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Abstract 

The historical evolution of the manufacturing technique of tin-glazed ceramics since 

ancient times as well as the differences in materials and manufacture according to their 

provenance are subjects that have attracted the attention of many scientists and, 

consequently, abundant archaeometrical studies can be found in the specialized literature. 

Nevertheless, a lesser number of studies aimed at the characterization of the alterations 

undergone by archaeological glazes has been reported. This work describes some unusual 

alteration processes found in tin-glazes depending on the environmental conditions to 

which they were subjected during centuries. For this purpose, focused ion beam-field 

emission scanning electron microscopy-X-ray microanalysis (FIB-FESEM-EDX), an 

advanced instrumental technique for surface analysis, has been used for the first time, 

complementarily to optical microscopy (OM), FESEM-EDX and Fourier transform 

Infrared spectroscopy (FTIR). In particular, the FIB-FESEM-EDX has shown the 

morphological and compositional changes that have taken place in the surface and 

subsurface of the glazes at the nanoscale. The analyses carried out have shown that 

differential corrosion processes occur depending on the environment surrounding the 

piece. In the buried glazes an outer lamellar corrosion layer due to humidity-dryness 

cycles is found, similarly to that found in buried glasses. This layer is placed over a 

thinner gel layer silica-rich. The absence of a corrosion layer is observed in submarine 

glazes that, in contrast, have undergone an unusual and selective erosion of the glaze 

matrix due to the silicification metabolism of diatoms. A thin outer corrosion layer formed 

by precipitated corrosion products and unspecific organic matter that has been degraded 

to lead and calcium oxalates is found in younger glazed pieces subjected to an 

atmospheric environment.   
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1. Introduction 

 

Lead and tin-glazes have been widely produced since antiquity for decorating tiles and 

earthenware pottery due to their ability for improving the utilitarian qualities of ceramic 

objects by making them impervious to liquids and providing a bright and colored 

appearance. First known production of lead-glazed pottery comes back to the first century 

BC in Anatolia and becomes common in the Roman period and, after this, in Europe and 

Near East throughout the Middle Ages [1,2]. Use of raw materials containing Pb (II) 

such as litharge (PbO) or white lead (2PbCO3·Pb(OH)2) as fluxing agent provides 

smooth and clear glazes with superior properties that adhere well to the surface of 

the pre-fired pottery body. Additionally, lead-glazes interact properly with most 

metal oxides used to provide color (i.e. titanium, vanadium, chromium, manganese, 

iron, cobalt, nickel, or copper).  

 

From the seventh to ninth centuries BC starts the production of low-temperature 

glazes opacified with lead stannate to yield yellow opaque glazes in Egypt and 

Syria [3] and glazes opacified with tin oxide by Islamic potters from Abbasid Iraq in an 

effort for imitating the Chinese porcelain that requires a high-temperature firing [4]. This 

manufacturing technique was progressively transmitted eastwards to Syria and Iran and 

westwards to Europe from Northern Africa and the Iberian Peninsula [5,6].  
 

The chemical composition of lead and tin-glazes was varying over time. First glazes were 

prepared as alkali glazes with a PbO low content of 1-2 %. The lead content was 

progressively increased to that of a lead-alkali glaze (20-40 % PbO and 5-12 % alkali) 

achieving a value of 55 % PbO and 3 % alkali in Hispano-Moresque pottery [1].  

 

The first Hispano-Moresque lead-glazed ceramics dated in the Iberian Peninsula were 

found in workshops located in the southeast of al-Andalus, (at ca. 850–875 AD) [7]. This 

first decorated pottery exhibited a transparent lead-glaze green and/or honey-colored by 

using copper and manganese as chromophore elements. First lead-glazes using tin as 

opacifier were found in al-Andalus in the ninth century BC [8]. Decorations with metal 

oxides were developed in the Iberian Peninsula since the tenth century, starting with green 

(copper) and brown (manganese) designs on a white tin glaze [9]. Blue and yellow 

decorations using metal oxides (cobalt as blue chromophore) and (antimony forming lead 

antimonate grains as yellow chromophore) were also produced in Hispano-Moresque 

workshops together with lusterware (three-firing processes) associated with blue 

decoration [10]. In particular, tin-glazed earthenware (green and brown, blue and white, 

and luster) was produced in Valencian workshops of Paterna, Manises, Valencia, and 

Xàbia (Spain) [11-14], and were widely exported in the thirteenth and fourteenth centuries 

[15]. These typologies [16] and new polychrome typologies were successively developed 

in further centuries in Europe [6,12,17-19].  

 

Concerning studies of alteration processes, abundant literature is found describing 

alteration mechanisms of glass [20-23] and, more specifically, those that take place in 
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museum environments [24,25], historic stained glass used for decorating windows in 

churches and cathedrals [26-29], buried glass [30,31] and underwater glass [32-34]. 

Nevertheless, lesser works devoted to the study of the alteration processes of ceramic 

glazes are found in the literature [35]. In a study of the manufacturing technique of Roman 

sherds decorated with green lead-glazes De Benedetto et al. [36], identify a corrosion 

layer in the glaze but they do not provide the chemical composition of this corrosion layer. 

Salinas and Pradell [7] mention a lead leaching process accompanied by recrystallization 

of lead and calcium phosphates and carbonates inside surface cracks in lead transparent 

glazes made in al-Andalus (c. 875–929 AD), suggesting that these precipitation products 

act as cement for soil particles. Similarly, Molera et al. [10] found cerussite in an outer 

corrosion layer formed in buried manganese brown glazes from Murcia (Spain), dated 

back from the tenth century. Machado and Vilarigues [37] study the corrosion process of 

blue enamels on laboratory specimens that mimic old enamels used for decorating glass 

windows. According to eighteenth-century recipes, they prepare a base lead glass of 

alkali-lead type (37.6-43.2 % PbO, 12.3-17.9 % K2O, 3.7-6.3 % Na2O) and add smalt or 

zaffre (a mixture of SiO2 and CoO (2:1, w/w)) as blue coloring agent. The analyses were 

performed by using inductively coupled plasma-atomic emission spectroscopy (ICP-

AES), Fourier Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD), and 

Fibre Optic Reflectance Spectroscopy (FORS), and confirmed that alkali ions are leached 

promoting a change of the chemical structure of the glaze matrix with the formation of 

Co2+/Co3+ spinel crystals. Lixiviation of Pb2+ ions with recrystallization as cerussite and 

hydrocerussite in the surface was also described in this research. Yin et al. [38] study the 

corrosion processes of buried pieces of lead-based glazes from the Han dynasty (206 BC-

220 AD). This analytical study used transmission and scanning electron microscopies 

(TEM, SEM), X-ray microanalysis (SEM-EDX), FTIR, and XRD. The study showed that 

the buried glazes underwent lead leaching that resulted in the formation of a lamellar Si-

rich layer near the surface and an outer crystalline layer of precipitated lead carbonate. 

Zhou et al. [39] found underwater blue-and-white porcelain affected by devitrification, a 

process that resulted in a multi-layered outer structure. In prior papers, the authors of the 

present work described corrosion processes affecting buried glasses and tin-glazed 

ceramics using solid-state electrochemical techniques [40-43]. In agreement with these 

studies, lixiviation of alkaline and Pb2+ ions present in the glaze as network modifiers 

occurs significantly. This process results in the formation of a corrosion layer with lower 

lead content. In burial conditions, this migration is controlled by reactions of hydration, 

hydrolysis, and ion exchange in aqueous solution in a way similar to that described for 

buried glass [20-23], which results in the formation of a corrosion layer with a lamellar 

structure that macroscopically exhibits an iridescent appearance. It is known that lead-

silicate glasses and glazes have a structure that combines network forming Pb4+ present 

as [PbO4] tetrahedral unities together with Pb2+ ions as network modifiers with octahedral 

coordination [PbO6] [44,45].  

The preparation of cross-sections by the conventional metallographic procedure of 

embedding the sample in a curing resin and further polishing with abrasive disks and 

dispersions is a method abundantly used in the study of archaeological glazes and 

porcelains. The examination and analyses of the samples are carried out using optical 

microscopy (OM) in combination with SEM-EDX, field emission scanning electron 

microscope with an energy dispersive X-ray detector (FESEM-EDX), electron 
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microprobe analysis (EMPA), micro X-ray fluorescence, (μ-XRF), synchrotron-X-ray 

absorption spectroscopy (XAS), X-ray diffraction (XRD), or Raman spectroscopy, [46-

51]. Focused ion beam (FIB) is a novel technique that is being increasingly used as a 

preparation method of ultra-polished cross-sections and lamella for the investigation of 

microstructure and phase transformation of materials related to ceramics using electron 

backscattered diffraction (EBSD) [52], and transmission electron microscopy (TEM) 

[53], respectively. Nevertheless, FIB, as a preparative technique, has been scarcely used 

for studying glazed ceramics. In the archaeometry field, FIB coupled with FESEM images 

was applied for the study of manufacturing technology of ancient lusterware ceramics 

with nanoparticle distribution in the outer glaze [54,55]. This work presents a study in 

which the novel technique of FIB is coupled to a FESEM-EDX (FIB-FESEM-EDX) for 

performing surface analysis at nanoscale. This new technique has been combined with 

classical OM and the advantages of FTIR spectroscopy for providing the molecular 

composition in the study of the surface corrosion exhibited by archaeological ceramics 

that have remained for centuries in different environments. To the knowledge of the 

authors, corrosion processes occurring in ceramic glazes have not still been studied 

utilizing FIB-FESEM-EDX. In prior works, the authors have successfully applied FIB-

FESEM-EDX for studying both compositional and morphological corrosion processes 

occurring in the surface of copper-based coins [56,57]. Here, the proposed multi-

technique approach has enabled the identification of corrosion processes on the surface 

of tin-glazes that morphologically only are appreciable at the nanoscopic scale. The 

dependence of corrosion processes on environmental conditions, glaze composition, and 

coloring agents behavior have also been discussed.  

 

2. Material and methods 

 

2.1. Description of archaeological pieces  

 

Three glazed ceramic pieces that exhibited alteration processes have been selected taking 

into consideration the influence of the environmental conditions to which the pieces were 

subjected during centuries. A summary of the glazed ceramic characteristics and samples 

analyzed are presented in Table 1. Images of the ceramic pieces are shown in Fig 1. 

 

2.2. Instrumentation 

 

Microphotographs of the surface of glaze samples and samples prepared as cross-sections 

were acquired employing a Leica M165 stereo microscope using a capture system of high-

resolution digital image IC80HD controlled by LAS software. 

 

The glaze samples were analyzed with a FIB-FESEM Zeiss (Orsay Physics Kleindiek 

Oxford Instruments) model Auriga compact equipment. The operating conditions were: 

30 kV, and current intensities of 500 µA, and 20 nA in the FIB for generating the focused 

beam of Ga ions that enabled the sectioning of samples and formation of trenches. The 

Ga beam impacts perpendicularly to the plane of the vertical wall of the trench by tilting 

54° the stage where is placed the ceramic microsample. Secondary electron images were 
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acquired at 2 kV in the FESEM. Spot and area analyses were performed in cross-sections 

and trenches operating with an Oxford-X Max X-ray microanalysis system coupled to the 

FESEM controlled by Aztec software. A voltage of 20 kV and a working distance of 6-7 

mm was used. ZAF method for semiquantitative microanalysis was applied. The counting 

time for acquiring X-ray spectra was 100 s. A more detailed description of the working 

conditions can be found as supplementary electronic material. 

 

Due to the heterogeneity of the glazes at the microscopic scale, a minimum of three 

measurements were performed on the cross-sections in areas at ca (100x100 m) for 

obtaining the average composition of the uncorroded glazes containing grains of 

unmelted pigment, raw materials, and neoformed phases dispersed in the vitreous matrix. 

Spot acquisition of X-ray spectra was also applied in both cross-sections and trenches for 

obtaining the average values of the chemical composition of the corroded and uncorroded 

vitreous matrix of glaze, grains of raw materials, pigments, opacifiers, and mineral phases 

neoformed during the firing process. X-ray spectra were acquired in spot mode on three 

different points of the glaze vitreous matrix or in different grains of the same mineral.  

 
 

 

Figure 1.- a) Polychromed tin-glazed tile A (Valencia workshop, 18th century); b) 

fragment of blue and white tin-glazed dish B (Manises workshop, 15th century); c) 

fragment of blue and white tin-glazed dish C (Xàbia workshop, 19th century). 
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Table 1.- Description of studied pieces of glazed ceramic. 

 

 

Object 

Reference 

Provenance Chronology Current location Typology  Conservation state  Environmental 

conditions of the 

archaeological 

site 

Sample reference 

A Valencia 

workshop 

18th century Private collection 

(Valencia, Spain) 

Polychromed tin-

glazed tile  

Smooth glaze with small 

pits randomly spread 

Atmospheric  A-1 (white), A-2 

(yellow), A-3 

(orange), A-4 

(brown), A-5 

(blue), A-6 green) 

B Manises 

workshop 

15th century Stored in the Museu de 

Cerámica de Manises 

(Valencia, Spain) 

Fragment of blue 

and white tin-

glazed earthware 

Large areas with 

iridescent corrosion 

Burial B-1 (white), B-2 

(blue) 

C Xàbia 

workshop 

19th century Stored in the Museu 

Arqueologic i 

Etnografic de Xàbia 

(Valencia, Spain) 

Dish of blue and 

white tin-glazed 

earthware 

Lossed brightness  Submarine C-1 (white), C-2 

(blue) 
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FTIR reflection measurements were conducted on microsamples scraped from the 

ceramic glazes. IR absorption spectra were obtained in the attenuated total reflectance 

(ATR) mode using a Vertex 70 Fourier-transform infrared spectrometer with an FR-

DTGS (fast recovery deuterated triglycine sulfate) temperature-stabilized coated detector 

and an MKII Golden Gate Attenuated Total Reflectance (ATR) accessory. The ATR-IR 

module has a diamond crystal with a refractive index of 2.4. The penetration depth of the 

probe is estimated to be about 600 nm at 3450 cm1, about 900 nm at 1650 cm1 and about 

600~630 nm in the 1030-1100 cm−1 region [58,59]. This probe depth is defined as the 

depth at which the IR beam intensity is attenuated by (1-e1) [60]. 32 scans were collected 

at a resolution of 4 cm1 and the spectra acquired were processed with OPUS/IR 7.2 

software. Deconvolution and curve-fitting analysis were applied to the IR overlapped 

bands of silicate group in the range 1260-600 cm1. The methodology applied has been 

described elsewhere [61].  

 

2.3. Preparation of samples for the analyses 

 

The chemical analyses of this study were carried out on microsamples (surface area lesser 

than 1 mm2) excised from the glaze of the ceramic pieces using scalpels. Sampling points 

were selected with the help of an optical microscope to avoid areas with fissures, cracks, 

and other superficial irregularities in all the glazed pieces and earth deposits in the burial 

fragments. Additionally, microscopy examination enabled better discrimination of the 

different colored areas in each glaze. 

 

The microsamples excised from the glazes were prepared in three different modes:  

 

A) Microphotographs with OM and electron images and X-ray spectra using FESEM-

EDX were acquired on cross-sections prepared using polyester resin (Glasspol 328, 

Glasspol Composites SL, Spain), which does not require heating for curing, followed by 

polishing with SiC dishes of decreasing grain size. This preparation technique allowed 

the analysis of the entire cross-section of the glaze.  

 

B) Electron images and X-ray spectra were also acquired on trenches formed using the 

FIB on microsamples excised from the glazes. The microsamples were fixed with carbon 

adhesive to the aluminum stage of the FESEM. The size of trenches was (10x8 m). 

Points for performing the trenches in the glaze microsamples, whose surface exhibited a 

homogeneous appearance, were chosen avoiding areas where cracks, pits, fissures, or 

mineral microdeposits were present.  

 

Both microsamples and cross-sections were carbon-coated before the analysis by FIB-

FESEM-EDX and FESEM-EDX, respectively. In the microsamples where trenches were 

performed, a second treatment before the formation of the trench was carried out that 

consisted of applying a thin layer of Pt on the area where the trench should be performed 
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to protect the surface of the glaze at the nanoscale from possible alterations due to the Ga 

ions bombardment during the formation of the trench.  

 

C) The third series of microsamples of glazes were analyzed by FTIR spectroscopy in 

ATR mode. IR spectra of the outer corrosion layer in the aerial and buried glazes and the 

uncorroded submarine glaze were directly acquired on the surface of the microsamples. 

The IR spectrum of the amorphous inner corrosion layer of the buried glaze was acquired 

by mechanically removing the fragile outer lamellar layer whereas the IR absorption 

spectrum of the uncorroded buried glaze was acquired by powdering the microsample 

after mechanically removing the corrosion layers.  

 

3. Results and discussion 

 

3.1 Surface analysis with FIB-FESEM-EDX 

 

3.1.1. Atmospheric environment 

 

Microsamples excised from six areas in tile A, which represent the white glaze and the 

main colors used by the craftsman, were analyzed. At the naked eye, the surface of the 

tile had a glassy shine denoting an apparent absence of corrosion processes. Nevertheless, 

a microscopy examination of the tile at low magnification showed fissures, in particular, 

in orange areas, and pits randomly distributed on the surface. The pigment was densely 

spread in the motifs decorated in orange and brown whereas white opaque crystalline 

aggregates dispersed into the translucent glassy matrix appeared in the white, yellow, 

green, and blue areas. Yellow aggregates were also identified in the yellow and green 

motifs of the decoration. In green and blue motifs, the glassy matrix was homogeneously 

died (see Fig. 1S provided as supplementary electronic material). The thickness of the 

glazes ranges between 180 m in the green sample to 260 m in the yellow sample. 

Microphotograph and backscattered electron image of the cross-section and secondary 

electron images of the orange microsample and the trench formed on its surface are shown 

in Fig. 2. The micromorphology observed is in agreement with that reported for ceramic 

glazes of the seventeenth and eighteenth centuries. As can be seen in the images (Fig 

2a,b), the glaze exhibits some bubbles of different sizes. Small grains of tin oxide, the 

opacifier used, are heterogeneously distributed and, eventually, form small clusters some 

of which are located in the inner surface of the bubbles [62]. Raw materials remnants 

appear randomly distributed along the glaze as coarse grains (2-30 m) of quartz (SiO1.79) 

and potassium feldspar (K1,0Al1,0(0,1)Si3,0(0,2)O8) (Fig. 2a,b). Undissolved grains of 

pigment with various sizes ranging between 10 to 1 m or less are concentrated in the 

subsurface of the glaze forming a layer of over 40 m thickness. That confirmed the use 

of the in-glaze decoration technique characterized by the application of the pigment on 

the surface of the glaze before the second firing (Fig. 2a,b). X-ray analyses performed in 

the pigment grains confirmed that the orange motifs are the result of using Naples yellow 

pigment (Pb2,00Sb2,03(0,02)O7) (vide infra FTIR analyses) with added Fe2O3 for obtaining 
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more reddish hues [10,62]. Scarce neoformed grains are present in the interphase of the 

glaze and the ceramic body, which confirms a low interaction of both as a result of the 

double firing process [1,11].  

 

 

Figure 2.- Zone orange (A-3) of the polychromed tile A: a) Backscattered electron image 

of the cross-section; b) microphotograph of the cross-section (PPL); c) secondary electron 

image of the surface of the sample in the zone where the trench was performed (position 

of the trench is pointed out by an arrow); d) secondary electron image of the trench formed 

in the surface of the orange glaze.  

 

Fig. 3 shows in detail the outer part of the FIB trenches formed in the six microsamples 

taken from the different colored areas of the tile. A thin corrosion layer is observed on 

the surface of all glazes. Brown and blue glazes (Figs. 3a,e) show the thickest corrosion 

layers with an irregular thickness (30-500 nm). Some pore and infiltration channels 1.3-

2 µm deep are also observed for which, presumably, the corrosion process advances 

towards the glaze core. The corrosion layer appears as broad isolated spots on the surface 

of the green glaze (fig. 3d). Glazes orange, yellow, and white (Fig. 3b,c,f) exhibit a thinner 

corrosion layer that achieves a thickness of 25 nm in the orange sample. A few nanometric 

cassiterite crystals and pores are recognized in the corrosion layer of these glazes. The 

formation of fine cassiterite crystals has been well described previously based on a 

dissolution process of the PbO-SnO2 mixture to form the metastable compound PbSnO2 

that transforms in small crystals of SnO2 with dimensions lower than 1 m during cooling 

[63]. Bigger grains of tin oxide with angular forms were found in the glaze, which could 
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have been associated with raw material remnants after the grinding process of the fritted 

product obtained by heating lead and tin metals [14]. The corrosion layer is surrounding 

a big grain of Naples yellow in the yellow glaze (Fig. 3c). It can also be seen abundant 

subangular grains of lead antimonate with variable sizes under 2 µm mixed with small 

grains of cassiterite in the subsurface of the orange glaze (Fig. 2d). The dark rounded 

grain in the center of this trench exhibited a chemical composition rich in Fe and K that 

has been ascribed to raw materials providing this element according to Piccolpasso’s 

treatise. In this manuscript is described that orange colors were prepared with mixtures 

of lead oxide, antimony oxide, and wine lees, with iron scale (i.e., iron oxide), for 

obtaining the suitable orange color in combination with Naples yellow [6].  

 

 

 
Figure 3.- Secondary electron image (2 kV) of the outer part of the trenches performed 

in the different colored areas of the surface of the glaze of tile A. Detail of the thin 

corrosion layer formed in the glaze can be seen in all the trenches: a) brown; b) orange; 

c) yellow; d) green; e) blue; f) white. 

 

Table 2 summarizes the average composition of the uncorroded bulk of the glaze obtained 

in the cross-section of the white glaze using FESEM-EDX. According to the classification 

established by Tite et al. [1], this glaze can be considered a lead alkali glaze with a 21 % 

PbO and total alumina, alkali, and alkaline earth oxides content of 16.5 %. This 

composition is in agreement with those reported for maiolica tin glazes manufactured in 

other production centers of Spain and Europe during the seventeenth and eighteenth 

centuries [18,62-65 ]. Nevertheless, it should be noted the comparatively high potash 

content of 10.6 % is associated with the feldspar-rich sand used as raw material 

highlighted by the abundant unmelted grains observed in the cross-section. These results 

suggest that this tile was prepared according to the traditional technique in which a 
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mixture of lead and tin is calcined to produce a powdered material named calx. After this, 

silica and an alkaline frit are added to the calx and then again heated [67]. The 3.4 

PbO/SnO and 2.6 glaze/(PbO+SnO) ratios found in the A glaze are within the ranges 

2.8-6-9 and 0.7-2.7 established by Tite et al. [66] for tin-lead calx. On the other hand, the 

SnO content of 6.2 % is in the range of 5-10 % SnO established by Molera et al. [10] for 

providing the suitable opacity to the glaze. 

Concerning the pigments, the X-ray microanalysis carried out on the different areas has 

confirmed the use of Naples yellow for yellow, Naples yellow, and iron from wine lees 

and iron scale for orange and manganese oxides as coloring agents for brown. X-ray 

analyses performed on outer areas of the A-5 blue cross-section show Co accompanied 

by As suggesting that zaffre was used as raw material for blue motifs. It has been reported 

that zaffre, a cobalt oxide by-product of the silver mining industry, which is prepared by 

roasting cobaltite (CoAsS) and erythrite (Co3(AsO4)2·8H2O), was commonly used as blue 

pigments in Europe between the sixteenth to eighteenth centuries [6]. The mixture of 

particles of lead antimonate and the copper diluted in the glaze agrees with the mixed 

copper green color described in Piccolpasso’s treatise that consists of a prefired mixture 

of copper oxide with lead oxide and antimony oxide [6]. It is interesting to note that copper 

is identified not only in green areas but also in white and brown areas. This unexpected 

finding is associated with the great diffusivity of this ion in the melted glaze beyond the 

profile of the green areas [68].  

As it is shown in Table 2, X-ray spectra acquired in the trenches, in both corrosion layer 

and uncorroded inner glaze, confirmed that silica content increases in the corrosion layer. 

A low shift in the content values of network modifier ions is also found, however, 

different behaviors are observed depending on the ion. Potassium and magnesium content 

slightly diminish, which confirms the diffusion of these network modifiers from the 

uncorroded glaze. Nevertheless, a higher content is found for lead and calcium in the 

corrosion layer, which suggests that precipitation processes are taking place that retain 

these network modifier ions in the open network of the corrosion layer. These results can 

be interpreted in light of general models of glass corrosion. Environmental humidity 

generates water microdrops that attack the glaze and result in ion exchange of network 

modifiers. In particular, the ion exchange of the Pb2+network modifier ions goes by the 

process: 

 

 

2(Si–O)–Pb + 2H+  2(Si–OH) + Pb2+ (1) 

 

In parallel, hydrolysis of the silicate groups takes place forming silanol groups that distort 

and progressively open the structure of the network with the concomitant loss of cohesion. 

These processes result in a modification of the pH of the attacker solution [21]. The most 

open and porous silica-rich gel layer formed favors the infiltration of external ions and 

the reaction of atmospheric carbon dioxide with the dissolved ions forming insoluble 

carbonates and bicarbonates of calcium and lead, that remain retained in the porous 
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structure of the gel layer. If this process is produced in abundance, an outer precipitation 

layer can be formed [37,69-71]. In parallel, the metabolic action of microorganisms can 

promote the occurrence of oxalate salts [28,71,72]. The presence of carbonates, mainly, 

calcium and lead carbonates as well as calcium and lead oxalates in the corrosion layer 

of tile A has been confirmed by FTIR spectroscopy as described thereafter.  

 

3.1.2. Burial environment 

 

The iridescent aspect of the altered areas of the surface of fragment B is shown in Fig. 2S. 

Figures 4a-c and 3S show the backscattered electron images and photographs, 

respectively, of the cross-sections obtained in two samples taken from the white (B-1) 

(Fig. 4a and 3Sa) and blue (B-2) (Fig. 4b and 3Sb) areas of the fragment B (Manises 

workshop, 15th century) decorated with blue motifs on a white tin glaze. The white glaze 

has a thickness at ca. 90-120 m. Although no bubbles are formed, abundant grains of 

unmelted Co-rich blue pigment are seen in the interphase with the ceramic body. This 

finding confirms that this piece was made by applying the pigment for drawing the motifs 

of blue decoration before covering the ceramic body with the tin glaze. This technique is 

the so-called “underglaze technique” [73,74]. The average values of oxide wt% of the 

glaze listed in table 3 are in agreement with data reported in prior studies for medieval 

lead alkali glazes from Valencian workshops [67]. It is remarkable the high tin content 

(11.7-7.4 % SnO) that reduces the PbO/SnO ratio until 3.2. A corrosion layer is 

recognized on the surface of both white and blue glazes. This layer, in turn, comprises 

two sub-layers (see arrows in Fig. 4S). The upper one (1 in Fig 4a,b) exhibits a lamellar 

structure whereas the inner one (2 in Fig. 4a,b) has an amorphous morphology. These 

corrosion sub-layers can be studied in more detail in the FIB trenches formed in both blue 

and white areas, which are shown in Figs. 5 and 6. The lamellar sub-layer (Fig. 5b,d, and 

6b,d) has a minimum thickness in the range 20-30 m whereas the thinner amorphous 

sub-layer (Fig. 5a,c and 6a,c) has a thickness ranging between 1600-340 nm. It is 

interesting to note that the abundant presence of nanopores formed on the lamella (Fig. 

6b,d) as well as on the top of the amorphous sublayer (Fig 6c) could be observed uniquely 

in the trenches due to the finest polishing of the cross-section achieved with FIB 

technique. The images obtained confirm that this ceramic glaze has undergone a corrosion 

mechanism according to that described previously for buried lead glasses [38,69,70,75-

77]. The seasonal humidity-dryness cycles in the soil promote, in a first step, an 

enrichment in silica of the corrosion layer. Progressively the corrosion layer acquires 

abundant porosity that, concomitantly, promotes the penetration of the attacker solution 

containing exogenous ions such as H+ and CO3
2. The H+ ions favor the advance of the 

hydrolysis reaction.  

The leached Pb2+ ions can combine with CO3
2 ions and precipitate forming lead 

carbonate that remains infiltrated in the lamellar layer and, in extreme instances, forms 

an outer precipitation layer of cerussite and hydrocerussite. During the dryness step the 

processes pass slowly forming an interlaminar space of a few hundred nanometers and 
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the sequence starts again with the new humidity step in which the attacker solution 

penetrates forming a new lamella. 

 

Average chemical compositions obtained on the uncorroded glazes as well as on the 

amorphous and lamellar corrosion layers of samples B-1 and B-2, using the FESEM-

EDX, are listed in table 3. The more remarkable changes are the progressive increase of 

the silica and tin oxide content from the uncorroded glaze to the amorphous and lamellar 

sublayers. The former indicates that ion exchange and hydrolysis reactions have taken 

place extensively. The increase of the tin oxide content is due to the high insolubility of 

the cassiterite microcrystals that remain trapped in the corrosion layers. In parallel to these 

changes, a notable decrease in the content of lead oxide is found from the uncorroded to 

the corroded layers. That suggests that most of the lead present as mobile Pb2+ network 

modifier ion has migrated outside. The fraction of lead that remains in the corroded layers 

is supposed to be present as Pb4+ network former and as lead carbonate insoluble salts 

formed by the precipitation of Pb2+ ions with exogenous carbonate ions in the more open 

Si-enriched network of the corrosion sublayers. A low decrease of content is also 

observed in the rest of the elements from the uncorroded glaze to the outer lamellar 

sublayer with a slight increase in the latter sublayer in some of them. This result suggests 

that most of these mobile ions have been lixiviated with partial precipitation to insoluble 

salts in the outer sublayer. 
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Table 2.- Chemical compositions measured in the cross-section of the white area of tile (A-1) and the trenches formed in samples of the different 

colors of tile A using FIB-FESEM-EDX. Standard deviation in brackets. 

 

  Chemical composition (% oxide) 

 
Cross-

section 
Trench 

Component A-1 A-1 A-2 A-3 A-4 A-5 A-6 

 Glaze* G.M. C.L. G.M. C.L. G.M. C.L. G.M. C.L. G.M. C.L. G.M. C.L. 

Na2O 0.4(0.1) n.d. 0.30(0.01) n.d. 0.4(0.1) n.d. n.d. n.d. n.d. n.d. 1.0(0.1) n.d. 0.5(0.3) 

MgO 0.5(0.1) n.d. 0.41(0.03) n.d n.d. 0.4(0.1) 0.7(0.1) n.d. n.d. n.d. 0.3(0.1) n.d. 0.46(0.03) 

Al2O3 2.7(0.2) 1.4(0.1) 0.97(0.2) 1.1(0.1) 0.9(0.1) 1.3(0.2) 1.6(0.1) 1.1(0.1) 1.0(0.1) 1.3(0.1) 1.0(0.1) 1.46(0.03) 1.4(0.1) 

SiO2 55.1(0.9) 51.6(0.5) 52.3(0.4) 51(0.4) 52(0.3) 44(1) 48(1) 53(1) 58(1) 61(1) 62(1) 52.2(0.7) 54.4(0.4) 

Cl n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.3(0.1) n.d. n.d. 

K2O 10.6(1) 13.8(0.2) 10.9(0.3) 9.3(0.03) 9.6(0.02) 9.3(0.2) 8.7(0.1) 10.4(0.1) 7.9(0.3) 10.7(0.1) 9.8(0.2) 13.2(0.6) 10.7(0.4) 

CaO 2.7(0.5) 3.4(0.3) 3.7(0.3) 2.2(0.1) 2.7(0.1) 4.4(0.2) 3.9(0.1) 3.0(0.2) 3.5(0.3) 2.8(0.1) 3.2(0.1) 3.1(0.1) 3.2(0.3) 

MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.5(0.1) n.d. n.d. n.d. n.d. n.d. 

FeO n.d. n.d. n.d. n.d. n.d. 4.5(0.1) 3.6(0.1) 0.5(0.1) n.d. 0.3(0.1) 0.4(0.1) n.d. 0.1(0.3) 

CoO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.1(0.1) n.d. n.d. n.d. 

As2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.03(0.1) n.d. n.d. n.d. 

CuO 0.8(0.6) n.d. n.d. n.d. n.d. 0.8(0.1) n.d. 1.0(0.1) n.d. n.d. n.d. 2.6(0.2) 2.3(0.1) 

SnO 6.2(1) 2.9(0.4) 2.5(0.8) 2.1(0.1) 1.7(0.1) n.d. n.d. 3.6(0.2) n.d. 2.6(0.1) 1.7(0.1) n.d. n.d. 

Sb2O3 n.d. n.d. n.d. n.d. n.d. 7.4(0.2) 4.3(0.1) n.d. n.d. n.d. n.d. n.d. n.d. 

PbO 21(1) 27.0(0.4) 28.9(0.9) 34(1) 36(1) 28(1) 30(1) 27(1) 29(1) 20(1) 21(1) 25.1(0.4) 27.1(0.7) 

G.M.: glassy matrix of the glaze; C.L.: corrosion layer; n.d.: non detected; * Average composition measured in the cross-section
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Figure 4.- Backscattered electron images (2 kV) of the cross-section of blue and white 

samples from ceramic fragment B (Manises workshop, 15th century). A) B-1 white glace 

(1: outer lamellar corrosion layer; 2: inner amorphous gel layer); B) B-2 blue glaze (1: 

outer lamellar corrosion layer; 2: inner amorphous gel layer). 
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Figure 5.- Secondary electron image (2 kV) of the trenches performed in the colored areas of the glaze of fragment B: a) area of blue glaze B-2 

with an amorphous layer of corrosion; b) area of blue glaze B-2 with an outer lamellar layer of corrosion; c) area of white glaze B-1 with an 

amorphous layer of corrosion; d) area of white glaze B-1 with an outer lamellar layer of corrosion.
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Figure 6.- Secondary electron image (2 kV) showing in detail the outer part of the 

trenches of figure 5: a) area of blue glaze B-2 with an amorphous layer of corrosion; b) 

area of blue glaze B-2 with an outer lamellar layer of corrosion; c) area of white glaze B-

1 with an amorphous layer of corrosion; d) area of white glaze B-1 with an outer lamellar 

layer of corrosion. 
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Table 3.- Chemical compositions measured in the cross-section and the trenches formed 

in samples of the two colors of fragment B using FIB-FESEM-EDX. Standard deviation 

in brackets. 

 

 Chemical composition (% oxide) 

 Cross-section   Trench    

Component Glaze*  
B-1 

white 
  

B-2 

blue 
 

 B-1 B-2 G.M. A.C.L. L.C.L.  G.M. A.C.L. L.C.L.  

Na2O 0.7(0.1) 0.6(0.1) n.d. n.d. n.d. 0.3(0.3) 0.3(0.4). 0.6(0.1) 

MgO n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.2(0.4) 

Al2O3 2.5(0.2) 2.1(0.2) 1.8(0.1) 5.2(0.1) 3.6(0.2) 2,0(0.1) 5.6(0.2) 5.7(0.5) 

SiO2 41(1) 40(1) 41(1) 56(1) 60(1) 43(1) 63(2) 66(3) 

Cl n.d. n.d. n.d. n.d. 0.3(0.1) n.d. n.d. n.d. 

K2O 6.0(0.3) 6.1(0.2) 10.9(0.3) 9.3(0.2) 8.7(0.1) 6.4(0.3) 5.3(0.3) 5.2(0.3) 

CaO 2.2(0.2) 2.8(0.3) 4.1(0.2) 3.9(0.2) 2.7(0.2) 3.3(0.2) 2.4(0.3) 2.9(0.1) 

FeO n.d. 2.2(0.1) 3.9(0.2) 1.1(0.1) 1.5(0.1) 2.1(0.5) 3.0(0.2) 1.1(0.1) 

CoO n.d. 1.0(0.1) n.d. n.d. n.d. 0.9(0.3) n.d. n.d. 

SnO 11,4(0,5) 7.7(0.7) 5.9(0.1) 6.1(0.1) 18.4(0.1) 1,0(0.2) 5.0(0.4) 15(1) 

PbO 36(1) 38(1) 35(1) 23(1) 8(1) 41(1) 16(1) 5(1) 

G.M.: glassy matrix of the glaze; A.C.L.: amorphous gel layer of corrosion; L.C.L.: lamellar corrosion 

layer; n.d.: non detected; * Average composition measured in the cross-section. 

 

3.1.3. Underwater environment 

 

Dish C exhibited alterations notably different from those found in the two prior pieces 

examined. The observation with a light microscope showed in detail the significant 

erosion undergone by the glaze that looked micro rough surface Figure 5S. The cross-

section examined by light microscopy (Fig. 6S) and FESEM (Fig. 7) was characterized 

by the abundant presence of bubbles and large grains of raw materials mainly quartz 

(Si1,0(0,1)O2) and K-feldspar (K1,0(0,1) Al1,1(0,1)Si3,2(0,1)O8). Cassiterite microparticles are 

randomly distributed in the glassy matrix often forming small clusters and cobalt pigment 

appears homogeneously diffused from the surface of the glaze. The thickness of the glazes 

is in the range of 235-560 µm. The average values of oxide wt% content of the glaze 

obtained in the cross-section (see table 4) are in good agreement with the composition of 

tin lead-alkali glazes according to the classification of Tite et al., [1]. This type of glaze 

is characterized by a PbO content below 35 oxide %. The high ratio PbO/SnO is 

associated with the abundance of unmelted grains of quartz and K-feldspars that 

contribute to the opacification of the glaze and then enable the reduction in the content of 

SnO. On the other hand, the value 2.0 found in the C glaze within the range 0.7-2.7 for 

the ratio glaze/(PbO+SnO) confirms the use of lead-tin calx.  
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Figure 7.- Backscattered electron images (2 kV) of the cross-section of samples from the 

blue and white dish C (Xàbia workshop, 19th century). A) C-1 white glace; b) C-2 blue 

glaze. 

 

Figure 8 shows the trenches formed on samples of white (C-1) and blue (C-2) glaze areas 

of the dish. Average values of the chemical composition obtained in the trenches are listed 

in table 4. The values of silica and alumina in the glassy matrix exposed in the trenches 

are lower than those found in the bulk glaze average composition from the cross-section. 

This result is associated with the abundant quartz and K-feldspar grains that contribute to 

increment the SiO2 and Al2O3 content in the average composition of the bulk glaze in the 

cross-section.  

 

Figure 8.- Secondary electron images (2 kV) of the trenches formed in samples of dish 

C: a) area of white glaze C-1; b) area of blue glaze C-2.  
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Table 4.- Chemical compositions measured in the cross-section and the trenches formed 

in samples of the two colors of the fragment C using FIB-FESEM-EDX. Standard 

deviation in brackets. 

 

Component 

Chemical composition (% oxide) 

Cross-section Trench 

Glaze* 
C-1 

white 
C-2 blue 

C-1 C-2 G.M. G.M. 

Al2O3 3.9(0.2) 3.7(0.2) 2.98(0.2) 2.1(0.2) 

SiO2 55(1) 53(1) 51.3(0.2) 49.7(0.2) 

K2O 5.8(0.2) 5.7(0.2) 5.9(0.2) 6.2(0.2) 

CaO 2.0(0.3) 1.3(0.3) n.d. 2.7(0.1) 

CoO n.d. 0.2(0.1) n.d. 0,13(0.05) 

SnO 2.0(0,3) 4.4(0.3) 2.1(0.1) 0.3(0.1) 

PbO 31(1) 31(1) 36(1) 38(1) 

G.M.: glassy matrix of the glaze; n.d.: non detected; * Average composition measured in the cross-section. 

 

From a morphological point of view, it is remarkable the absence of corrosion layer in 

the glaze surface, that makes a difference between the behavior of tin glazes exposed to 

marine and those others in burial or atmospheric environments. The absence of a 

corrosion layer can be interpreted in the light of the high ability of the seawater for 

dissolving the Si-network. The general models for deterioration of glass and glazes in 

contact with aqueous solutions establish that the attack of the aqueous solution results in 

the hydrolytic breaking of the SiOSi  superficial network groups according to the 

reaction [21]:  

 

SiOSi  + H+ + OH   SiOH + HOSi  + H+ (2) 

 

In parallel, another mechanism starts, which results in the ion exchange of network 

modifiers, mainly Pb2+ and K+ in the case of the studied tin glazes of the lead potash-rich 

type, according to the reaction (1). These processes promote the progressive destruction 

of the network and the formation of soluble silicic acid (Si(OH)4) [21]. In marine solutions 

with high ionic strength, like that of the Mediterranean sea, the silicic acid molecules 

remain isolated or form small aggregates so that they can be assimilated by some aquatic 

microorganisms such as diatoms. This hypothesis is sustained by the secondary electron 

images obtained on the surface of the glazes. Figs. 9a,b show abundant unmelted grains 

of raw materials (quartz and K-feldspar) that are protruding the glassy matrix due to their 

higher resistance to chemical and microbiological marine deteriorating agents. Concave 

sockets and broad fissures filled with abundant microcrystals as well as linear and curved 

marks are associated with microorganisms' activity. The latter can be better understood 

in Figs. 9c,d where are identified microorganisms of navicular diatom type, of fusiform 
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morphology (Fig. 9c), and other globular algae (Fig. 9d). It is interesting to note that the 

diatoms are located in the sinus of the concave sockets. These cavities have probably been 

the result of the metabolic activity by which these microorganisms obtain the silicon 

necessary for forming their shells. 

 

 
 

Figure 9.- Secondary electron images (2 kV) of the surface of samples of dish C: a) area 

of white glaze C-1; b), c) and d) area of blue glaze C-2. 

 

 

Although mechanisms of transport and transformation of the silicic acid species into the 

diatom cells are not completely understood, several approaches have been proposed. 

These models demonstrate that certain proteins actively facilitate the uptake and transport 

of the dissolved silicic acid within the cell and participate in the intracellular mechanisms 

of synthesis of biogenic silica, the so-called silicification process of the diatoms [78,79]. 

It is generally accepted that the diatoms intracellularly synthesize the biogenic silica by 

polymerization of the silicic acid uptaken from the environment and then, this material is 

extruded towards the cell exterior forming a gel network that is added to the wall and 

finally conforms the frustules, the silica cell walls of diatoms, made of two valves called 

thecae.  

According to the secondary electron images of the surface of dish C, the microcavities in 

whose sinus are deposited diatoms (Fig. 9b,c) could be formed by the metabolic activity 

of diatoms. Figure 10 shows a scheme of the growing of a diatom at expense of the glaze 

silica. In the first step ion exchange of network modifiers takes place in parallel to the 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 22 

hydrolytic breaking of the siliceous network that results in the formation of nanoscopic 

pores in the surface of the glaze (Fig. 10a). An epitheca obtained as a result of the binary 

fission of the parent diatom can be deposited by Oceans currents on the surface of the 

glazed dish and, perhaps, on a small pore (Fig. 10b and Fig. 9c). The diatom in contact 

with the glaze surface traps the silicic acid molecules yielded in the hydrolytic breakdown 

of the network. These Si-containing molecules are used for forming the second frustule 

named hypotheca Fig. 10d and complete the structure of a mature diatom. It should be 

noted that diatoms preferably use the glaze matrix instead of the quartz or K-feldspar 

grains owing to the higher easiness for dissolving silicic acid in the former due to the 

presence of network modifiers which promote faster destruction of the Si-network 

through the ion exchange process. 

 

 
 

Figure 10.- Scheme of the growing of a diatom at expense of the glaze silica. 

 

 

3.2 FTIR spectroscopy 

 

The IR absorption spectra obtained in ATR mode in the unaltered glaze and the corrosion 

layers have yielded complementary data to describe the differential alteration processes 

that take place in the different environments. Tables 1S-3S list the main IR absorption 

bands identified in the corrosion layers and the uncorroded glazes of the three studied 

pieces A, B, and C. Overlapped bands in the range 1200 and 600 cm1, which are 

associated with the Si-network, have been transformed in the underlying individual bands 

after applying deconvolution and curve fitting processes on the original overlapped band. 

Percentages of the area of the underlying bands referred to the area of the deconvolved 
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band (100% area) have also been calculated and original, deconvolved, and underlying 

individual bands are illustrated in Figs. 7S-9S. Assignation of bands has been made 

according to prior studies on vibrational spectroscopic studies of alkali glazes and lead 

silicate glasses and their corrosion behavior [57,58,70,76,80-82].  

 

3.2.1. Atmospheric environment 

 

Fig. 11 shows the IR absorption spectra obtained in the unaltered glaze (a) and the 

corrosion layer (b) of samples taken from the A-1 white area of tile A. The uncorroded 

glaze is characterized by the silicate broad band in the range 1260-800 cm1 with the 

maximum at 873 cm1 assigned to the asymmetric stretching vibration of Si(Al)-O-R (R: 

network modifier) and shoulders at 1155 and 1016 cm1 ascribed to stretching vibration 

of Si=O group and asymmetric stretching vibration of Si-O-Si and Si-O-Al (bonds 

between [SiO4] and [AlO4] tetrahedra in the glaze), respectively. Bands at 770 and 699 

cm1 are also identified that are associated with asymmetric stretching vibration of Si-O-

Si(Al) and silico-oxygen and/or silicoaluminum-oxygen rings in the glaze, respectively. 

It is interesting to note that in the A-2 and A-3 yellow and orange samples a band at 672 

cm1 is occurring, which is assigned to the stretching vibration of the SbO4 group of the 

lead antimonate pigment.  

 

 
 

Figure 11.- IR absorption spectra acquired in the white area of tile A: a) unaltered glaze; 

b) corrosion layer. 

 

The main changes in the glaze structure of the corroded layer are the slight intensity 

increment of the broad band between 3800-2800 and band at 1633 cm1 assigned to –OH 

groups of silanol and surface water with different degrees of interaction and hydrogen 

bonding, which suggests a higher degree of hydration due to the aqueous external attack. 

An increase of the intensity of bands ascribed to Si=O and Si-O-Si and Si-O-Al bonds is 

also observed, which is characteristic of a silica-rich gel layer. Concomitantly, a blueshift 

of the maximum of the silicate band to 1017 cm1 is observed that indicates the loss of 
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Si(Al)-O-R due to the ion exchange and migration of the network modifiers. Other 

remarkable findings observed in the IR spectrum of the corrosion layer are the occurrence 

of new IR bands at 1624 and 1316 cm1 ascribed to stretching vibrations of lead and 

calcium oxalates, band at 1425 cm1
 assigned to stretching vibration of carbonate group 

and increase of bands at 2918 and 2850 cm1 associated with unspecific organic matter. 

The occurrence of these IR bands indicates that the corrosion layer contains abundant 

lead carbonate precipitated and organic matter infiltrated. In a subsequent alteration 

process, the organic matter has been transformed in Ca2+ and Pb2+ oxalates that remain 

also precipitated in the more open Si-network of the corrosion layer.  

 

3.2.2. Burial environment 

 

Fig. 12a shows the IR absorption spectrum acquired in the uncorroded glaze of the B-1 

white area of the ceramic fragment B. Similarly to tile A, the silicate broad band of the 

uncorroded glaze is characterized by a maximum at 862 cm1 and shoulders at 1155 and 

963 cm1 in the glaze. Bands at 766 and 692 cm1 are also identified. IR bands at 3800-

2800 and 1633 cm1 of silanol and hydration are also recognized. In the IR spectrum of 

the amorphous corrosion layer (Fig. 12b) more intense IR bands at 3800-2800 and 1633 

cm1 denote the increase of the hydration degree and silanol groups in the layer. A band 

at 1427 cm1 assigned to stretching vibration of carbonate group confirms the presence 

of precipitated carbonate salts mainly of lead. The alteration of the glaze structure in this 

corroded layer is confirmed by the intensification of the broad band between 3800-2800 

cm1 and band at 1633 cm1 and by the blueshift of the maximum of the silicate band to 

1033 cm1. Presence of a shoulder at 897 cm1 suggests a partial loss of Si(Al)-O-R for 

migration of the network modifiers. The increase of Si=O, Si-O-Si, and Si-O-Al bonds 

indicates the transformation of the glaze Si-network in a more open Si-rich gel layer.  

 

Fig. 12c shows the IR absorption spectrum acquired in the outer lamellar layer. A more 

intense broad band between 3800-2800 and bands at 1633 and 1427 cm1 are observed in 

this layer. The silicate band also undergoes changes associated with the blueshift of 

maximum and shoulders of underlying individual bands that move to 903, 1021, and 1167 

cm1. These displacements confirm an almost complete loss of Si(Al)-O-R groups for a 

notable migration of the network modifiers. The increase in the intensity of Si=O, Si-O-

Si, and Si-O-Al bands confirms the transformation of the Si-network in an extremely open 

Si-rich gel layer. 
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Figure 12.- IR absorption spectra acquired in the white area of fragment B: a) unaltered 

glaze; b) amorphous corrosion layer; c) lamellar corrosion layer. 

 

3.2.3. Underwater environment 

 

Fig. 13 shows the IR absorption spectrum acquired in the C-1 white area of the glaze of 

dish C. The silicate broad band of this glaze exhibits maximum at 925 and notable 

shoulder at 861 cm1 and lesser intense shoulders at 1150 and 1068 cm1. It is remarkable 

the intensity of the band at 861 cm1 as should be expected in an uncorroded glaze in 

agreement with the absence of corrosion layer observed in the examination with FIB-

FESEM-EDX. 

 

 
 

Figure 13.- IR absorption spectra acquired in the white area of tile C. 
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4. Conclusions 

 

The FIB-FESEM-EDX technique has been applied in the study of the corrosion processes 

of archaeological glazed ceramic for the first time. This advanced microscopy technique 

has been successful in the identification of corrosion layers of nanoscopic thickness that 

could not be identified using the conventional examination of cross-sections using 

FESEM-EDX. In addition, X-ray microanalysis carried out on the trenches has provided 

compositional data at the nanoscale that allow establishing a comparison between the 

chemical composition of the corrosion layer and the uncorroded glaze. 

 

The three selected glazed ceramic pieces are good examples of the differential corrosion 

mechanisms that take place depending on the environmental conditions. The atmospheric 

environment promotes the formation of a thin precipitation layer formed by lead 

carbonates and deposited organic materials that have been degraded to oxalate salts. The 

burial context has demonstrated a great degradative effect forming an amorphous gel 

layer that evolves to a thicker lamellar corrosion layer due to repeated seasonal humidity-

dryness cycles. But the more interesting finding has been associated with the unusual and  

selective deteriorating effect on the marine matrix glaze due to the metabolic silicification 

activity of diatoms for forming their frustules during their growing and maturation. This 

effect has been reported for the first time in the present study. 
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Abstract 

The historical evolution of tin-glazed ceramics is a subject that has attracted the attention 

of many scientists and, consequently, abundant archaeometrical studies can be found in 

the specialized literature. Nevertheless, a lesser number of studies aimed at the 

characterization of the alterations undergone by archaeological glazes has been reported. 

This work describes some unusual alteration processes found in tin-glazes depending on 

the environmental conditions surrounding the piece during centuries. For this purpose, 

focused ion beam-field emission scanning electron microscopy-X-ray microanalysis 

(FIB-FESEM-EDX), an advanced instrumental technique for surface analysis at the 

nanoscale, has been used for the first time, complementarily to optical microscopy (OM), 

FESEM-EDX and Fourier transform Infrared spectroscopy (FTIR). In the buried glaze 

the nanostructure of the outer lamellar corrosion layer due to humidity-dryness cycles is 

described. Unusual and selective erosion of the glaze matrix due to the silicification 

metabolism of diatoms is observed in a submarine glaze. A nanometric outer corrosion 

layer formed by precipitated corrosion products and unspecific organic matter that has 

been partially degraded to lead and calcium oxalates is found in a glazed tile subjected to 

an atmospheric environment.   
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 2 

1. Introduction 

Lead and tin-glazes have been widely produced since antiquity for decorating tiles and 

earthenware pottery due to their ability for improving the utilitarian qualities of ceramic 

objects by making them impervious to liquids and providing a bright. Additionally, the 

glazes interact properly with most metal oxides used to provide color (i.e. titanium, 

vanadium, chromium, manganese, iron, cobalt, nickel, or copper).  

The chemical composition of lead and tin-glazes has been varying over time. First glazes 

were prepared as alkali glazes with a PbO low content of 1-2 %. The lead content was 

progressively increased to that of a lead-alkali glaze (20-40 % PbO and 5-12 % alkali) 

achieving a value of 55 % PbO and 3 % alkali in Hispano-Moresque pottery [1].  

Concerning studies of alteration processes, abundant literature is found describing 

alteration mechanisms of glass [2-17]. Nevertheless, lesser works devoted to the study of 

the alteration processes of ceramic glazes are found. De Benedetto et al. [18], identify a 

corrosion layer in Roman green lead-glazes but they do not provide the chemical 

composition of this corrosion layer. Salinas and Pradell [19] mention a lead leaching 

process accompanied by recrystallization of lead and calcium phosphates and carbonates 

inside surface cracks in lead transparent glazes made in al-Andalus (c. 875–929 AD). 

Similarly, Molera et al. [20] found cerussite in an outer corrosion layer formed in buried 

manganese brown glazes from Murcia (Spain, tenth century). Machado and Vilarigues 

[21] study the corrosion process of blue enamels on laboratory specimens that mimic old 

enamels used for decorating windows. The analyses were performed by using inductively 

coupled plasma-atomic emission spectroscopy (ICP-AES), Fourier Transform Infrared 

Spectroscopy (FTIR), X-ray diffraction (XRD), and Fibre Optic Reflectance 

Spectroscopy (FORS), and confirmed that alkali ions are leached promoting a change of 

the chemical structure of the glaze matrix with the formation of Co2+/Co3+ spinel crystals. 

Lixiviation of Pb2+ ions with recrystallization as cerussite and hydrocerussite in the 

surface was also described in this research. Yin et al. [22] found lead leaching in buried 

lead-based glazes from the Han dynasty (206 BC-220 AD) that resulted in the formation 

of a lamellar Si-rich layer near the surface and an outer crystalline layer of precipitated 

lead carbonate. This analytical study used transmission and scanning electron 

microscopies (TEM, SEM), X-ray microanalysis (SEM-EDX), FTIR, and XRD. Zhou et 

al. [23] found underwater blue-and-white porcelain affected by devitrification, a process 

that resulted in a multi-layered outer structure. In prior papers, Doménech-Carbo et al. 

[24-27], using solid-state electrochemical techniques, found a corrosion layer with lower 

lead content due to significant lixiviation of alkaline and Pb2+ ions present in buried 

glasses and tin-glazes as network modifiers.  

The preparation of cross-sections by the conventional metallographic procedure is a 

method abundantly employed in the study of archaeological glazes and porcelains [28-

33]. Focused ion beam (FIB) is a novel technique that is being increasingly used as a 

preparation method of ultra-polished cross-sections and lamellae for the investigation of 

microstructure and phase transformation of materials related to ceramics using electron 
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 3 

backscattered diffraction (EBSD) [34], and transmission electron microscopy (TEM) 

[35], respectively. Nevertheless, FIB, as a preparative technique, has been solely used for 

studying the nanostructure of lusterware [36,37] and corrosion layers in copper-based 

coins [38,39]. This work presents a study in which the novel technique of FIB is coupled 

to a FESEM-EDX (FIB-FESEM-EDX) for performing surface analysis at nanoscale 

combined with OM and FTIR spectroscopy in the study of the surface corrosion exhibited 

by tin-glazed ceramics that have remained for centuries in different environments. To the 

knowledge of the authors, corrosion processes occurring in ceramic glazes have not still 

been studied utilizing FIB-FESEM-EDX.  

2. Material and methods 

2.1. Description of archaeological pieces  

Three glazed ceramic pieces that exhibited alteration processes have been selected taking 

into consideration the influence of the environmental conditions to which the pieces were 

subjected during centuries: a) polychromed tin-glazed tile A (Valencia workshop, 18th 

century); b) fragment of blue and white tin-glazed dish B (Manises workshop, 15th 

century) and c) fragment of blue and white tin-glazed dish C (Xàbia workshop, 19th 

century). A summary of the glazed ceramic characteristics and samples analyzed are 

presented as electronic supplementary material (ESM) in Table 1S. Images of the ceramic 

pieces are shown in Fig. 1. 

2.2. Instrumentation 

- Optical microscope Leica M165 stereo microscope using a capture system of high-

resolution digital image IC80HD controlled by LAS software. 

- FIB-FESEM Zeiss (Orsay Physics Kleindiek Oxford Instruments) model Auriga 

compact equipment. The operating conditions were: 30 kV, and current intensities of 500 

µA, and 20 nA in the FIB for generating the focused beam of Ga ions that enabled the 

sectioning of samples and formation of trenches. The Ga beam impacts perpendicularly 

to the plane of the vertical wall of the trench by tilting 54° the stage where is placed the 

ceramic microsample. Secondary electron images were acquired at 2 kV in the FESEM. 

Spot and area analyses were performed in cross-sections and trenches operating with an 

Oxford-X Max X-ray microanalysis system coupled to the FESEM controlled by Aztec 

software. A voltage of 20 kV and a working distance of 6-7 mm was used. ZAF method 

for semiquantitative microanalysis was applied. The counting time for acquiring X-ray 

spectra was 100 s. A more detailed description of the working conditions can be found as 

ESM. 
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Figure 1.- a) Polychromed tin-glazed tile A (Valencia workshop, 18th century); b) fragment of 

blue and white tin-glazed dish B (Manises workshop, 15th century); c) fragment of blue and white 

tin-glazed dish C (Xàbia workshop, 19th century). 

- Vertex 70 Fourier-transform infrared spectrometer with an FR-DTGS (fast recovery 

deuterated triglycine sulfate) temperature-stabilized coated detector and an MKII Golden 

Gate Attenuated Total Reflectance (ATR) accessory. 32 scans were collected at a 

resolution of 4 cm1 and the IR spectra acquired were processed with OPUS/IR 7.2 

software. Deconvolution and curve-fitting analysis were applied to the IR overlapped 

bands of silicate group in the range 1260-600 cm1. The methodology applied has been 

described elsewhere [40]. Other experimental working conditions are included as ESM.  

2.3. Preparation of samples for the analyses 

The chemical analyses of this study were carried out on microsamples (surface area lesser 

than 1 mm2) excised from the glaze of the ceramic pieces using scalpels. Sampling points 

were selected with the help of an optical microscope to avoid areas with fissures, cracks, 

and other superficial irregularities in all the glazed pieces and earth deposits in the burial 

fragments. The microsamples excised from the glazes were prepared in three different 

modes: as trenches and as cross-sections for OM and FESEM-EDX analysis and 
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 5 

mechanically handled for ATR-FTIR analysis (see ESM for preparation details of the two 

latter).  

Trenches were formed using the FIB on microsamples excised from the glazes. The 

microsamples were fixed with carbon adhesive to the aluminum stage of the FESEM. The 

size of the trenches was (10x8 m). Points for performing the trenches in the glaze 

microsamples, whose surface exhibited a homogeneous appearance, were chosen 

avoiding areas where cracks, pits, fissures, or mineral microdeposits were present (Figure 

1S in ESM). Microsamples were firstly carbon-coated and, after this, a second treatment 

was carried out that consisted of applying a thin layer of Pt on the area where the trench 

should be performed to protect the surface of the glaze at the nanoscale from possible 

alterations due to the Ga ions bombardment during the formation of the trench. Figure 2 

shows the electron image of the corrosion layer from a corroded glaze sample of fragment 

B. The poor lamellar morphology observed in Fig. 2a is due to the hardness of the 

metallographic preparation of the cross-section. It contrasts with the fine structure 

observed at the nanoscale in Fig. 2b obtained on a trench with the FIB preparation. 

 

 

Figure 2. a) Backscattered electron image of the cross-section prepared with the conventional 

metallographic method, (1) outer lamellar corrosion sublayer and (2) inner amorphous corrosion sublayer; 

b) secondary electron image obtained in a trench formed with FIB. Detail of the nanoporous structure of 

the lamellae in sublayer (1). 
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3. Results and discussion 

3.1 Atmospheric environment 

3.1.1. Results 

Microsamples excised from six areas in tile A, which represent the white glaze and the 

colors used by the craftsman, were analyzed. At the naked eye, the surface of the tile had 

a glassy shine denoting an apparent absence of glaze corrosion (a more detailed 

description of the state of conservation of the glaze can be found as ESM, Fig. 2S and 

3S). Table 1 summarizes the average composition of the uncorroded bulk of the glaze 

obtained in the cross-section of the white glaze using FESEM-EDX. According to the 

classification established by Tite et al. [1], this glaze can be considered a lead alkali glaze 

with a 21 % PbO and total alumina, alkali, and alkaline earth oxides content of 16.5 %. 

The pigments identified using the X-ray microanalysis were Naples yellow for yellow, 

manganese oxides, zaffre, and mixed copper green (see ESM for a more detailed 

description). 

 

Figure 3.- Secondary electron image (2 kV) of the outer part of the trenches performed in the different 

colored areas of the surface of the glaze of tile A. Detail of the thin corrosion layer formed in the glaze can 

be seen in all the trenches: a) brown; b) orange; c) yellow; d) green; e) blue; f) white. 

 

Fig. 3 shows in detail the outer part of the FIB trenches formed in the six microsamples 

taken from the different colored areas of the tile. A dark grey thin corrosion layer is 

observed on the surface of all glazes. Brown and blue glazes (Figs. 3a,e) show the thickest 

corrosion layers (30-500 nm). Some pore and infiltration channels 1.3-2 µm deep are also 
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observed for which, presumably, the corrosion process advances towards the glaze core. 

The corrosion layer appears as broad isolated spots on the surface of the green glaze (Fig. 

3d). Glazes orange, yellow, and white (Fig. 3b,c,f) exhibit a thinner corrosion layer that 

achieves a minimum thickness of 25 nm in the orange sample. A few nanometric 

cassiterite crystals and pores are recognized in the corrosion layer of these glazes. The 

corrosion layer is surrounding a big grain of Naples yellow in the yellow glaze (Fig. 3c). 

It can also be seen abundant subangular grains of lead antimonate with variable sizes 

under 2 µm mixed with small grains of cassiterite in the subsurface of the orange glaze 

(Fig. 3b). 

As it is shown in Table 1, X-ray spectra acquired in the trenches, in both corrosion layer 

and uncorroded inner glaze, confirmed that silica content increases in the corrosion layer. 

A low shift in the content values of network modifier ions is also found. Potassium and 

magnesium content slightly diminish, which confirms the diffusion of these network 

modifiers from the uncorroded glaze. In contrast, a higher content is found for lead and 

calcium in the corrosion layer, which suggests that precipitation processes are taking 

place. 

The presence of carbonates, mainly, calcium and lead carbonates as well as calcium and 

lead oxalates in the corrosion layer of tile A has been confirmed by FTIR spectroscopy. 

Figure 4a shows the IR absorption spectra obtained in the unaltered glaze (black line) and 

the corrosion layer (red line) of samples taken from the A-1 white area of tile A. Table 2S 

lists the main IR absorption bands identified in the corrosion layers and the uncorroded 

glazes of the A glaze. Assignation of bands has been made according to prior studies on 

vibrational spectroscopic studies of alkali glazes and lead silicate glasses and their 

corrosion behavior [39,41-46].  

The main changes in the glaze structure of the corroded layer are the slight intensity 

increment of the broad band between 3800-2800 and band at 1633 cm1 assigned to –OH 

groups of silanol and surface water with different degrees of interaction and hydrogen 

bonding, which suggests a higher degree of hydration due to the aqueous external attack. 

An increase of the intensity of bands ascribed to Si=O and Si-O-Si and Si-O-Al bonds 

(bonds between [SiO4] and [AlO4] tetrahedra in the glaze), is also observed, which is 

characteristic of a silica-rich gel layer. Concomitantly, a blueshift of the maximum of the 

silicate band from 873 cm1 to 1017 cm1 is observed that indicates the loss of Si(Al)-O-

R (R: network modifier) due to the ion exchange and migration of the network modifiers 

(see also deconvolved bands in Figure 4S). Other remarkable findings are the occurrence 

of new IR bands at 1624 and 1316 cm1 ascribed to lead and calcium oxalates, band at 

1425 cm1
 assigned to carbonates and bands at 2918 and 2850 cm1 associated with 

unspecific organic matter.  
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Figure 4.- IR absorption spectra acquired in: a) the white glaze area of tile A: unaltered glaze (black line); b) corrosion layer (red line); b) the white glaze area 

of fragment B: unaltered glaze (black line), amorphous inner corrosion layer (blue line), lamellar outer corrosion layer (red line); c) white glaze area of dish C.  
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Table 1.- Chemical compositions measured in the cross-section of the white area of tile (A-1) and the trenches formed in samples of the different 

colors of tile A using FIB-FESEM-EDX. Standard deviation in brackets. 

 

  Chemical composition (% oxide) 

 
Cross-

section 
Trench 

Component A-1 A-1 A-2 A-3 A-4 A-5 A-6 

 Glaze* G.M. C.L. G.M. C.L. G.M. C.L. G.M. C.L. G.M. C.L. G.M. C.L. 

Na2O 0.4(0.1) n.d. 0.30(0.01) n.d. 0.4(0.1) n.d. n.d. n.d. n.d. n.d. 1.0(0.1) n.d. 0.5(0.3) 

MgO 0.5(0.1) n.d. 0.41(0.03) n.d n.d. 0.4(0.1) 0.7(0.1) n.d. n.d. n.d. 0.3(0.1) n.d. 0.46(0.03) 

Al2O3 2.7(0.2) 1.4(0.1) 0.97(0.2) 1.1(0.1) 0.9(0.1) 1.3(0.2) 1.6(0.1) 1.1(0.1) 1.0(0.1) 1.3(0.1) 1.0(0.1) 1.46(0.03) 1.4(0.1) 

SiO2 55.1(0.9) 51.6(0.5) 52.3(0.4) 51(0.4) 52(0.3) 44(1) 48(1) 53(1) 58(1) 61(1) 62(1) 52.2(0.7) 54.4(0.4) 

Cl n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.3(0.1) n.d. n.d. 

K2O 10.6(1) 13.8(0.2) 10.9(0.3) 9.3(0.03) 9.6(0.02) 9.3(0.2) 8.7(0.1) 10.4(0.1) 7.9(0.3) 10.7(0.1) 9.8(0.2) 13.2(0.6) 10.7(0.4) 

CaO 2.7(0.5) 3.4(0.3) 3.7(0.3) 2.2(0.1) 2.7(0.1) 4.4(0.2) 3.9(0.1) 3.0(0.2) 3.5(0.3) 2.8(0.1) 3.2(0.1) 3.1(0.1) 3.2(0.3) 

MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.5(0.1) n.d. n.d. n.d. n.d. n.d. 

FeO n.d. n.d. n.d. n.d. n.d. 4.5(0.1) 3.6(0.1) 0.5(0.1) n.d. 0.3(0.1) 0.4(0.1) n.d. 0.1(0.3) 

CoO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.1(0.1) n.d. n.d. n.d. 

As2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.03(0.1) n.d. n.d. n.d. 

CuO 0.8(0.6) n.d. n.d. n.d. n.d. 0.8(0.1) n.d. 1.0(0.1) n.d. n.d. n.d. 2.6(0.2) 2.3(0.1) 

SnO 6.2(1) 2.9(0.4) 2.5(0.8) 2.1(0.1) 1.7(0.1) n.d. n.d. 3.6(0.2) n.d. 2.6(0.1) 1.7(0.1) n.d. n.d. 

Sb2O3 n.d. n.d. n.d. n.d. n.d. 7.4(0.2) 4.3(0.1) n.d. n.d. n.d. n.d. n.d. n.d. 

PbO 21(1) 27.0(0.4) 28.9(0.9) 34(1) 36(1) 28(1) 30(1) 27(1) 29(1) 20(1) 21(1) 25.1(0.4) 27.1(0.7) 

G.M.: glassy matrix of the glaze; C.L.: corrosion layer; n.d.: non detected; * Average composition measured in the cross-section.
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3.1.2. Discussion 

These results can be interpreted in light of general models of glass corrosion. 

Environmental humidity generates water microdrops that attack the glaze and result in 

ion exchange of network modifiers. In particular, the ion exchange of the Pb2+network 

modifier ions goes by the process: 

2(Si–O)–Pb + 2H+  2(Si–OH) + Pb2+ (1) 

In parallel, hydrolysis of the silicate groups takes place forming silanol groups that distort 

and progressively open the structure of the network with the concomitant loss of cohesion. 

These processes result in a modification of the pH of the attacker solution [3]. The most 

open and porous silica-rich gel layer formed favors the infiltration of external ions and 

the reaction of atmospheric carbon dioxide with the dissolved ions forming insoluble 

carbonates and bicarbonates of calcium and lead, that remain retained in the porous 

structure of the gel layer [21,42,47,48]. On the other hand, the metabolic action of 

microorganisms can promote the occurrence of oxalate salts from the organic matter 

infiltrated [10,48,49].  

3.2. Burial environment 

3.2.1. Results 

The altered areas of the surface of fragment B exhibit an iridescent aspect (see Fig. 5S). 

due to a corrosion layer recognized in cross-section in both white and blue glazes (see Fig 

2 and Fig. 6S). This layer, in turn, comprises two sublayers (see arrows in Fig. 2). The 

upper one (1 in Fig 2a,b) exhibits a lamellar structure whereas the inner one (2 in Fig. 2a) 

has an amorphous morphology. These corrosion sublayers can be studied in more detail 

in the FIB trenches formed in both blue and white areas, which are shown in Fig. 5. The 

lamellar sublayer (Fig. 5b,d) has a minimum thickness in the range of 20-30 m whereas 

the thinner amorphous sublayer (Fig. 5a,c) has a thickness ranging between 1600-340 nm. 

It is interesting to note that the abundant presence of nanopores formed on the lamellae 

(Fig. 2b) as well as on the top of the amorphous sublayer could be observed uniquely in 

the trenches due to the finest polishing of the cross-section achieved with the FIB 

technique.  

Average chemical compositions obtained on the uncorroded glazes, the amorphous and 

lamellar corrosion layers are listed in table 2. The more remarkable changes are the 

progressive increase of the silica and tin oxide content from the uncorroded glaze to the 

amorphous and lamellar sublayers. The former indicates that ion exchange and hydrolysis 

reactions have taken place extensively. The increase of the tin oxide content is due to the 

high insolubility of the cassiterite microcrystals that remain trapped in the corrosion 

layers. A notable decrease in the content of lead oxide is also found from the uncorroded 

to the corroded layers.  
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Fig. 4b shows the IR absorption spectrum acquired in the uncorroded glaze of the B-1 

white area of the ceramic fragment B. Similarly to tile A, the silicate broad band of the 

uncorroded glaze is characterized by a maximum at 862 cm1 and shoulders at 1155 and 

963 cm1 in the glaze. In the IR spectrum of the amorphous corrosion layer (blue line) 

more intense IR bands at 3800-2800 and 1633 cm1 denote the increase of the hydration 

degree and silanol groups in the layer. The band at 1427 cm1 confirms the presence of 

precipitated carbonate salts mainly of lead. The alteration of the glaze structure in this 

corroded layer is confirmed by the intensification of the blueshift of the maximum of the 

silicate band to 1033 cm1. Presence of a shoulder at 897 cm1 suggests a partial loss of 

Si(Al)-O-R for migration of the network modifiers. The increase of Si=O, Si-O-Si, and 

Si-O-Al bonds indicates the transformation of the glaze Si-network in a more open Si-

rich gel layer. The IR absorption spectrum acquired in the outer lamellar layer (red line) 

shows a more intense broad band between 3800-2800 and bands at 1633 and 1427 cm1. 

The silicate band also undergoes changes associated with the blueshift of maximum and 

shoulders of underlying deconvolved individual bands that move to 903, 1021, and 1167 

cm1 (see also Fig. 7S). These displacements confirm an almost complete loss of Si(Al)-

O-R groups for a notable migration of the network modifiers. The increase in the 

intensity of Si=O, Si-O-Si, and Si-O-Al bands confirms the transformation of the Si-

network in an extremely open Si-rich gel layer. 

3.2.2. Discussion 

These results suggest that most of the lead present as mobile Pb2+ network modifier ions 

have migrated outside. The fraction of lead that remains in the corroded layers is supposed 

to be present as Pb4+ network former and as lead carbonate insoluble salts formed in the 

more open Si-enriched network of the corrosion sublayers. A low decrease of content is 

also observed in the rest of the elements from the uncorroded glaze to the outer lamellar 

sublayer with a slight increase in the latter sublayer in some of them. This result suggests 

that most of these mobile ions have been lixiviated with partial precipitation to insoluble 

salts in the outer sublayer. 

The results obtained confirm that the corrosion mechanism is similar to that described 

previously for buried lead glasses [22,42,43,47,50,51]. The seasonal humidity-dryness 

cycles in the soil promote, in a first step, an enrichment in silica of the corrosion layer. 

Progressively the corrosion layer acquires abundant porosity that, concomitantly, 

promotes the penetration of the attacker solution containing exogenous ions such as H+ 

and CO3
2. The H+ ions favor the advance of the hydrolysis reaction whereas the leached 

Pb2+ ions can combine with CO3
2 ions and precipitate forming lead carbonate that 

remains infiltrated in the lamellar layer and, in extreme instances, forms an outer 

precipitation layer of cerussite and hydrocerussite. During the dryness step the processes 

pass slowly forming an interlaminar space of a few hundred nanometers and the sequence 

starts again with the new humidity step in which the attacker solution penetrates forming 

a new lamella. 
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Figure 5.- Secondary electron image (2 kV) of the trenches performed in the colored areas of the 

glaze of fragment B: a) area of blue glaze B-2 with an amorphous layer of corrosion; b) area of 

blue glaze B-2 with an outer lamellar layer of corrosion; c) area of white glaze B-1 with an 

amorphous layer of corrosion; d) area of white glaze B-1 with an outer lamellar layer of corrosion. 

 

Table 2.- Chemical compositions measured in the cross-section and the trenches formed 

in samples of the two colors of fragment B using FIB-FESEM-EDX. Standard deviation 

in brackets. 

 

 Chemical composition (% oxide) 

 Cross-section   Trench    

Component Glaze*  
B-1 

white 
  

B-2 

blue 
 

 B-1 B-2 G.M. A.C.L. L.C.L.  G.M. A.C.L. L.C.L.  

Na2O 0.7(0.1) 0.6(0.1) n.d. n.d. n.d. 0.3(0.3) 0.3(0.4). 0.6(0.1) 

MgO n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.2(0.4) 

Al2O3 2.5(0.2) 2.1(0.2) 1.8(0.1) 5.2(0.1) 3.6(0.2) 2,0(0.1) 5.6(0.2) 5.7(0.5) 

SiO2 41(1) 40(1) 41(1) 56(1) 60(1) 43(1) 63(2) 66(3) 

Cl n.d. n.d. n.d. n.d. 0.3(0.1) n.d. n.d. n.d. 

K2O 6.0(0.3) 6.1(0.2) 10.9(0.3) 9.3(0.2) 8.7(0.1) 6.4(0.3) 5.3(0.3) 5.2(0.3) 

CaO 2.2(0.2) 2.8(0.3) 4.1(0.2) 3.9(0.2) 2.7(0.2) 3.3(0.2) 2.4(0.3) 2.9(0.1) 

FeO n.d. 2.2(0.1) 3.9(0.2) 1.1(0.1) 1.5(0.1) 2.1(0.5) 3.0(0.2) 1.1(0.1) 

CoO n.d. 1.0(0.1) n.d. n.d. n.d. 0.9(0.3) n.d. n.d. 

SnO 11,4(0,5) 7.7(0.7) 5.9(0.1) 6.1(0.1) 18.4(0.1) 1,0(0.2) 5.0(0.4) 15(1) 

PbO 36(1) 38(1) 35(1) 23(1) 8(1) 41(1) 16(1) 5(1) 

G.M.: glassy matrix of the glaze; A.C.L.: amorphous gel layer of corrosion; L.C.L.: lamellar corrosion 

layer; n.d.: non detected; * Average composition measured in the cross-section. 
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3.3. Underwater environment 

3.3.1. Results 

Dish C exhibited alterations notably different from those found in the two prior pieces 

examined. The observation with a light microscope showed in detail the significant 

erosion undergone by the glaze that looked micro rough surface (Figure 8S). The cross-

section was characterized by the abundant presence of bubbles and large grains of raw 

materials mainly quartz and K-feldspar. The thickness of the glazes is in the range of 235-

560 µm (see Figs. 9S and 10S). The average values of oxide wt% content of the glaze 

obtained in the cross-section (see table 3) are in good agreement with the composition of 

tin lead-alkali glazes according to the classification of Tite et al., [1].  

Figure 6 shows the trenches formed on samples of white (C-1) and blue (C-2) glaze areas 

of the dish. Average values of the chemical composition obtained in the trenches are listed 

in table 3. It is interesting to note that no corrosion layer was found in both samples. 

Fig. 4c shows the IR absorption spectrum acquired in the C-1 white area of the glaze of 

dish C. The silicate broad band of this glaze exhibits maximum at 925 and notable 

shoulder at 861 cm1 and lesser intense shoulders at 1150 and 1058 cm1 (see deconvolved 

bands in Fig. 11S). It is remarkable the intensity of the band at 861 cm1 as should be 

expected in an uncorroded glaze in agreement with the absence of corrosion layer 

observed in the examination with FIB-FESEM-EDX. 

 

 
Figure 6.- Secondary electron images (2 kV) of the trenches formed in samples of dish C: a) area 

of white glaze C-1; b) area of blue glaze C-2.  
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Table 3. Chemical compositions measured in the cross-section and the trenches formed 

in samples of the two colors of the fragment C using FIB-FESEM-EDX. Standard 

deviation in brackets. 

 

Component 

Chemical composition (% oxide) 

Cross-section Trench 

Glaze* 
C-1 

white 
C-2 blue 

C-1 C-2 G.M. G.M. 

Al2O3 3.9(0.2) 3.7(0.2) 2.98(0.2) 2.1(0.2) 

SiO2 55(1) 53(1) 51.3(0.2) 49.7(0.2) 

K2O 5.8(0.2) 5.7(0.2) 5.9(0.2) 6.2(0.2) 

CaO 2.0(0.3) 1.3(0.3) n.d. 2.7(0.1) 

CoO n.d. 0.2(0.1) n.d. 0,13(0.05) 

SnO 2.0(0,3) 4.4(0.3) 2.1(0.1) 0.3(0.1) 

PbO 31(1) 31(1) 36(1) 38(1) 

G.M.: glassy matrix of the glaze; n.d.: non detected; * Average composition measured in the cross-section. 

 

3.3.2. Discussion 

From a morphological point of view, it is remarkable the absence of corrosion layer in 

the glaze surface, that makes a difference between the behavior of tin-glazes exposed to 

marine and those others in burial or atmospheric environments. The absence of a 

corrosion layer can be interpreted in the light of the high ability of the seawater for 

dissolving the Si-network. The general models for deterioration of glass and glazes in 

contact with aqueous solutions establish that the attack of the aqueous solution results in 

the hydrolytic breaking of the SiOSi  superficial network groups according to the 

reaction [3]:  

 

SiOSi  + H+ + OH   SiOH + HOSi  + H+ (2) 

 

In parallel, another mechanism starts, which results in the ion exchange of network 

modifiers, mainly Pb2+ and K+, in the case of the studied tin-glazes of the lead potash-rich 

type, according to the reaction (1). These processes promote the progressive destruction 

of the network and the formation of soluble silicic acid (Si(OH)4) [3]. In marine solutions 

with high ionic strength, like that of the Mediterranean sea, the silicic acid molecules 

remain isolated or form small aggregates so that they can be assimilated by some aquatic 

microorganisms such as diatoms. This hypothesis is sustained by the secondary electron 

images obtained on the surface of the glazes. Figs. 7a,b show abundant unmelted grains 

of raw materials (quartz and K-feldspar) that are protruding the glassy matrix due to their 

higher resistance to chemical marine deteriorating agents.  

Fig. 7a,b also shows concave sockets and broad fissures filled with abundant 

microcrystals as well as linear and curved marks that are associated with microorganisms' 
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activity. The former can be better understood in Figs. 7c,d where are identified 

microorganisms of navicular diatom type, of fusiform morphology (Fig. 7c), and other 

globular algae (Fig. 7d). It is interesting to note that the diatoms are located in the sinus 

of the concave sockets.  

 

 
 

Figure 7.- Secondary electron images (2 kV) of the surface of samples of dish C: a) area of white 

glaze C-1; b), c) and d) area of blue glaze C-2. 

 

Although mechanisms of transport and transformation of the silicic acid species into the 

diatom cells are not completely understood, several approaches have been proposed. 

These models demonstrate that certain proteins actively facilitate the uptake and transport 

of the dissolved silicic acid within the cell and participate in the intracellular mechanisms 

of synthesis of biogenic silica, the so-called silicification process of the diatoms [52,53]. 

It is generally accepted that the diatoms intracellularly synthesize the biogenic silica by 

polymerization of the silicic acid uptaken from the environment and then, this material is 

extruded towards the cell exterior forming a gel network that is added to the wall and 

finally conforms the frustules, the silica cell walls of diatoms, made of two valves called 

thecae.  

According to the secondary electron images of the surface of dish C, the microcavities in 

whose sinus are deposited diatoms (Fig. 7b,c) could be formed by the metabolic activity 

of diatoms. Figure 8 shows a scheme of the growing of a diatom at expense of the glaze 

silica. In the first step ion exchange of network modifiers takes place in parallel to the 

hydrolytic breaking of the siliceous network that results in the formation of nanoscopic 

pores in the surface of the glaze (Fig. 8a). An epitheca obtained as a result of the binary 

fission of the parent diatom can be deposited by Oceans currents on the surface of the 

glazed dish and, perhaps, on a small pore (Fig. 8b and Fig. 7c). The diatom in contact 
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with the glaze surface traps the silicic acid molecules yielded in the hydrolytic breakdown 

of the network. These Si-containing molecules are used for forming the second frustule 

named hypotheca Fig. 8d and complete the structure of a mature diatom. It should be 

noted that diatoms preferably use the glaze matrix instead of the quartz or K-feldspar 

grains owing to the higher easiness for dissolving silicic acid in the former due to the 

presence of network modifiers which promote faster destruction of the Si-network 

through the ion exchange process. 

 

 

Figure 8.- Scheme of the growing of a diatom at expense of the glaze silica (grain of quartz or K-

feldspar in dark grey, glassy matrix of glaze in light grey). a) ion exchange and hydrolysis 

processes dissolving ion network modifiers and silicic acid; b) formation of micropores on the 

glaze surface and young epitheca randomly deposited on a pore; c) growing of the diatom by 

silicification; d) concave socket molded from the glaze pore at expenses of the formation of the 

mature diatom.  

 

 

4. Conclusions 

The FIB-FESEM-EDX technique has been applied in the study of the corrosion processes 

of archaeological glazed ceramic for the first time. This advanced microscopy technique 

has been successful in the identification of corrosion layers of nanoscopic thickness and 

characterization of the nanomorphology that could not be identified using the 

conventional examination of cross-sections using FESEM-EDX. In addition, X-ray 

microanalysis carried out on the trenches has provided compositional data at the 

nanoscale that allow establishing a comparison between the chemical composition of the 

corrosion layer and the uncorroded glaze. 

The three selected glazed ceramic pieces are good examples of the differential corrosion 

mechanisms that take place depending on the environmental conditions. The atmospheric 

environment promotes the formation of a thin precipitation layer formed by lead 

carbonates and deposited organic materials that have been degraded to oxalate salts. The 
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burial context has demonstrated a great degradative effect forming an amorphous gel 

layer that evolves to a thicker lamellar corrosion layer due to repeated seasonal humidity-

dryness cycles. But the more interesting finding has been associated with the unusual and  

selective deteriorating effect on the marine matrix glaze due to the metabolic silicification 

activity of diatoms for forming their frustules during their growing and maturation. This 

effect has been reported for the first time in the present study. 
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