bubbles burst on the surface, forming spherical
hollows on the glaze surface. Cylindrical canaliculi developed when gaseous and liquid firing products
migrated from the body and the IAL to the bowl exterior and their arrangement results from the stress
pattern in the fluid (high viscosity) cooling glaze within the oval hollow. The cracks were formed
during thermal shrinkage of the cooled down (stiff) glaze, and their pattern similar to the canaliculi is
related to the coshaped extension of the still cooling alloy of the glaze. Relicts of material in variable
forms in the large pore may be the remains of almost intact glaze slurry. The relicts could have entered
the pore during drying of the slurry and become preserved in the air bubble. Large accumulation of
the glass phase on the right side results from gravitational flow linked with the position of the vessel
during firing.

The presence of lead in the glaze (GLZ, SSA, ALY) results from its usage as a flux. The use of lead
also improved the optical brilliance of the glaze and decreased its viscosity during firing. Antimony as
an accessory element in galena infrequently accompanies lead in the analyses. Calcium is a significant
component of the glaze. Its addition was aimed at lowering the melting temperature of the glaze
slurry and decreasing the viscosity of the glaze alloy in high temperatures, but also increasing the
chemical durability after firing, which allowed for the usage of faience objects in contact with fluids.
Large amounts of phosphorus in structures containing calcium and lead may point to the application
of burnt bones, which were the sources of calcium and phosphorus. Copper and iron compounds
were used for glaze colouring. The presence of both cupric and ferric ions might have resulted in
the greenish-blue colour of the glaze. Besides giving the glaze a blue hue, copper in the content of
about 2% played also the role of a strong flux that increased glaze liquidity, and enhanced solubility of
lead in contact of the glaze with acids [47] (Table S2). Analysis of the relicts of glaze slurry indicates
that beside quartz and colourant it also contained clay minerals, e.g., from the silty clay sediments
of the Nile River, which is confirmed by the titanium or barium content in the glaze [48]. The lack
of sulphur in the glaze results from its thermal decomposition in much lower temperatures than the
firing temperature. Partly released sulphur was absorbed by clay minerals in the RS. An organic
binder was also added to the glaze slurry, as indicated by the presence of carbon in the EDS and
EGA analyses (Tables S1 and S2, see also Section 4.7). The alloy fragment with cobalt found in the
glaze is not its colourant or maybe its content is too small to be detected by EDS analysis. It cannot
be excluded that cobalt was used as a colourant for filling the relief and its fragment occurs in the
glaze filling the hollow as a production impurity or fragment of relief paste that was introduced to
the glaze slurry during application. Therefore, detailed studies of the relief components in the bowl
should be performed. Analysis No. 1 has indicated that the canaliculi with darker edges occurring
within the glaze (Figure S6a,b) are characterised by a similar composition as IPG in IAL. Explaining
the similarities in the composition would require detailed microstructural analysis of the canaliculi
and indicating their role during the firing process.

Interaction Layer

The body layer, comprising tightly packed quartz grains with a matrix composed of a glass phase
(dark grey) occurs below the glaze layer. The matrix is not continuous and more or less tightly fills
the voids between grains. The edges and corners of grains at the contact with the glass matrix are
sharp (Figure S6a,b). The thickness of this layer varies from 50 to 100 um. This is the layer of mutual
impact (interaction) of the glaze and body (interaction layer (IAL)). Cracked quartz grains occur in
the IAL and directly below in the body layer (Figure 7a and Figure Sé6a). The lower part of IAL is
rough and in some places its boundary is blurry. Below occurs the body layer free of the glass matrix.
Quartz grains in the body layer and rarely in the IAL are connected by interparticle glass (Figure 7b,c
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and Figure S6b-d, IPG). Alloys (ALY) with irregular shapes occur below the IAL layer (Figure Séb).
Analyses Nos. 31 and 33 resemble thermal degradation of mineral grains rather than spherical alloys
as in the case of GLZ alloys (Table S2 and Figure S6b).

Interparticle glass (IPG) at the glaze and body contact (Figure 7c and Figure S6a,b,d) is composed
mainly of silicon, potassium and aluminium. It also contains some calcium, iron, sodium and chlorine.
Admixtures of titanium and sulphur occur in most analyses. Magnesium and phosphorus are present
in a few analyses.

Alloys in the IAL have a different composition than alloys in the glaze (Fe-O, PX; Figure S6b,
Table 52). Analysis No. 31 indicates an almost pure iron oxide. Aluminium, silicon, sulphur, potassium,
calcium, titanium and vanadium occur in trace amounts. In Analysis No. 33 the content of iron and
silicon is similar and reaches 20-30%. Alkali elements reach up to 3%. The content of calcium is only
about 10%, and of aluminium, 6%. The partially melted grain also contains small amounts of titanium
and manganese. Contrary to the glaze alloys, it does not contain phosphorus and lead, and the calcium
content is much lower.

Interpretation

The upper part of the body layer with the glass matrix between the grains indicates an additional
process of vessel surface preparation prior to the glaze slurry application. The increased content of such
elements as sodium and potassium in the interparticle glass compared to the glaze layer indicates that
the body surface could have been coated with a mixture containing these components, e.g., solution of
a potassium/sodium salt and/or plant ash. During firing, a glass layer developed on the surface of the
body layer below the forming glaze layer, which hampered the migration of fluid glaze that could
penetrate the porous body structure. Melting of the applied glaze slurry as well the development
of the glass phase could take place during firing due to melting of the body grains in reaction with
salts or ash. Grain melting is not as intensive as in the glaze which contains large amounts of fluxes.
The glass layer did not permit the penetration of fluid glaze into the body layer. After solidifying,
the glass layer formed the glass matrix of the IAL, as evidenced by melted edges and corners of quartz
grains in IAL and increased values of alkaline elements. The lack of such a glass phase protection layer
could have caused complete penetration of the melting glaze into the porous body, resulting in a rough
surface of the bowl with jutting out body grains. This is another argument for a single firing stage,
during which a glaze layer and IAL with a glass matrix could be formed. The glass phase in IAL has
similar properties as the glaze layer; a higher surface tension and lower viscosity in comparison to
the IPG in the body layer. However, lack of copper in the IAL in relation to its presence in the glaze
favoured the development of crazing on the glaze layer surface.

Irregular concentrations occurring at the IAL and body contact are relicts of alloys of heavy
elements, which did not react and sank to this level. Due to the low content of heavy components in
the applied glaze slurry, in some places, most of the alloy reacted and did not form oval concentrations.
Their chemical composition indicates that Analysis No. 31 may represent the thermal transformation
of magnetite to hematite and Analysis No. 33 partially melted iron and calcium aluminosilicate,
e.g., pyroxene, most probably augite (compare Section 5.2).

The glass phase in IAL and the glaze alloy differ in chemical composition and properties. The glaze
alloy is heavier but has a higher temperature being heated from the exterior and thus is thinner. The glass
phase in IAL is lighter, but has a lower temperature due to cooling compared to the porous body and
is denser. Therefore, the glaze alloy is active in relation to the glass phase from the IAL, mixing and
reacting with it. Heavy element alloys concentrated on the glaze and IAL contact enhanced the reaction
forming a glaze with a slightly lighter tint resulting from the increased content of these elements.
After the firing process, the quick cooldown of the exterior glaze layer took place, which increased its
density. At the same time, the glass phase in the IAL retained a higher temperature and was less dense.
Differences in the chemical composition of the glass phase in the IAL compared to the glaze point to
the relatively higher thermal expansion of the interaction layer, which favoured crazing. Therefore,
during IAL cooling, tension stresses caused canaliculi formation, which developed from the glaze base
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to its surface. The hampered possibility of fracture propagation to the surface due to the densifying
glaze slurry induced the formation of horizontal canaliculi (Figure Sé6c).

Body Layer

The body layer continues below the interaction layer (IAL). At low magnification (several to over
ten times) the layer is almost homogenous with only some exceptions (Figures 3-5, Figures S2 and S3).
Larger differences can be viewed at a microscale. The basic components of the body layer are quartz
grains of different sizes (Figures 7a and 8 and Figure S7, dark grey). The fraction below 50 pm (0.05 mm)
is dominated by grains in the range of 10-20 um (0.01-0.02 mm). A finer fraction is also present,
from below 10 to about 2 um. The body layer is slightly dominated by grains with diameters from 50
to 200 pum (0.05-0.2 mm). Additionally, single grains with higher dimensions of 200 to 500 pm (0.5 mm)
occur. Such grain size distribution classifies the material as moderately sorted. Numerous grains are
strongly cracked, particularly larger grains in the range of 100-200 um (Figure S7a). Single grains of
medium size, which underwent in situ disintegration into many smaller grains, have also been noted.

The quartz grains attain very diverse shapes in each of the distinguished fractions, from isometric
through anisometric to elongated. The grains have sharp and jagged corners and edges. Irregular
shapes resembling splinters or needles also occur. The grains are mainly angular and very angular.
Elongated and anisometric, and low spherical grains prevail, whereas rounded grains are almost lacking.
There is a very distinct orientation of elongated and anisometric grains (Figure 8a and Figure S7c).
The best oriented are the largest and medium grains, whereas fractions below 30 um are typically
isometric and without any clear orientation. They mainly infill the voids between larger grains.

Evenly distributed aggregates of various sizes and irregular shapes occur between the grains in
the entire body layer (Figure 8 and Figure S7, white areas). In some places, the aggregates are larger
and reach maximally 80 pm. However, the largest number of aggregates occurs on the surface in the
corners of quartz grains; their dimensions do not exceed 5 pm. In places where these aggregates are
present, the glass phase as IPG (dark grey) creates connections between the grains. In the case of very
small aggregates on grains, their surface is arch-like bent inwards.

Porous isometric aggregates occur also in the body layer (Figure 8a and Figure S7a, dark grey
areas). Their sizes do not exceed 80 um and they are irregularly distributed. The porous structure of
these aggregates comprises a large number of bubbles of different sizes (10-20 pm), with very fine
grains (1-2 pm) in the glass phase. The body also contains single mineral grains with authigenic shapes
(Figure 8b-d). One grain is surrounded by a substance resembling the primary fragment of the mixture
added to the silica paste.

The pore space is composed of pores of different sizes and shapes. Porosity between the grains
comprises a large number of pores below 10 um, which were formed between finer grains filling the
space between medium grains (Figure 8c). Their shape is variable and depends on the grain shapes.
The body layer also contains larger isometric pores, 50 to 200 pm in size. Some of them are oval or
sub-oval, and some have jagged edges. The variable degree of packing of the grains in the body can be
observed (Figures 7a and 8a, Figures S3 and S7a). Some zones with loose packing occur directly below
the glaze and some within the body.

Quartz grains display enrichment in small amounts of iron, phosphorus and calcium, and trace
amounts of titanium, chlorine, potassium, aluminium and sodium (Figure 7b and Table S2). Some of
them are characterised by an almost 20% carbon content and 1% mercury content. The body layer
contains plates of clay minerals and structures typical of these minerals (Figure 6a,b). Their presence
was confirmed by the results of qualitative analyses (Table S1). Quantitative analyses of clay minerals
observed in the thin section have indicated that they represent iron, titanium, potassium, magnesium
and sodium aluminosilicates. Small amounts of potassium and lead in Analysis No. 45 may result
from the impact of the alloy on the mineral grain (Figure 6b). Beside clay minerals, single grains of
minerals that were not transformed during firing are observed in the body layer. They most probably
include zircon (Zr) and ilmenite, an iron and titanium mineral (Fe-Ti; Figure 8c,d). Single grains with



Minerals 2020, 10, 785 23 of 42

lighter hues of grey than quartz and different shape. Their chemical composition is dominated by
silicon. There is also sodium, potassium and aluminium.

Interparticle glass (IPG) from the body layer is characterised by a much narrower range of
elemental composition compared to interparticle glass from the interaction layer (IPG). Beside silica it,
contains about 8% aluminium, 4.5% potassium and below 1% iron.

The body layer does not contain spheroidal alloys as the glaze layer (Figure 8a,c and Figure S7b,
ALY). Alloy aggregates are widely dispersed between the quartz grains. They are characterised by a
wider range of chemical compositions (Table S2). All contain silicon and iron. The content of silicon
is from 10 to almost 30%. However, Analysis No. 38 contains over 60% of silicon. In most analyses,
the content of iron is 3-4%, with only 13% in Analysis No. 28. Almost all alloys contain significant
contents of lead, and part of them also include antimony. Over half of the analyses occurs calcium at
about 15%, and in Analysis No. 27 the content of this element is over 30%. Large contents of calcium
are accompanied by large amounts of phosphorus. The contribution of the remaining alkali elements
is low, with the highest values in Analysis No. 28. Alloys containing antimony do not contain chlorine.
Contrary to the glaze alloys (ALY, SSA), they usually lack copper or contain only its trace quantities.
Analyses with copper have also trace quantities of titanium.

Interpretation

The presence of quartz grains of various sizes from very fine to medium points to a precise and
intentional mixture preparation as the main component of the silica paste. The quartz material was
crushed to an expected fraction. Only single larger grains being manufacturing contaminations have
been noted. Grain sieving in order to separate the nonfragmented grains into the expected fraction
cannot be excluded. Many grains with anisometric shapes may indicate the fragmenting method
and the applied tools. Cracks on grains, particularly the larger ones, resulted from intense crushing
of the quartz material by pounding. The applied raw material could also possess acquired cracks
which aided in the fragmentation process. Some cracks become apparent during the firing process,
when expansion after heating and shrinkage after cooling took place. The large variability of the
grain sizes and their high disintegration caused that after densifying the material became well packed,
which significantly influenced the hardness and durability of the faience item. Proper preparation
of the raw quartz material must have been well considered in order to achieve the highest possible
packing of the silica paste during moulding of the faience object.

An almost complete lack of rounded grains as whole grains or their fragments indicates that the
raw material used for the preparation of the basic silica paste component could not have been sand
e.g., of aeolian origin. After fragmentation, such sand should bear traces of rounded surfaces and
contaminants from the surface. Single grains with rounded surfaces are noted in the body, but they
may represent only manufacturing contaminants, e.g., from other materials. Polycrystalline grains
have not been observed, which excludes the usage of quartzose sedimentary or metamorphic rocks
(sandstones or quartzites) as the raw material.

The in situ disintegration of larger grains, which resulted in very fine grains, below 10 pum in
size, is commonly observed. Thermal transformations taking place on the surfaces of larger grains
in the presence of fluxes caused granular disintegration. Fast heating of fluxes located between the
grains caused heating of the surface zone and flaking of the finer fragments. The impact of fluxes
is also observed on large grains (about 100 um), which crack and disperse into many finer grains
(Figure S7b-d). Hidden cracks formed during crushing could enhance the thermal disintegration
of the grains. The other factors responsible are thermal expansion of minerals and « to 3 quartz
transition [49]. Observations of the partially melted edges of quartz grains together with chemical
composition analyses, clearly indicate high-temperature corrosion of quartz grains in a gaseous
environment. Corrosion processes are controlled by the emission of gaseous particles from quartz
material and strongly depend on the gas condition of the body-glaze system [50].

The common presence of irregular aggregates between the grains is the relicts of fluxes.
The flux dispersed in the body layer caused the development of interparticle glass (IPG). Small,
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several micrometres in size, glass bridges bound the quartz grains in one resistant skeleton and created
a durable vessel (Figures 5d and 8c,d and Figure 57d). The number of such aggregates must have been
larger, but glass bonds were formed due to melting. After firing arch-like hollows were created on the
grain surfaces in places of flux aggregates.

Isometric aggregates (Figure 8a and Figure S7a, dark grey) are similar to the glass phase and their
porous structure resembles a foamed glass mass. Very fine grains occurring within the glass phase are
similar to quartz grains. These aggregates are relicts after intense sintering during the firing process in
the presence of flux. Next, sintering of the powdered material concentrated between the grains took
place. The alloy was formed mainly from metal grains, which played the role of flux, quartz grains
and other admixtures. The isometric form of the aggregates indicates the concentration of the moist
powder during the moulding of the silica paste. The powdered material required a much lower
temperature from the melting temperature of particular components to achieve binding, melting and
boiling. Some aggregates contain larger voids and the material is completely melted and homogenous.
Glass slag aggregates with variable form and size, which depends on the initial composition of the
mixture, were formed.

The presence of lead in the body also results from using it as a flux. Its coexistence with antimony
in some analyses may indicate galena as the source of lead. Antimony as an accessory element may
occur in variable amounts in galena. Some of the lead and antimony-containing structures seem to be
crystalline phases. This may indicate the presence of synthetic bindheimite.

The body is composed mainly of quartz grains and admixtures, whose role was to maintain
the shape of the vessel after moulding and to develop durable bonds between the grains after firing.
Quartz, which is characterised by a very high coefficient of thermal expansion, should have caused
strong thermal expansion during the firing process. The chemical composition of the developed bonds
is similar to the composition of the glaze and glass phase in the IAL, which resulted in a similar
coefficient of thermal expansion. Application of an admixture of clay minerals containing Al,O3
decreased expansion on the bonds. Additionally, the bonds did not form a continuous layer as the
glaze, therefore their influence on the expansion of the body layer was insignificant. The value of the
thermal expansion of the body layer must have exceeded the expansion of the IAL and the glaze layer.
However, the body layer was not subject to significant expansion during firing because fluid IPG on
the particle bonds allowed for microdisplacements in the pore space of the body. Large compression
stress should have developed in the glaze layer during cooling due to the strong contraction of the
body layer, but the observed case is just the opposite. Crazing is noted on the surface of the glaze layer
due to tension stresses that developed as a result of larger thermal shrinkage of this layer in relation
to the body layer. This situation may be explained by bonds formed between the quartz particles.
During cooling, the bonds stiffened the skeleton of the body layer, which contradicted the thermal
shrinkage of the body layer. The developing contraction stresses in the quartz crystals caused cracking
of the grains. Therefore, a large number of cracked grains can be observed, especially in the contact
zone of the body layer with the IAL. The developing cracks levelled the high thermal shrinkage of the
body grain skeleton.

The authigenic shapes of different mineral grains, e.g., feldspars (albite and microcline), zircon and
biotite, and admixtures to the silica paste point to the origin of raw material used to prepare the silica
paste as the silty clay sediments of the Nile River and quartz veins from pegmatites. Contaminants
derived from the applied stone tools used for disintegration of the raw material, which could have
been made out of basalt, should not be excluded.

The orientation of the longer axes of elongated grains forming the vessel body parallel to the
vessel walls could originate only during the moulding process. Longer grain axes were arranged
perpendicularly to the largest pressure caused by stress. Such grain orientation points also to the silica
paste consistency (firmness) during moulding. Oval and circular pores with smooth walls indicate
the presence of air trapped in the silica paste during its formation. Uneven packing of the grains
suggests the occurrence of variable amounts of fluid between the grains. Beside small amounts of
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air, the entire pore space between the grains was filled with fluid—a mixture of water with mineral
and organic binders—during the compression moulding of the silica paste. The variable content of
fluid with a density exceeding water density caused loose packing of the grain skeleton. After firing
the pore space between the grains remained empty, which resulted in high porosity confirmed by
direct analyses (see Section 4.6). Grain orientation during the compression moulding was favoured
by the fluid composed of water mixed with mineral and organic binders that occurred between the
grains. Isometric pores with jagged edges were formed after the admixtures were completely or almost
completely burnt out.

4.4. Image Analysis

Quantitative analysis allowed obtaining detailed characteristics of the grain skeleton and pore
space parameters (Figure 9, Figure S8 and Table 1). The results of these analyses are presented below
separately for both components of the faience body.
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Figure 9. Quantitative characteristics of the grain skeleton in the faience body. (a) Grain size distribution
curves. Note red line indicating 0.2 mm (200 pm) of equivalent diameter; (b) grain size composition.

Table 1. Quantitative characteristics of the faience body: morphometric and geometric parameters of
the grain skeleton and pore space.

Grain Skeleton Value Pore Space Value
Relative grains area s (%) 77.9 Porosity n (%) 31.4
Number of grains N5 x 103 811 Number of pores Nj, x 10 154
Total area of grains Sgt x 103 (um?) 4051 Total area of pores Sp; X 103 (um?) 1434
Average area of grains Sgzy (um?) 9487 Average area of pores Spay (um?) 9.3
Total perimeter of grains Ps; X 10% (um) 4060 Total perimeter of pores Pyt X 103 (um) 1234
Average perimeter of grains Psgy (Um) 203 Average perimeter of pores Ppgy (1m) 8
Average diameter of grains Dsg, (um) 5.5 Average diameter of pores Dy,y (1m) 1.1
Sand @ > 50 um (%) 21.8 Mesopores 10 < & < 1000 um (%) 16.3
Silt 2 < F < 50 pm (%) 75.1 Micropores 0.1 < & < 10 pm (%) 83.7
Clay @ < 2 um (%) 3.1 Ultrapores & < 0.1 um (%) 0
Average form index of grains K, (-) * 0.421 Average form index of pores Ky, (-) * 0.444
Isometric grains (%) 14.1 Isometric pores (%) 144
Anisometric grains (%) 79.8 Anisometric pores (%) 81.2
Elongated grains (%) 6.1 Fissure pores (%) 44

* parameter dimensionless.

4.4.1. Grain Skeleton

The values of parameters characterising the grain skeleton are presented in Table 1. The total
grain area is 77.9%, at average grain area reaching almost 10,000 pum? (0.01 mm?). The average grain
perimeter is 203 um and the average grain diameter is 5.5 um. Grain size distribution curves indicate
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that the maximal grain diameter reaches up to 200 um (0.2 mm). In the upper part, the curves are
not bent asymptotically but reach the end of the chart in an almost straight line, whereas they are
bent in the lower part of the chart and join tangentially (Figure 9). Grains with diameters from 200 to
50 pm and from 10 to 40 pum dominate, whereas grains below 10 pm are very rare. The mass curve
is distinctly shifted with regard to the volume curve, which results from recalculating the grain size
onto their mass. The largest differences occur for grains in the largest fractions, from 200 to 50 um,
which results from the fact that the volume of these grains is small but they constitute a large mass.
On the histogram of the form index distribution, grains with anisometric and elongated shapes prevail,
constituting 85.9% in total, whereas the remaining ones (14.1%) are isometric grains (Figure S8a).
Quantitative analysis of the fraction composition of the grain skeleton and the performed
calculations have confirmed the qualitative observations (Figures 3-5, Figures 7 and 8, Figures S2,
S3, S6, and S7). The matrix contributes to about 10% and the skeleton to about 65% of the volume.
The remaining part is body porosity (Table 1). Precise fraction distribution and distribution of the
content of the matrix particles are difficult to assess due to the fact that the matrix underwent the largest
thermal transformations during firing. This accounts for a small error in the calculations, which may
maximally reach 2-3%. The grain size distribution curve distinctly stops at a value of 0.2 mm.

4.4.2. Pore Space

The values of parameters characterising the pore space are presented in Table 1. Total porosity is
31.4% at an average pore area of about 10 um?. Average pore perimeter is 8 um, and average pore
diameter is 1.1 um. The histogram of the pore diameter distribution indicates that ultrapores are not
present. Micropores dominate at 83.7%, and the remaining 16.3% represent mesopores (Figure S8c and
Table 1). The maximal mesopore diameter reaches up to 137 pm. The detailed histogram of micropore
distribution shows the lack of pores in the size range between 8.6 and 10.0 um and a clear domination
of pores between 0.1 and 1.7 um (Figure S8d). The histogram of the distribution of the pore form index
indicates the prevalence of anisometric and fissure pores, contributing to 85.6% in total, whereas the
remaining 14.4% are isometric pores (Figure S8b). The rose of the orientation of the structural elements
indicates that the anisotropy coefficient of the material building the faience body has an average
value of 16.9%, which classifies the microstructure as medium oriented, and the preferred orientation
direction of the structural elements is about 21° (see Section 5.1). Quantitative characteristics of the
pore space also confirmed qualitative observations with regard to the occurrence of micropores as the
main pore sizes in the faience body (Figure 5, Figure 7, Figure 8, Figures 56 and S7).

Interpretation

The absence of grains larger than 0.2 mm which indicates that precise sieving was applied
(Figure 9a). Sieves were used after each stage of grinding to remove larger quartz grains that had not
been entirely pulverised. This assured that larger grains were not used in subsequent manufacturing
stages. The sieve mesh must have been about 0.2 mm, thus the quartz material being the base of the
mixture used in subsequent manufacturing stages was perfectly prepared. During sieving, single larger
grains could have passed through the mesh, but only those that were elongated, with the smaller
dimension not exceeding the sieve mesh (Figure 8a).

The observed lack of micropores with sizes between 8.6 and 10.0 pm results from the low content
of grains with diameters of 7 to 10 um (Figure 9b and Figure S8). Rapid fall of the grain content below
10 pm may indicate the technical limits of the applied grinding tools. Anisometric and fissure pores
are the most common, and analysis of the orientation of structural elements confirms the strongly
oriented arrangement of the elongated grains (Figure S8a,b). These features again point to the strong
compression of the silica paste during its moulding.
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4.5. X-ray Powder Diffraction (XRD)

In the case of the samples studied, the most important test was the one that intended to verify
the colourant present in the glaze on the outer surface of the bowl. Three diffraction graphs are
presented in Figure S9, registering two different modes, i.e., the Bragg-Brentano method (MS-BDY_3h
and MS-BDY_4h samples) and the DSH method (MS-GLZ_1h and MS-GLZ_3h samples). As seen
in Figure S9a, quartz dominates in the samples. However, a closer look into the samples shows the
presence of more phases, although their identification proved impossible for samples MS-BDY and
MS-GLZ_1h. Cuprorivaite reflections can be seen in Figure S9b which is a scaled part of Figure S9a.
This resulted in an increase in the absolute intensity of the reflections and in the emergence of a weak
cuprorivaite reflection. Overall, the reflections are weak (Figure S9b), however they are strong enough
to allow for phase identification. Longer duration of the body sample analysis (Figure S9c) allowed the
detection not only quartz, but also small content of cristobalite, heat-treated sodium feldspar (albite)
and potassium (microcline).

Interpretation

The main component of glaze is quartz. Among the strong reflections from quartz, reflections
from cuprorivaite were registered, as well. The presence of cuprorivaite may be result of using it as a
glaze colourant.

The dominant component of the body is quartz. Due to the strong reflections from quartz, weak
reflections from cristobalite, plagioclase-albite and potassium feldspar-microcline were registered.
The presence of feldspars as small impurities indicates that quartz veins from pegmatite rocks could
be the source of raw quartz. Moreover, albite shows traces of high temperature treated during firing.
Small amounts of cristobalite detected are probably the result of quartz exposure to high temperature
and quick cooling after reaching the maximal firing temperature. The formation of this SiO, polymorph
may take place at a temperature of about 900 °C [51].

4.6. Physical Properties

The specific density of the faience material is 2.84 Mg/m3 and its bulk density is 1.64 Mg/cm?3.
The calculated porosity value n is 42.4%, and the void ratio value e is 0.74. Porosity determined on the
basis of image analysis is 31.4% (Table 1) and the calculated void ratio is 0.46.

Interpretation

The increased value of specific density in relation to the specific density of quartz (2.65 Mg/m?),
which is the main component of this material, results from the presence of substances containing heavy
elements, such as lead, iron, titanium or copper (see Tables S1 and S2).

The value of parameter n obtained from image analysis is understated by 11% in comparison to
the calculated value. This results from the fact that the value obtained from image analysis refers to two
dimensions of the sample (2D), whereas bulk density used for calculating parameter # was determined
from a fragment of the faience bowl, i.e., using three dimensions (3D). Therefore, an error was created
at anisotropy of the faience material, when the quartz grains are strongly elongated. Such error will
not appear in the 2D analysis when the material will be isotropic [38]. The smallest pores related to the
clay mineral content, which were not preserved during thin section preparation, were also excluded
from the image analysis (see Figure 5).

The high value of porosity and low value of bulk density are related mainly to the quartz material
defragmentation used for bowl manufacturing. Analysis of the grain size curve shows that the material
is characterised by a high content of the silt and fine sand fraction (80%), and a small content of the very
fine (10%; @ < 0.005 mm) and coarse fractions (10%; 0.08 < o < 0.2 mm; Figure 9). Such low variability
of grain size coupled with the high content of grains of the silt fraction (75.1%) results in the high
total porosity of the material. This results from the packing of the evenly grained material that lacks
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additional fractions, particularly the fine ones, that would fill the pore space between the dominating
grains. Large values of porosity result also from processes that took place during firing of the bowl.
Part of the matter was completely burnt out and evaporated, and partly changed its form and structure.
This is best visible in the voids between quartz grains where relicts of this matter can be observed.
Surfaces, edges and corners of the quartz grains were subject to partial melting (see Figures 7 and 8,
Figures 56 and 57). Defragmentation (crushing) of the quartz material took place not only during the
preparation of the silica paste for moulding of the faience items. Cracking could be also caused by the
high temperature during firing. This led to a slight increase in the pore space Figure S6a—d.

Based on studies of the physical parameters (bulk density and specific density) and calculations,
only the general porosity value was obtained. Pore dimensions cannot be determined this way.
SEM observations of the microstructure of the fracture surface have shown a large content of clay
minerals in the material (Figure 5). Their content will increase the number of very small pores, i.e., ultra-
and micropores (see Figure S8c,d and Table 1). However, SEM images of the thin sections did not
display such high content of clay minerals. This is related to the removal of these smallest structural
elements during thin section preparation. The lack of the finest fractions, whose contribution was not
included in the quantitative image analysis, caused an error in the obtained content of the smallest
pores (Figure 9).

4.7. Simultaneous Thermal Analysis (STA): TG-DSC with Evolved Gas Analysis (EGA): FTIR-QMS

The TG-DSC results obtained for the glaze and underglaze layer of the MS sample are presented
in Figure S10a. They show that in the range of 35-1000 °C there was only a slight mass loss (about
5.2%) of the tested compound. Moreover, the mass loss took place in several stages. On the differential
TG (DTG) curve two distinct endothermic peaks can be noticed, with maxima at 102 °C and 370 °C,
respectively. The peak with a maximum of 102 °C, corresponding to 3.42% of mass loss, is probably
related to the evaporation of the moisture contained in the sample. Analysis of the FTIR spectra
(Figure S10b,c) indicates that water (absorption peaks at ~4000-3500 and 1800-1300 cm~!) and carbon
dioxide (absorption peaks at ~3800-3600, 2359-2310 and 669 cm~!) were emitted while the sample was
being heated. Water emission occurred from the beginning of the conducted study and the amount of
water emitted increased gradually. In turn, the maximum carbon dioxide emission was observed at
380 °C. Taking into account the QMS results (Figure S10d), it can be supposed that at the beginning of
heating, as the first evaporated the water present on the sample surface and then the water from inside
the pores. Its decrease in the system was manifested by the decrease in the amount of the abundant ion
m/z at 18. Initially, the amount of carbon dioxide evolved also decreased (decrease in the amount of
abundant ion m/z at 44). However, at about 200 °C, a significant increase in its emission began and
lasted till 380 °C, to decrease afterwards. A subsequent increase in CO, release is noted above 700 °C
and continues until the end of the experiment at 1000 °C. This increase is not as rapid as previously.
On the basis of FTIR spectra (Figure S10b) it can be assumed that during the heating of the sample,
small amounts of ammonia were also emitted. This is indicated by the absorption peak at 3300 cm™.
However, the presence of ammonia in the evolved gases is not confirmed by QMS measurements
(lack of abundant ion m/z at 17), which may result from its very small amount.

Interpretation

The violent emission of CO; is related to the significant increase in gas volume in the oval pores of
the glaze layer. The increase in gas pressure caused its pressing in the closed cracks, numerous in this
layer (Figure 7 and Figures 54, S5a and 56). Pressure posed on the canaliculi walls and on pores caused
cracking of the material and gas release. Two phases of carbon dioxide release point to a continuous
process of gas adsorption by the glaze and pore formation during the firing. This results from an
oxidising atmosphere that occurred in the kiln and from the stage-like firing of the organic binders.
In turn, the release of small amounts of NH3 may point to the use of an organic substance containing
protein and/or a mineral constituent, e.g., ammonium salts. With regard to the DSC curve, it should be
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noted that besides the endothermic peaks associated with gas emission, the endothermic peak with
the maximum at 573 °C is also observed, which is associated with the transition of trigonal quartz
(x-quartz) into hexagonal quartz (3-quartz; Figure S10a).

5. Reconstruction of the Moulding and Firing Processes

5.1. Moulding

Results of microscopic observations of the grain skeleton and pore space of the body layer were
subject to analysis at three scales: (1) fragment of the fracture observed in an optical microscope,
(2) entire surface of the thin section observed in a polarising microscope, and (3) fragment of the thin
section observed in SEM (Figures 3c,d, 8a and 10, Figures S3 and S7a). Analysis of the entire surface
of the thin section shows differences in the orientation of elongated grains. The parallel orientation
of the longer axis of the grains with regard to the bowl walls is very distinct from the inside and in
the middle part of the bowl] cross-section, and very blurry on the outside and in the lower part of the
bowl cross-section (Figure 10a). The orientation of the longer axis of oval pores is in accordance with
the orientation of the longer axis of the grains (see also Figure S3b). Differences in packing have been
noted, and the narrow and loose zones are in accordance with the orientation of the longer axis of
grains and pores (Figures S3b and S7a). Observation in the optical microscope confirmed changes in
the orientation of elongated grains in cross-section (Figures 3¢c,d and 10b). Analysis of SEM images has
displayed a distinct orientation of elongate grains in the middle and on the bowl inside, as well as
high anisotropy of the material (Figure S7a and Figure 10c,d). Anisometric and fissure pores as well as
anisometric and elongated grains prevail in the body layer (Figure S8a,b and Table 1).

Based on the multiscale analysis of the grain skeleton and pore space of the body layer, the most
probable technology of bowl moulding has been reconstructed. A two-part mould comprising an
upper and lower part has been used for moulding (Figure 10e). The earlier prepared silica paste was
uniformly distributed on the interior side of the lower part of the form. Next, the upper part of the form
was inserted from above into the lower part and squeezed in order to achieve packing of the silica paste
between the surfaces. During insertion of the upper form from above on the surface of the silica paste,
small air bubbles were trapped in between. Voids surrounded by nonpermeable paste attained an
oval shape during compression with a small slope of the longer axis. The continuing stress caused the
reorientation of grains with their longer axes becoming perpendicular to the stress force. Free rotation
and displacement of the grains was maintained by large porosity of the medium, the fluid mixed
with mineral and organic binders, which infilled the pore space, and the fluid pressure in the pores.
Due to the admixtures, the fluid had higher viscosity, which increased cohesion between the grains,
decreased friction and enhanced plastic deformations of the silica paste. Differences in the orientation
of elongated grains result from the distribution of stress which changed during moulding, along and
across the silica paste layer (Figure 10f). Changes of the state of stress were related to the bowl shape.
Distribution of normal and shear stress in the lower part, near the base, caused compression close to
isometric and less distinct orientation of the elongated grains. In turn, the rounded part of the bowl was
characterised by higher anisotropy of normal and shear stress, and the orientation of elongated grains
is very clear. The increase in shear stress caused rotation of the elongated grains and orientation of their
longer axes perpendicular to normal stress (Figure 10a,e,g). The increase in friction, the development of
shear caused by the increase in shear stress, and the formation of narrow zones of low packed skeleton
occurred during the insertion of the upper part of the form (compare Figure S3b with S7c). Distribution
of stress in the bowl cross-section, particularly in the lower body with a convex wall, caused increased
compression from the inside and extension from the outside, which resulted in local changes in the
packing of the silica paste.
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Figure 10. Moulding of the body layer examined by fresh fracture observation, thin section analyses
and SEM study. (a) Large-format scan of the faience bowl: MS thin section (plane-polarised light,
1 nicol). The blue rectangle denotes the area enlarged in (b) and the orange rectangle denotes the
area enlarged in (c). Note blue and orange dashed line and compare with the same dashed line in
(g). The blue and orange lines with a number (in the lower part) indicate the angle of curvature of
the bowl shape (compare with the same colour of line in (g); (b) fragment of the area after cutting of
bowl sample with the well-visible orientation of elongated grains in the body layer (light microscope).
Note blue dashed line (orientation of elongated quartz grains) and compare with the same dashed line
in (g,a). Blue angle with number (in the lower right side) indicates the curvature of the bowl shape;
(c) SEM micrograph used in image analysis with the orientation of elongated grains (orange dashed
lines). Image viewed in a high vacuum mode (HV) and backscattered electron mode (BSE) with x50
magnification. Orange angle with number (in the lower right side) indicates the curvature of the bowl
shape; (d) rose of the orientation for structural elements in image (c). Compare orientation of elongated
grains (marked with orange dashed lines in (c)) with the orientation from image analysis: rose the of
orientation (a—direction of preferred orientation, K;—anisotropy coefficient of the structural elements);
(e) model of process moulding of the spherical bowl. Note blue and orange dashed line and compare
with the same dashed line in (g,a); (f) state of stress in the body layer: F—pressure force, ocn,—normal
stress, T—shear stress; (g) cross-section through the spherical bowl (see reconstruction of shape in
Figure 2b). The red dotted line indicates the area of the sample used for the preparation of the thin
section, see (a). The blue rectangle denotes the area enlarged in (c) and orange rectangle denotes the
area enlarged in (c); note blue and orange dashed line. The blue and orange lines with number (in the
lower left side) indicate the angle of curvature of the bowl shape, and the blue and orange dashed lines
with a number indicate the angle of orientation of elongated grains from (b,c).
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After moulding, the porosity of the material was low. The pore space between the quartz grains
was filled with various admixtures, such as fluxes, and mineral and organic binders. The silica paste
was moist during moulding, so the material moulded by compression became more packed. This is
evidenced by material anisotropy and distinct orientation of elongated quartz grains, which after
compression became arranged with their longer axes perpendicular to the compressive stress.
Binder addition enhanced such grain arrangement. Binders played the role of smear and allowed
for shifting and rotation of grains, significantly decreasing friction between them. A small content
of air was also present in the moist silica paste; during compression, it formed oval and slightly
flattened bubbles (Figure 3b, Figure 4d, Figure 5a,b and Figure 7a, Figure S3b). The initial parameters
of the material directly after moulding cannot be precisely determined. Obviously, the porosity value
was much lower due to the presence of admixtures filling the pores between the grains. In turn,
the parameters must have been sufficient enough for preserving the shape of the moist vessel after
taking it out of the moulds and for bonding the skeleton grains by the added binders after drying.
Therefore, the forces that caused packing of the material must have been large enough to meet these
conditions. The material could slightly shrink and become more packed after drying, which influenced
its hardness and durability, indispensable during later manufacturing stages.

5.2. Firing

Analysis of the results of multiproxy analyses allowed for precise determination of the temperature
range, at which the bowl was fired (Figure 11). The following data were used: (1) crystalline phases in
the body layer identified in the polarising microscope, (2) crystalline phases of the glaze and body layer
identified in SEM with EDS, (3) microstructures and chemical composition of alloys in the glaze and
body layer analysed in SEM with EDS, (4) XRD analysis of the glaze and body layer, and (5) DSC/TG
with EGA and microstructure in SEM analysis of bubbles and gases in the glaze layer.
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Figure 11. Firing of the faience spherical bowl examined by multiproxy data. Indexes a-d of temperature
indicators correspond with images to the right: (a) synthetic equivalent of the mineral bindheimite
(compare Figure S7b); (b) almost completely melted Na-feldspar (dark grey areas); (c) K-feldspar
(intact structure); (d) iron oxide mineral: partly decomposed and oxidised magnetite. Indexes 1-4 of
temperature indicators: 1 synthetic mineral cuprorivaite (see Figure S9); 2 increase emission of CO,
trapped in the oval pores inside the glaze (see Figure S10b,c); 3 Fe-Ti mineral (see Figure 8d); # bubbles
formation (see Figure 7c, Figures S4a and S6a,c,d); 5 sintering of clay mineral (see Figures 4 and 5).
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Observations of biotite with a thermally strongly changed structure indicate temperatures
exceeding 900 °C (Figure 8b, Table S2). Such values are confirmed by the Pb-Sb mixture which melted
from a powdered metallic form (lead) or mineral (galena) and antimony (accessory element) at a
temperature of at least 820 °C (Figure 11a) [52]. The reaction partially ended with the synthesis of
bindheimite (Figure S7b and Table S2). The presence of this mineral is confirmed in the XRD analysis [3].
Small amounts of cuprorivaite crystals in the glaze layer indicate surpassing the temperature of 1000 °C
(Figure S9b) [53]. Analysis of DSC/TG curves with EGA indicates that reactions in the sample did
not terminate at 1000 °C, which means that the temperature of glaze firing must have been higher
(Figure S10b—d). Observations of ilmenite, whose melting point is 1050 °C, have shown slight traces of
melting, which indicate slight excess of this temperature level (Figure 8d and Table S2). Identification
of Na-feldspar (albite) displaying strong traces of melting indicates that its melting point, 1100 °C
was exceeded (Figure 11b) [54]. A large number of small bubbles (10-50 um with the prevalence of
sizes below 20 um) in the glaze confirms a maximum firing temperature of 1050-1150 °C (Figure 7c,
Figures S4a and S6a,c,d) [55]. Clay minerals were almost completely thermal transformed into other
phases, and only in a few places single crystals were preserved, which means that the temperature
between 1100 and 1200 °C was reached (Figures 4-6, Figure S5 and Tables S1 and S2). Additionally,
the presence of partially melted pyroxene indicates temperatures below 1200 °C (Figure S6b, Analysis
No. 33). The melting points of pyroxene minerals vary from 1200 to 1600 °C whereby the temperature
decreases with increasing iron content [56]. Identification of K-feldspar (microcline melting point at
1200 °C (Figure 11c) [57]), iron oxide (decomposition temperature at least 1538 °C [58], the almost intact
structure of quartz and zircon grains without any modifications points to temperatures below 1200 °C.
Microstructural observation of the magnetite grain surface may indicate its thermal transformation to
hematite (Figure 11d) [59]. This confirms that the temperature of 1300 °C was not exceeded (Figure 8c,d
and Table 52). Summarising, the firing temperature was most probably not lower than 1050 °C and not
higher than 1150 °C. The temperature range was determined for crystalline phases from the glaze and
body layer, which additionally points to a single firing stage.

Firing with a maximum temperature must have been very short because relicts of temperature
indicators are preserved very well (Figure 11). Well-visible fluidal structures in the glaze, interaction
layer and body, as well as the variety of forms and size of alloys, particularly the oval ones, point to rapid
interruption of the firing process and quick cooldown in the high-temperature range (Figures 7 and 8,
Figures S6 and S7). Only fine-crystalline mineral phases are preserved in some voids and circular
pores left by alloys; they confirm the rapid termination of the firing process and quick cooldown
(Figure 7c—middle-left part of the photograph and Figure S7d—lower left part of the photograph).
A canaliculi and fracture network (crazing) developed within and on the surface of the glaze of a
quickly cooled down item, which indicates a mismatch between the thermal expansion of the glaze
with IAL and the body layer (Figure 7a and Figure Séb,c). Numerous pin-hole depressions in the
glaze evidence a short high-temperature firing and thermal immaturity of the glaze (Figure 3e and
Figure S4a). Detailed analysis of kilns and results of field studies from the Tell Atrib archaeological site
should be performed to determine the total firing duration.

The studies enabled to reconstruct the conditions occurring in the kiln during the firing process
(Figure 11). Application of cuprorivaite as the blue colourant, in which copper is oxidised at +2, in lead
lustres gives a glaze colour with a green hue during firing in oxidised conditions. Emission of CO,
already at 200 °C points to the beginning of the burning of the organic binder in oxidised conditions.
Reduced conditions were not achieved during firing, as a result the body layer attains a white colour.
The content of Fe and Ti gave the body a light orange hue at contact with the glaze due to firing in
oxidised conditions. Alloys in the glaze and body layer form mixtures of Pb, Fe, Ti and Cu metal
oxides with some alkali Ca, Al and Mg, as well as Cl and P. These facts point to the presence of oxidised
conditions in the kiln throughout the firing process.
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6. Discussion

So far, studies of faience objects were focused mainly on the analysis of the chemical composition
of glaze in SEM integrated with EDS or WDS [14,60]. The lack of precise locality in the analyses
does not allow for assessment and correct interpretations, as well as hampers precise comparisons.
The results are not linked with SEM viewing of microstructures, whose diversity influences the chemical
composition. As concluded from the performed analyses, detailed observations of microstructures
coupled with precise localisation of chemical analyses have supplied novel and crucial information
allowing for the reconstruction of the technologies used in faience manufacturing (see Section 4.3.3).

6.1. Raw Materials—Silica Paste

A dominating concept is that the source material for the quartz could have been ground quartz
pebbles or quartz sand [1,12-14]. Our studies confirm that the silica paste was made out of quartz-rich
rocks. The quartz material used for the preparation of the silica paste must have been homogenous
because after firing the body layer is almost white and the only contaminants are relicts of the applied
admixtures. The material was first crushed by pounding with a hard tool and then ground. The site has
yielded numerous stone tools, including mortars and grounding pestles made out of hard rocks [61-63].
Therefore, the raw material must have been derived from rocks with pure quartz veins, e.g., magmatic
rocks such as pegmatites. The source of the raw material could have been for example quartz-rich
pebbles from gravels of the Edfu Formation, which are exposed in numerous localities along the Nile
valley [64]. Lower Pleistocene gravels of this formation, rich in quartz pebbles of plutonic and quartz
vein origin [65], are exposed close to the Tell Atrib site, about 75 km to the SSW in Saqqara around the
Step Pyramid of Pharaoh Djoser. In turn, the usage of desert sand in the manufacturing of the studied
hemispherical bowl should be excluded due to the lack of quartz grains with rounded edges, and a
small amount of impurities, e.g., heavy minerals.

The large variability of the grain sizes and their high disintegration caused that after densifying
the material became well packed, which significantly influenced the tightness and hardness of the
faience item. Proper preparation of the raw quartz material must have been well considered in order
to achieve the highest possible packing of the silica paste during the formation of the faience object.
The use of rounded grains (sand) could have caused that the material would have been less cohesive
during moulding and after drying of the bowl. In turn, angular material ensured better firmness.

6.2. Binders

The application of organic binders in faience manufacturing is still a matter of debate [5,13,14,18].
According to Vandiver [5], no macroscopic or chemical traces of the organic binder are left after firing.
In turn, our studies have shown the presence of carbon in relicts of the glaze slurry, on the surfaces of
quartz grains, and in C-Si ribbons formed during firing. Moreover, thermal analysis of the glaze has
indicated the release of large amounts of carbon dioxide and small amounts of ammonia. The content
of CO; in the glaze may be linked with the firing of organic matter. In turn, small amounts of NHj3
may come from the burning of protein from the organic binder or from the decomposition of salts
containing ammonia. Shortland and Nicholson [14,18] proposed the addition of gum or resin as
admixtures enhancing the moulding of vessels. Such admixtures will fulfil their function when added
during paint production, but they will not achieve an adequate consistency of the silica paste for the
moulding of vessels. The application of substances such as egg albumin or gelatine could have resulted
in obtaining a fluid with an appropriate packing, and thus would result in an adequate consistency of
the silica paste.

A controversial issue is the application of clay as an admixture for the silica paste. Nicholson [18]
indicates several reasons why clay could not have been added at all or only sporadically to the silica
paste. One of them is the fact that till Ptolemaic times, faience was produced without the addition
of clay. The second reason is based on observations of fresh fractures of faience, which usually
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have a white or grey tint and in macroscale bear no traces of clay addition. This must refer to the
light-pink tint of the fracture, which is not observed in the studied fragment, and which should
refer to the firing of clay to a light red colour. However, if e.g., kaolinitic clay would be added to
the silica paste, then the fresh fracture of the faience body would maintain its white tint also after
firing. An argument in favour for the addition of a small amount of clay material to the silica paste
was the finding of numerous unfired clay vessels and kilns used for firing pottery and terra cotta
in the Tell Atrib archaeological site [16,66-68]. The clay used for their manufacturing was subject
to X-ray diffraction phase identification analysis. The mineral composition of the clay fraction was
dominated by clay minerals such as illite, chlorite and kaolinite [68]. The presence of clay minerals
was confirmed in numerous petrographic, microstructural and EDS analyses. The presence of partially
thermal transformed clay minerals was confirmed in the matrix of the body layer. The existence of
silica polymorph (cristobalite) which forms in high temperatures may indicate the initial stages of
metakaolin and then mullite formation. Short high-temperature firing and a small amount of clay in
silica paste influenced the limited possibility of their detection in XRD. It cannot be excluded that
cristobalite may come either from quartz raw material or from Nile Delta silty clay sediments [69].

Application of organic binders and clay minerals resulted in larger packing of the silica paste and
a high quality of the projected relief ornamentation. The applied reliefs with refined shapes inside
and outside the bowl suggest that they could be formed simultaneously with moulding. Making the
decoration after the moulding of a thin-walled vessel would have been a difficult and almost impossible
task. Some decoration could have been added when the moulded bowl was still inserted in one of the
forms. Therefore, the addition of components enhancing the plasticity of the silica paste was much
wanted. After drying, the vessel maintained the desired shape and was not destroyed during glaze
application. The organic binder was burnt out during firing, which increased the porosity of the body
and at the same time decreased the weight of the vessel. Due to such high porosity, the faience object
was much lighter from an analogous size item made of clay.

6.3. Moulding

Moulds were used in the manufacturing of faience vessels already from the fourth century BC,
when the Macedonians arrived in Egypt [70]. However, it is not clear what they looked like and what
they were made of. The moulds may have been analogous to those used in the production of clay
bowls with relief decoration. It is also possible that clay vessels with relief decoration, like the ones
found at Tell Atrib, may have been used as moulds for faience manufacturing [71]. Clay bowls with
rim diameters from 13 cm to 20 cm, both plain and decorated with thin painted lines on the inside
surfaces, resembled in shape and size faience bowls of B.1 type [3]. These bowls are dated between
the mid-third century BC and the mid-second century BC, corresponding in date to the B.1 type bowl
(Table S3). The dating is based on accompanying chronosensitive finds [29,31,32]. The correspondence
may be more than accidental, suggesting that the potters making faience bowls may have patterned
their products on clay counterparts, perhaps even using clay moulds for impressing the faience bowls.
The decoration of both the faience and the clay bowls, especially the ones with relief decoration,
demonstrates the mastery of local artisans employing different techniques to produce vessels in
different materials. Fragments of gypsum moulds for the manufacturing of ceramics were discovered
in Memphis. There is, however, no certain proof that such moulds were also used in the manufacturing
of faience objects [18]. The performed studies show that the longer axes of elongated grains are
oriented parallel to the vessel walls. This indicates that moulding of the bowl took place at intense
compression in a two-part mould with an upper and lower part. Based on the regular shapes of faience
objects from the Ptolemaic Period, Shortland [14] also suggest that vessel manufacturing must have
taken place in moulds, but these authors link the two-part moulds with the manufacturing of very flat
bowls or trays. In turn, deeper bowls, particularly those with deeply incised external decorations are
typically associated with multipart moulds [14]. The application of multipart moulds is also indicated
by ridges observed on the vessels in places where the moulds were connected with one another [72].
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Welc and Nenna [3,13] discussed the uniqueness of decoration motives. Repeatability would have
been large when the bowls would have been formed in moulds with a relief. The explanation to the
low repeatability of decorations would have been the application of moulding forms to make the
vessel and then using stamps to make the relief decorations. The observed repeatability of motives
on the bowl decorations from Tell Atrib points to such technology of decoration. The use of stamps
for the manufacturing of moulds for megarian bowls was suggested by Thompson [73]. However,
obtaining convex reliefs inside the bowl using stamps is difficult to achieve. Additional microstructural
and chemical composition analyses are required to determine the method used for decorating vessels
with reliefs.

6.4. Glaze Slurry and Glazing

Ptolemaic faience belongs to one of the first cases of applying lead-alkali glaze in the antiquity [15].
The lead content in the glaze improved the optical brilliance and decreased its viscosity during
firing [14,15,74]. The presence of lead in the glaze of the analysed bowl was confirmed by EDS analyses.
Its concentrations in the form of spherical shaped alloys were noted at the glaze and IAL contact,
as well as dispersed, irregular alloys of the body. Such large amounts of lead in the glaze and body
layers indicate that Pb was also used as flux to drop the temperature in places where the alloy and
glass were formed. This is confirmed by reactions observed in microstructures of the faience layered
structure. Glaze rich in Al, Si, P, as well as Ca, Pb and Fe, points to the application of high firing
temperatures to melt the components and produce high-fire glaze. Once again, this testifies for a single
firing stage and high temperature of this process. Lead could have been added in metallic form as
well as lead minerals, e.g., galena (lead sulphide (PbS)), as indicated by the presence of sulphur in the
analyses. Despite the presence of lead antimonite (bindheimite) it should be excluded that this mineral
was added on purpose. Bindheimite is very rare mineral but easy to synthesise. Small amounts of
antimony present in galena could result in the synthesis of lead antimonite during firing of the faience
bowl. The presence of lead objects, such as thin plates that were found during excavations may indicate
that the processing of lead ores took place in Tell Atrib [75].

Addition of organic compounds and/or clay minerals allowed for obtaining a solution denser
than water, which was indispensable for correct application of the glaze slurry on the faience item. In a
water suspension, minerals containing heavy elements, e.g., galena, present in the mixture, will sink
four times faster than the quartz grains of the same size. In turn, the addition of these compounds to
the glaze slurry would cause even several tens slower sinking. Taking into account the thin layer of the
glaze slurry applied on the surface, heavier grains could partly sink, therefore the alloy concentrations
adjoin the body surface.

The small content of sodium in the glaze indicates that natron probably was not used for its
production. Sodium may derive from plant ash or clay minerals in the glaze slurry. The high content
of potassium and the presence of magnesium indicate the usage of plant ash, and the high content and
proportion of calcium and phosphorus points to the addition of ashes from animal bones. The addition
of calcium phosphate (Ca3(POy);) from bone ash resulted in opaque glaze, as well as decreased the
melting temperature of alloys in the glaze, IAL and body. The presence of calcium in glaze prevented
its dissolution in water. A large number of bones (including burnt bones) found in Tell Atrib confirms
that they must have been processed and used for different purposes, including the manufacturing
of faience objects [75]. The high content of calcium could not come from the addition of grounded
limestone. The firing of limestone would result in the emission of large amounts of CO;. This would
cause a large number of bubbles in the glaze. The presence of chlorine both in the body and the glaze
(Tables S1 and S2) may be related to the application of chlorides as fluxes in faience manufacturing.

Studies of Ptolemaic faience show that cobalt and copper compounds were applied as blue or
green-blue colourants [14,15]. Our analyses have indicated the presence of copper in the blue-green
glaze. The content of cobalt was confirmed by only one single grain (alloy?) in the glaze (Figure S6d
and Table S2). Possibly, the total content of cobalt is insignificant so that it was not registered in the EDS
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analysis, whereas detailed relief analyses may indicate its application. The source of the blue colourant
is copper, perhaps in the form of synthetic mineral cuprorivaite (Egyptian Blue). The small amounts of
Egyptian Blue detected in the XRD analysis, on the one hand, may be the proof for using cuprorivaite
in faience making. On the other hand, its presence may be the result of the crystallisation of the
cuprorivaite phase in glaze. Egyptian Blue could be manufactured in local workshops because its relicts
have been found in the form of blue frit in the site; it was also discovered in painted plasters [28,76,77].

6.5. Firing

A so far unsolved issue is the number of firings of the faience items. Vandiver [1] assume the
typical application of as a single firing. This was contested by Nicholson [18], who found fragments of
fired and unglazed vessels from the Roman Period during the excavations at Memphis. He assumed
that the body was biscuit fired at first at a higher temperature, and then with the applied glaze at a
lower temperature. Our studies indicate that the application of mineral and organic binders and the
appropriate preparation of the body surface before being covered by the glaze slurry allowed applying
just a single firing. This conclusion is confirmed by numerous observations of the glaze and body
microstructure coupled with analyses of the chemical composition. Two firing stages could be applied
when a lower firing temperature was applied during biscuit firing. Such solutions were, however,
not used in faience manufacturing. A second firing would have caused renewed melting of the grain
bonds in the body layer and deformation of the item’s shape. Therefore, biscuit firing did not have
practical significance in this case. Detailed analysis of alloys composed mainly of Si, P, Ca and Pb,
and their comparison with phase diagrams may confirm the temperature and number of firing stages.
The double firing of faience is linked with the risk of damaging the item. The initially fired body
contained interparticle glass (IPG) binding the quartz grains. In the subsequent firing, the temperature
of the softening point for these bonds was lower than that required for the formation of these bonds.
Exceeding this temperature during the second firing would have caused fluidisation of the bridges
between the quartz grains and damage of the items during firing. Heaps of such damaged and melted
vessels have been found in Memphis [18].

There are many factors considered to influence bubble formation in the glaze, among them is
chemical composition. Bubbles in the lead glaze begin to form when the temperature exceeds 950 °C.
The bubble number and size (30-80 um) only slightly increase with temperature rise to 1150 °C.
In turn, bubbles in the leadless glaze appear already at 850 °C, and their number and size (20-150 pum)
significantly rise with temperature increase [55]. The presence of bubbles that are 10-50 pm in diameter,
with the prevalence of sizes below 20 um in the studied glaze point to a maximum firing temperature
of 1050-1150 °C. A larger number of bubbles with smaller sizes may be caused by both lead and alkali
content (Figure 7c, Figure S6a,c,d and Tables 51 and S2). Correlation between the firing temperature
and the chemical composition of the glaze, in the relation to the formation of gas bubbles, confirms the
use of calcium oxide (bone ash or burnt lime) instead of usage limestone.

6.6. Methodological Recommendations

Many interesting and important methodological comments regarding the multiproxy approach
that emerged during the performance and development of research results have been included in
File S1.

7. Conclusions

A multiproxy analysis of an ancient faience bowl performed in order to reconstruct ancient
manufacturing technology has revealed the strengths and weaknesses of the investigative methods and
their mutual dependence. Novel interpretation possibilities opened by the multiproxy approach have
also led to significant conclusions regarding technological aspects of the manufacturing technology.
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The silica paste was prepared from high-quality pure quartz extracted from veins of pegmatite
origin, containing few impurities, e.g., feldspars and minerals rich in iron. The quartz raw material
would have come from quarries or gravel sediments rich in quartz pebbles; the analysis excluded
other rocks like sandstone, quartzite and sand. Clay minerals obtained from silty clay Nile sediments,
a common raw material in the Athribian pottery and terracotta workshops, were also used for
manufacturing faience.

Feldspars, clay minerals and bone ash were the sources of alkali fluxes (Na, K, Ca). Bone ash was
also a source of calcium and phosphorus. Lead, which acted as a flux, was added in metallic or mineral
form, e.g., as galena, a possibility indicated by a small amount of sulphur. Calcium present in bone
ash acted as a stabiliser, increasing chemical resistance of the glaze to water. The source of chlorine,
which is present in both body and glaze layer, remains unexplained.

Grinding quartz raw material with stone tools and sieving to select crushed material affected the
shape and size of grains used for silica paste preparation. The plasticity of the paste was ensured by a
small addition of mineral binder (clay minerals) and organic binder. Quartz grain selection and addition
of binders resulted in good paste compaction during the moulding process and permitted thin-walled
and richly decorated vessels to be produced. The clearly visible orientation of elongated quartz grains
and the flattened pores in the body layer indicate moulding of the silica paste by compression in a
multipart mould. The presence of binders ensured the durability of the form after drying and allowed
for the application of glaze slurry without damaging vessel structure. This technique allowed for only
one firing of the products. Use of organic binders is confirmed by large amounts of carbon absorbed
into the quartz surface and the presence of gases: CO, and NHj, in the pores of the glaze.

Relics of the glaze layer demonstrated that the slurry was a mix of finely ground quartz,
clay minerals and bone ash with water added to allow application to the vessel surface. The colourant
for blue-coloured glaze was copper, while small amounts of iron gave the glaze a greenish hue.
The chemical composition of the glaze layer indicates cuprorivaite (Egyptian Blue) as a possible source
of copper. The use of a metallic form of copper should not be excluded and the existence of Egyptian
Blue crystals in the glaze may be related to their crystallisation during a rapid cooling process. The low
content of alkali and the presence of iron and titanium are due to the raw materials used. Single quartz
grains, detached from the body layer and embedded in the glaze layer, as well as the structural nature
of the interaction layer between body and glaze indicate the use of a soft tool, e.g., a brush, for applying
the glaze slurry. Appropriate proportioning of components of the slurry prevented the molten glaze
from soaking too deeply into the body or running down the vessel walls during firing. Shrinking of
the glaze upon cooling down was insignificant enough not to cause crazing.

The bowl was fired at a temperature of about 1050-1150 °C, in an oxidising atmosphere.
Many indicators, e.g., geothermometers, that is, feldspars present in the body layer, and analysis of
bubbles in the glaze layer gave a precise determination of the temperature, additionally confirmed
by the observation of synthetic cristobalite, C-Si ribbons and partly melted quartz grain surfaces.
The oxidising nature of the atmosphere in the kiln during firing was indicated by the presence of blue
cupric ions and the identification of carbon dioxide from burning organic matter.

Applying such an advanced manufacturing technology gave a bowl of unusual aesthetic value,
at the same time durable and much lighter than analogous pottery vessels. The use of copper and
lead in the production process created a risk of heavy metal poisoning as a result of everyday use of
the dishes.

The manufacturing methods involving preparation of the raw material and selection of admixtures
at every stage of the process demonstrate technological knowledge and expertise drawing on the
achievement of various craft workshops, such as pottery makers and metallurgical and casting ateliers.
Therefore, faience items made in the Athribian workshops of Ptolemaic times are truly the first high-tech
ceramics in the world.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/10/9/785/s1,
File S1: Methodological recommendations, Figure S1: Diagram of the multi-proxy analysis for MS samples,
Figure S2: Fragments of the layered structure of the faience bowl observed under digital and stereoscopic light
microscopy and prepared for microstructural investigations. (a) fragments of the glaze surface and glaze bottom
are well-visible. White rectangles denote the area in Figure S4a,c; (b) well-visible relicts of silica paste, relicts of
glaze slurry and C-Si ribbon. White rectangles denote the area in Figures S5d and 6a; (c) fragments of the body
layer; (d) enlarged fragments of the layered structure from (a)—(c) are well-visible (arrowed). Note C-Si ribbons
on the surface of glaze bottom (left fragment) and body (right fragment), Figure S3: Large-format scan of the
faience bowl—MS thin section. Orientation of the images: T-B (B—right side, see Figure 2). (a) plane-polarised
light (1 nicol). BDY—body layer, GLZ—glaze layer, IAL—interaction layer, loosely packed—enlarged area in
Figure 7a, hollow—enlarged area in Figure Sé6c; (b) cross-polarised light (2 nicols). Loosely packed—similar area,
see Figure S7a, Figure S4. Title and captions, see Figure 6. Colour number with a dot, oval or rectangle marks the
localisation of the EDS analyses (see Table S1). (a) melted quartz grains (Q), spherical pores (SP), canaliculi (CL),
cracks (CR), spherical shaped alloy (SSA) and alloy (ALY) well-visible within the glaze; (b) analyses located in
image (a); (c) glaze and underglaze layer with well-visible melted quartz grains, spherical pores, alloys, spherical
shaped alloys and relict of glaze slurry (RS); (d) analyses located in image (c). The white rectangle denotes the area
enlarged in (e); (e) well-visible spherical shaped alloys, Figure S5: Title and captions, see Figure 6. Colour number
with a dot or rectangle marks the localisation of the EDS analyses (see Table S1). (a) glaze and underglaze layer
with melted quartz grains, spherical pores, alloys, spherical shaped alloys and relict of glaze slurry (RS); (b) nearly
hemispherical relict of glaze slurry; (c) analyses located in image (b); (d) clod relict of glaze slurry; (e) analyses
located in image (d), Figure S6: Title and captions, see Figure 7. (a) spherical alloys are visible between the glaze
and underglaze layer (arrowed). A large number of canaliculi in the glaze (arrowed) and interparticle glass
well-visible. Partially melted quartz grain sticking out above the glaze surface; (b) many spherical alloys are visible
between the glaze and underglaze layer and in the interaction layer (arrowed). Many canaliculi and spherical
pores are found in the glaze (arrowed); (c) interaction layer surrounding an oval hollow with glaze. Singular
spherical alloy and spherical pore as well as cracks and canaliculi are visible (arrowed). The white rectangle
denotes the area with hollow enlarged in (d); (d) fragment of hollow. Well-visible interaction between the glaze
and interaction layer, Figure S7: Title and captions, see Figure 8. (a) fragment of the body with high orientation of
elongated quartz grains. Large fissure pore space with the same orientation as the elongated grains is visible in the
centre. Many fractured grains well-visible (arrowed); (b) synthetic bindheimite (BIN) surrounding melted grains
of quartz (in the centre). Note grain of slag mixed with alloy (upper side); (c) high orientation of elongated quartz
grains surrounding pore with alloys (in the centre, ALY). White rectangle denotes the area enlarged in (d); (d) alloy
(ALY) surrounding fractured quartz grain, Figure S8: Quantitative characteristics of the grain skeleton and pore
space in the faience body. Probability density of grains/pores Ph; = N;yN-I: N;—number of grains/pores within
the “i” interval, N—total number of grains/pores, [—length of the interval. The distribution of the equivalent
diameter (D) allowed determining micropore (0.1-10 um) and mesopore (10-1000 um) contents. Grains/pores
with different shapes were distinguished based on the distribution of the form index (Ks#/Kpy): isometric a/b <1.5,
anisometric 1.5 <a/b <10 and elongated/fissure a/b >10 (a, b-extreme grain/pore dimensions). (a) histogram of
the form index of grains shape Ky distribution; (b) histogram of the form index of pore shape K distribution;
(c) histogram of diameter D of meso- and micropore distribution; (d) histogram of diameter D of micropore
distribution, Figure S9: X-ray Powder Diffraction Analysis (XRD) of the faience body and glaze and underglaze
layer. (a) diffractograms of MS-BDY and MS-GLZ samples with symbols of reflections: Q—quartz, ?—reflection of
phases, which could not be identified with certainty; (b) enlarged diffractograms of MS-BDY and MS-GLZ samples
with symbols of reflections: Q—quartz, Cu—cuprorivaite, >—reflection of phases, which could not be identified
with certainty; (c) diffractogram of MS-BDY sample with symbols of reflections: Q—quartz, Cr—cristobalite,
Pl—plagioclase, K—potassium feldspar, ?—reflection of phases, which could not be identified with certainty,
Figure S10: Simultaneous Thermal Analysis—STA (DSC-TG) with Evolved Gas Analysis—EGA (QMS-FTIR)
of the faience glaze and underglaze layer. (a) TG, DTG and DSC curves; (b) FTIR spectra of gaseous products
evolved during thermal analysis for selected temperatures; (c) 3D diagrams of FTIR spectra of gaseous products
evolved during thermal analysis; (d) QMS spectra for the ions of m/z = 18 and 44, Table S1: Elemental composition
of the faience layered structure. Localisation and spectrum of EDS analyses, see Figure 6, Figures 5S4 and S5,
Table S2: Elemental composition of the faience layered structure. Localisation of EDS analyses, see Figure 7,
Figure 8, Figures S6 and S7, Table S3: The dating of clay bowls based on accompanying chrono-sensitive finds.
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