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Abstract 

The “Nanhai I” shipwreck is an important discovery in the underwater archaeology of China, and many ceramics have 
been unearthed. These ceramics are important material artifacts of China’s “Maritime Silk Road” and have considerable 
significance for the study of foreign trade in the Southern Song Dynasty (1127–1279 A.D.). However, these ceramics 
have been buried in a marine environment for approximately 800 years and have all been corroded to varying 
degrees, with green-glazed pottery being the most severely corroded. In this study, the chemical compositions of 
five samples of green-glazed pottery and the corrosion morphology and mechanism of a representative sample were 
analyzed by optical microscopy, scanning electron microscopy-energy dispersive X‐ray spectrometry (SEM–EDS), 
Raman spectroscopy, and X-ray diffraction (XRD). Results: The green glaze is a low-temperature silica-aluminum 
oxide-lead oxide (SiO2-Al2O3-PbO) glaze with copper ions (Cu2+) as the main colorant. The corrosion morphology is 
characterized by alternating silicon (Si)- and lead (Pb)-rich layers, a sharp reaction interface between the Si-rich layer 
and the pristine glaze, and a relatively high porosity of the Si-rich gel layer, which is formed by the accumulation of 
spherical hydrated silica colloidal particles. These features suggest that the glaze was corroded through an interface-
coupled dissolution–precipitation mechanism and that the properties of the gel pores controlled the reaction 
kinetics. Fluctuations in the solution properties at the reaction interface produced the complex morphology of the 
gel layer, whereas changes in the dryness and humidity of the environment are not essential factors. The samples 
have been corroding in the marine environment for nearly a thousand years, and explorations of the corrosion 
morphology and mechanism could provide reference information on the corrosion of various ancient ceramics and 
glasses and a basis for scientific conservation of these objects.
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Introduction
The “Nanhai I” shipwreck refers to an ancient ship in 
the Southern Song Dynasty that may have sailed from 
China to Southeast Asia or the Middle East to carry out 
overseas trade. The “Nanhai I” shipwreck was accidentally 
discovered on the seabed in 1987, approximately 20 
nautical miles south of Dongping Port in Yangjiang City, 
Guangdong Province, China, and was overall salvaged 
and placed in the Yangjiang Maritime Silk Road Museum 
in 2007. The first formal comprehensive archaeological 
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excavation of the wreck began in 2014, resulting in the 
recovery of many cultural relics. As of 2019, more than 
180,000 exquisite cultural relics have been unearthed 
from this ancient shipwreck, among which ceramics 
and ironware constituted the largest proportion [1]. The 
ceramics mainly include celadon, bluish-white porcelain, 
black sauce-glazed porcelain, and green-glazed pottery. 
The ceramic forms include pots, bottles, jars, bowls, 
plates, dishes, powder boxes, and furnaces, covering 
almost all the varieties of porcelain produced by the main 
export porcelain kilns of the Southern Song Dynasty 
[2]. Long-term immersion in seawater, sedimentation 
and coverage by marine organisms have considerably 
damaged these unearthed ceramics. In particular, the 
green-glazed pottery has completely lost the original 
color of the glaze surface and has been severely corroded.

In the history of Chinese ceramics, low-temperature 
glazes containing lead (Pb) as a flux and metal oxides as 
colorants appeared as early as the Warring States Period 
(475-221 B.C.) [3]. These glazes were yellow, green, 
black, and brown, with green glazes based on   copper 
oxide coloring being the most popular in the Middle and 
Late Eastern Han Dynasty (25–220 A.D.) [4, 5]. Many 
wares with Pb-green glazes have been unearthed in the 
tombs of the Eastern Han Dynasty in Henan and Shaanxi. 
With an elegant shape, a gorgeous color, and vivid 
decoration, this kind of pottery has both high artistic 
value and considerable historical and scientific value. The 
unearthed Pb-glazed pottery of the “Nanhai I” shipwreck 
provides important material evidence of trade and 
cultural exchanges between the ancient civilizations of 
the East and the West during the Southern Song Dynasty. 
Therefore, it is especially necessary and urgent to study 
how these green-glazed wares can be protected.

Ancient pottery with low-temperature Pb glazes has low 
corrosion resistance and therefore often has a bright sur-
face sheen, called a “silvery glaze”, that easily attracts atten-
tion. The extant poems of Emperor Qianlong (1711–1799 
A.D.) on ancient pottery include a poem about a green-
glazed pot from the Han Dynasty (202 B.C.-220 A.D.), i.e., 
“the green glaze is chapped around the body, the color is 
an external expression but the internal essence is pure, 
the damaged object with many defects is not the pris-
tine subject, and if there is no dryness and wetness, there 
is no damage”. (“斓斑青緑周身皴,光匪外发内藴真。”  
“苦窳髺垦非所论,燥湿弗受剥弗损。”) This verse indi-
cates that as early as the eighteenth century, the Qianlong 
Emperor had an intuitive awareness of the phenomenon 
of corrosion and the mechanism of damage to the surface 
of the green glaze. At the beginning of the twentieth cen-
tury, Laufer [6], Hobson [7] researched Chinese ceramics, 
and all observed silvery glazes and rainbow phenomena 
on the surfaces of green-glazed pottery. However, this 

phenomenon was mistaken for metal precipitates deliber-
ately applied to create a white glaze. Jackson [8] used mod-
ern techniques to analyze this material layer and found 
that the layer was a nonhomogeneous multilayered mix-
ture. However, technological limitations prevented a clear 
determination of the materials and structures of this layer. 
In the 1960s, Tadashi Naito [9] and Ye [10] found that this 
layer had physical properties similar to those of mica. In 
the 1980s, the development of chemical analyses enabled 
scholars to gain a more accurate and in-depth understand-
ing of the corrosion products and mechanisms of ancient 
lead glaze [11–20]. These studies   indicated that the Pb 
ions in the ancient lead glaze mainly leach out of the solu-
tion through ion exchange and then combine with anions 
(e.g., CO3

2−, SO4
2−, S2−, and Cl−) in the solution to deposit 

on the glaze surface in the form of poorly soluble crystals. 
The leaching of Pb ions is accompanied by the formation 
of an amorphous Si-rich layer on the surface of the glaze. 
During the dehydration process, the silicate network in 
the Si-rich layer re-polymerizes and reorganizes in  situ. 
Repeated wetting and drying cycles over a long period of 
time result in the formation of multilayered incrustation, 
giving the glaze an iridescent appearance.

The rainbow phenomenon is very common in the nat-
ural corrosion of silicate glass. Numerous studies have 
shown that the distinctive feature of the rainbow region 
is its fine laminated structure [21–24]. It is worth noting 
that the surface of the glass, whether buried in a stable 
underwater environment [22, 25–28] or soaked in a labo-
ratory environment [29, 30] where there are no periodic 
changes in the physico-chemical conditions, always forms 
a multilayered incrustation. This shows that the corrosion 
process is spontaneous and influenced by the kinetics of 
an internal reaction between the solid and the solution. 
Lead glaze is a type of silicate glass. It is therefore neces-
sary to question the mechanism of the corrosion of the 
ancient lead glazes as described above. The long-estab-
lished model of glass corrosion proposes that the sur-
face alteration layers are formed by solid-state diffusion 
of protons from solution into the glass, where they form 
silanol groups by exchange with mobile cations diffus-
ing out of the glass. The product is a chemically modified 
residual glass that, in the solid state, eventually reconsti-
tutes itself into a porous gel layer by condensation of the 
silanol groups [31–38]. In the last few years, the tradi-
tional view has been questioned by results from atomic 
probe tomography and transmission electron micros-
copy [39–42], which show an atomically sharp inter-
face between the glass and the surface alteration layer 
(SAL), and by results from stable isotope tracer experi-
ments [43–45], which show that the SAL must have pre-
cipitated from solution. These phenomena can be better 
explained by the new mechanism of “interface-coupled 
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dissolution–precipitation (ICDP)”, which was proposed 
in the early twenty-first century in the study of corro-
sion of silicate minerals and glasses [43, 46–48]. In the 
ICDP model, the surface alteration layer (SAL) forms as 
a result of congruent (stoichiometric) dissolution of the 
glass, which is spatially and temporally coupled with pre-
cipitation of amorphous silica at an inward moving reac-
tion front. Such a replacement reaction is driven by the 
difference in solubility between silicate glass and amor-
phous silica from a thermodynamic point of view. Since 
thermodynamic equilibrium between glass and solution 
is never reached, the reaction is not reversible. Thus, 
in an inward-moving dissolution-deposition front, an 
increasing amount of amorphous silica can replace glass. 
Recently, the ICDP model has been extended to include 
an ion exchange zone that can develop ahead of an ICDP 
front if the dissolution–precipitation rate is dramati-
cally slowed [45]. This self-organization coupling of these 
reactions may be the key to understanding the formation 
of laminar or more complex structural and chemical pat-
terns observed in natural corrosion zones of ancient Pb 
glazes.

The surface of the green-glazed pottery from the 
Nanhai I shipwreck has been severely corroded. To find a 
means of protecting this type of pottery, detailed analyses 
of the chemical compositions, physical compositions and 
microscopic morphologies of the corrosion products 
on the surface of the green glaze  were  performed in 
this study, and the process and mechanism for glaze 
formation were elucidated. The layered deposits in the 
corrosion products of the Pb-green glaze are mostly 
considered to be the products of alternating wet and dry 
environments. The Pb-green glaze samples investigated 
in this study were buried in a relatively stable marine 
environment for approximately 800 years, and studies of 
the corrosion morphology and formation mechanism of 
the corrosion products on these samples could improve 
our understanding of ancient Pb-glaze corrosion and 
provide reference information  for studies of the long-
term corrosion mechanisms of modern silicate glasses.

Materials
Analytical techniques
Optical microscopy (OM) The macroscale morphology 
of the glaze surfaces and polished cross-sections were 
observed with an ultra-depth of field 3D microscope 
(Keyence VHX-6000).

Scanning electron microscopy‒energy dispersive X-ray 
spectrometry (SEM‒EDS) The micromorphology and 
micro-area chemical compositions were characterized 
using SEM (Thermo Scientific, Quattro S) with a Bruker 
QUANTAX EDS X-ray spectrometer. The analyses were 
carried out in a low vacuum (60  Pa) environment with 

an operating voltage of 15  kV and element acquisition 
at a working distance of 10  mm for 30  s, with P/B-
ZAF for stoichiometric quantification. To observe the 
sample cross-sectional microstructure, small pieces of 
approximately 1 cm3 were cut at the edges of the sample 
using a diamond saw blade, embedded in epoxy resin, 
and later polished using SiC sandpaper and diamond 
polishing paste (3 μm, 1 μm).

Micro-Raman The phase components of the glaze 
were characterized using a laser micro-confocal Raman 
spectroscopy (RENISHAW inVia). It was equipped with a 
research-grade Leica microscope with a spatial resolution 
of < 0.5 μm. Optical lenses were 50 × and 100x, and laser 
wavelength was 785 nm. The laser power on the samples 
was 2.8 mW.

The baseline was subtracted using WiRE 4 software. 
The WiRE™ (Windows -based Raman environment) 
software from Renishaw features a patented Intelligent 
Fitting baseline subtraction tool that can be used to 
automatically and accurately eliminate unwanted 
backgrounds from spectra, and this automated 
background removal makes removal more consistent 
between similar spectra [49]. The Raman spectrum of 
the pristine glaze and corroded glaze were deconvoluted 
using Origin software peak-fitting module (Microcal 
Software, Inc.), and a gaussian shape was assumed for all 
Raman lines because of the disordered state of examined 
materials. We set the number of expected components 
(e.g. five for the stretching envelope) and assumed that all 
bands parameters (frequency, half-width and intensity) 
are independent and unconstrained.

X-ray diffraction (XRD) The crystal phases of the glaze 
were determined by XRD (PANalytical Aeris benchtop 
X-ray diffractometer) with Cu Ka radiation (40  kV 
and 40 mA) and 2θ ranged from 10° to 70°. The sample 
surface corrosion products were scraped, ground to 
a fine powder in an agate mortar and then applied to a 
single crystal silicon sample holder and fed into the X-ray 
diffractometer for testing.

Green‑glazed pottery samples
The samples are shown in Fig.  1. All of samples are 
stamped disc remnants, with an embossed flower pattern 
on the mouth edge and inner bottom, a diamond-shaped 
mouth, flat folded edge, shallow arc belly, flat bottom, and 
the entire body is glazed. The samples are blue-gray body 
with a green glaze. Archaeological findings regarding 
the shapes and decoration patterns  of the samples have 
led scholars to identify green-glazed pottery samples as 
exported products of the Fujian Cizao kiln complex from 
the Song Dynasty [50]. The five pieces of green-glazed 
pottery tested here had undergone a desalination process 
by immersion in deionised water and were kept in a dry, 
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sheltered and light-proof storage room after the desalina-
tion was completed. The relative humidity of the store-
house was maintained at 35–65% throughout the year. 
The samples were numbered from N1 to N5. Corrosion 
has significantly changed the color of the glaze, and some 
areas have turned black and yellow.

Results and analyses
Chemical compositions of the pristine glazes
The corrosion study of the glaze was based on an analyses 
of the chemical compositions of the pristine glazes of 
the samples. Table  1 shows the SEM–EDS results for 
the chemical composition of the glaze in an uncorroded 
area of a sample cross-section. Based on the chemical 
composition, the green glaze of all five pieces is identified 
as a silica-aluminum oxide-lead oxide (SiO2-Al2O3-PbO) 
low-temperature glaze, with Pb2+ as the main flux and 
divalent copper ions (Cu2+) as the main colorant.

Different structures can cause the Pb glaze to react dif-
ferently under an external medium. A Pb glaze contains 
two different structural forms of Pb: Si–O–Pb bonds 
(where O denotes oxygen) that act as network modifi-
ers, and Pb–O-Pb bonds that act as network formers. At 
low Pb concentrations (PbO < 40 mol%), the structure of 
PbO-SiO2 glass is close to that of an alkali silicate glass, 
and Pb acts as a network modifier. At high Pb concentra-
tions (PbO > 60  mol%), Pb exists in the form of a PbOn 
(n = 3 and 4) polymer chain that forms a network. Irre-
spective of whether Pb acts a network former or modifier, 
Pb remains in a positive divalent redox state [51–53]. As 
the samples have a PbO content of 31–33 mol%, Pb acts 
as a network modifier in the glaze, which contains typi-
cal Si–O-Pb bonds. In these samples, CuO is the main 
colorant at a content of 3–5  mol%, and the iron oxide 
(Fe2O3) content is low at 0.5–0.6 mol%. In the Pb glaze, 
Cu2+ acts as a modifying ion and exists in an octahedral 
configuration in a glassy matrix. Compared to tetrahedral 
coordination (Fe), octahedral coordination has longer 

Fig. 1  Photographs of green-glazed pottery sherds from the “Nanhai I”

Table 1  Pristine glaze chemical composition (Wt%)

Sample No Na2O MgO Al2O3 SiO2 K2O CaO Fe2O3 CuO PbO

N1 0.4 0.2 4.4 28.2 0.4 0.2 0.7 2.4 63.1

N2 0.3 0.1 5.2 30.7 0.3 0.3 0.7 2.2 60.2

N3 0.4 0.1 4.3 29.6 0.6 0.3 0.8 2.9 61.0

N4 0.4 0.1 4.3 28.9 0.5 0.3 0.8 3.8 60.9

N5 0.5 0.2 6.4 30.0 0.3 0.1 0.5 2.8 59.2
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bond lengths and a larger effective volume, a more open 
cage structure, and places fewer geometric and ener-
getic  restrictions on ion  movement and exchange (that 
is, the electron density and activation energy are lower) 
[54–56]. Therefore, green lead glazes with Cu2+ as the 
colorant are more susceptible to corrosion than yellow 
lead glazes with Fe3+ as the colorant.

Analysis of glaze corrosion morphology
Microscopic observations and compositional analyses 
show few differences in the chemical compositions and 
corrosion morphologies of the glazes in the five samples. 
In this study, Sample N4 was selected as a representative 
sample, and its corrosion process was analyzed in detail. 

The N4 corroded glaze is mainly golden yellow with local 
iridescence and black.

Corrosion morphology in the golden yellow area of glaze
The following results were obtained by optical micros-
copy (Fig.  2a) and SEM–EDS (Fig.  2c–f). The corrosion 
products in the golden crust area are distributed in lay-
ers: in the outermost golden crust (Additional file  1: 
Table  S1-EDX8), the Fe2O3 content is 49 Wt%, and  the 
sulfur trioxide (SO3) content is relatively low, about 4 
Wt%, so the material  must be an iron oxide/hydrox-
ide. Raman spectrum analyses indicates the presence of 
hematite (Fig.  2b). However, the illumination power of 
the laser beam is 2.8 mW, which generates high tempera-
tures that may heat  the low-valent iron oxides and iron 

Fig. 2  Golden yellow area. a Optical micrograph; b Raman spectrum of golden yellow crust surface; c–f SEM images
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hydroxides and transform them into hematite [57], so it is 
not certain that the material is definitely hematite. Nev-
ertheless, the hematite in the surface crusts should be the 
main phase of the sample after it has been salvaged from 
the water and stored in the atmosphere for a long time. In 
the golden yellow crusts, spherical substances with high 
sulfur (S) and Fe contents are also observed, which are 

identified as authigenic microspheroidal pyrites (Fig. 2b, 
c, Additional file 1: Table S1-EDX1). There are white and 
yellowish corrosion products beneath the golden crust 
that are mainly short columnar lead sulfate (PbSO4) 
crystals  (Fig.  2d,  e,  Additional file  1: Table  S1-EDX2, 
EDX5,  EDX9) and hexagonal plate lead carbonate 
(PbCO3), where the PbCO3 crystals in local areas may 
have been infiltrated by surface Fe (Fig.  2d,  Additional 
file 1: Table S1-EDX3, EDX4). The corrosion products in 
the golden crust area were scraped off and found to con-
sist mainly of PbCO3 and PbSO4 by XRD analysis (Fig. 3). 
The inner corrosion layer appears translucent white and 
is identified by SEM–EDS analysis to consist of granu-
lar aggregates with a high Si contents (Fig. 2f, Additional 
file 1: Table S1-EDX10). This layer is referred to as a Si-
rich (gel) layer in this paper and is discussed below.

The element line-scan image (Fig.  4c) for a cross-sec-
tion of the golden crust shows wave-like opposing dis-
tributions for the Si and Pb contents and   indicates that 
the sodium (Na) and potassium (K) contents are the most 
abundant elements  in the innermost corrosion layer. 
The Fe content decreases linearly from the exterior to 
the interior, which presumably results from the diffu-
sion of substances from the external environment into 
the corroded glaze layers. The Fe content is considerably Fig. 3  XRD patterns for the corrosion products

Fig. 4  a, b SEM images of the polished cross-section of golden yellow crust area; c, d SEM images of EDS element line-scan and the mapping 
images
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higher in the outside layers (Fig.  4b, Additional file  1: 
Table S2-EDX1,EDX4) than in the inside layers (Fig. 4d). 
Thus, the outside layers are the Fe-rich layers of the cor-
rosion layers with n(Fe)/n(Si) = 1.4 and n(Fe)/n(Si) = 1.5, 
respectively, and they have well-defined Si contents. The 
micrographs show many pores structures in the Fe-rich 
layer (Fig.  4b), presumably due to permeable deposits 
of Fe-rich minerals in the Si-rich gel layer. Interactions 
between the gel layer and the Fe-rich minerals could not 
be identified  decisively in this study. Spherical particles 
are attached to the surface of the corrosion layer that con-
sists mainly of elemental S and Fe (n(S):n(Fe) ≈ 2:1) and 
are authigenic microspheroidal pyrites (Fig.  4b,  Addi-
tional file 1: Table S2-EDX3). The golden yellow color of 
the sample surface results from the deposition of hema-
tite and pyrite.

Corrosion morphology in iridescence area of glaze
The local area under the golden-yellow crust on the glaze 
surface has various colorations. Optical microscopy reveals 

a colored stripe on a white base and various single colors, 
including dark blue, yellow, and silver-black (Fig.  5a). In 
the SEM micrographs, colored fringes appear on the Si-
rich layer (Fig. 5c, Additional file 1: Table S3-EDX1), and 
the Pb-rich layer (Fig. 5c, Additional file 1: Table S3-EDX2) 
has a single color and is identified as PbSO4 by Raman 
spectroscopy (Fig.  5b). Observation of a cross-section 
reveals that the Si-rich gel layer and Pb-rich layer are 
200–900  nm in thickness (Fig.  4b), which  covered the 
entire  wavelength range of visible light. Irradiation of 
the film with white light produces a thin-film interfer-
ence effect. The specific interference color is controlled 
by the optical path difference of the coherent light, which 
is related to the refractive index and thickness of the film. 
Colored stripes appear for a film with an uneven thickness. 
A film with a uniform thickness of ca.200 nm (which is half 
the wavelength of blue light) appears blue. In the silver-
black area, tiny cubic crystals of galena can be observed 
embedded in the pores of the Si-rich layer (Fig. 5d, Addi-
tional file 1: Table S3-EDX4, EDX5). The galena exhibits a 

Fig. 5  Surface iridescent area a Optical micrograph; b Raman spectrum of blue iridescence area; c, d SEM–EDS images
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lead-gray color with gray-black streaks, a metallic luster, 
and opaqueness. It is speculated that the silver-black area 
primarily contains a chemical colorant, which obscures the 
structural color produced by the thinness of the layer.

Corrosion morphology in the black area of glaze
The black crust area appears black overall under the opti-
cal microscope (Fig. 6a), has shed material in a scaly pat-
tern, and the innermost local area is silvery white. The 
corrosion products in the black crust area were scraped 
and found to mainly contain galena, cerussite, and 
anglesite by XRD analysis (Fig. 3). The SEM micrograph 
reveals that the corrosion products in the surface layer 
(Fig. 6c, d) are arranged in a disorderly manner: there are 
small cubic particles mainly containing Pb and S, with 
n(Pb):n(S) ≈ 1:1 (Additional file 1: Table S4-EDX7), cor-
responding to galena; biconical dodecahedrons formed 
by the superposition of hexagonal thin plates mainly con-
taining Cu and S, with n(Cu):n(S) ≈ 1:1 (Additional file 1: 
Table  S4-EDX8), that are identified as covellite from 

the Raman spectrum (Fig.  6b); and columnar or plate-
shaped aggregates mainly containing Pb, S, with n(Pb):n 
(S) ≈ 1:1 (Additional file 1: Table S4-EDX4), that are iden-
tified as anglesite from the Raman spectrum (Fig.  6b). 
Small particles, such as anorthite, albite, mica, and 
quartz, are also scattered through the surface layer (Add-
tional file 1: Table S4-EDX1, EDX2, EDX3, EDX5).

Under the surface corrosion layer, flaky aggregates of 
cerussite (Fig. 7c,d) and columnar or plate-shaped aggre-
gates of anglesite (Fig.  7a) grow vertically on the glaze 
surface, and many cubic crystals  of galena (Fig.  7b) are 
scattered in the dark Si-rich matrix. The numerous crys-
tals grown vertically on the glaze destroyed the layered 
structure, and the large galena content causes the corro-
sion glaze to appear black overall.

The inner corrosion layer (Fig.  8a–e) is itself layered 
and appears bright white under the optical microscope 
(Fig.  6a). The SEM micrographs show  that the layered 
material is mainly composed of a bright layer and a dark 
layer. The dark layer has a relatively high content of SiO2 

Fig. 6  a Optical micrograph of the glaze of the black crust area; b Raman spectrum of surface corrosion layer; c, d SEM images of the surface 
corrosion layer
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(Additional file  1: Table  S4-EDX10)  and is porous due 
to the agglomeration of granular substances with parti-
cle sizes of 50–150  nm. The pores between these parti-
cles are large, with sizes up to 500 nm in size. (Fig. 8c,d) 
The bright layer has a high PbO content, and many well-
developed cubic crystals with sides measuring   1–2  μm 
are  lying flat on the porous dark Si-rich layer (Fig.  8b). 
The plane structure and the surfaces of many crystals 
reflect light strongly, which is manifested as a bright sil-
ver color. Tetragonal and tetrahedral crystals with high 
contents of S, Fe, and Cu are also found, which are identi-
fied as chalcopyrite based on a Raman spectral analysis 
(Fig. 8e, f, Additional file 1: Table S4-EDX11).

The cross-section of the black area (Fig.  9, Additional 
file  1: Table  S5) has a similar corrosion morphology to 
that of the surface: the inner layer consists of parallel 
layers of PbS crystals to the Si-rich layer. Flaky PbCO3 
crystals and columnar PbSO4 crystals are irregularly 
distributed in the outer layer, disturbing the parallel 
structure of the corrosion layer. Under a polarized light 
microscope (Additional file  1: Fig.S6), galena, anglesite, 
and cerussite show different white, blue-green, and 

gray-white colors, respectively, which indicates the distri-
butions of the corrosive minerals.

Analysis of Si‑rich gel layer
Chemical composition of Si‑rich gel
The corrosion layer in contact with the pristine glaze is a 
Si-rich layer, which is the corrosion reaction front. There-
fore, it is essential to  analyze the Si-rich layer in order 
to understand  the corrosion mechanism. The glaze has 
multiple Si-rich layers. Compared to the composition 
of the pristine glaze  shown in Fig.  10, the Si-rich layers 
have a significantly lower PbO contents, suggesting that 
lead was lost from the glaze to the marine solution dur-
ing the formation of the Si-rich layer. The inner side Si-
rich layer, which is the reaction frontier, contains most of 
the Na and K elements, and the outer side Si-rich layer 
contains more Fe and Ca. This suggests that the marine 
elements Na and K are directly involved in the formation 
of the Si-rich layer through chemical interactions, while 
the  Fe and Ca elements are accumulated on the outer 
side Si-rich layer through physical interactions such as 
deposition.

Fig. 7  Intermediate corrosion layer of the black crust area: a–c SEM images d Raman spectrum of the flaky aggregates
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To analyze elemental migration between the pris-
tine glaze and the Si-rich layer, SEM–EDS was used to 
obtain an elemental line distribution diagram (Fig.  11). 
The following content variations are shown in  the dia-
gram. The Si content reaches a maximum in the Si-rich 
layer and then decreases rapidly beyond this layer; the O 
content reaches a maximum in the Si-rich layer, gradu-
ally decreases and then stabilize at approximately 700 nm 
beyond this layer; the Pb content gradually increases and 
then stabilize at approximately 500 nm beyond the Si-rich 
layer; and the Na content gradually decreases until it sta-
bilize at approximately 500 nm beyond the Si-rich layer. 
The trends for the changes in the O, Pb, and Na con-
tents indicates diffusion of these elements, which may be 
related to the ion exchange reaction between Pb2+ in the 

glaze and hydronium (H3O+), hydrogen (H+), and Na + 
ions in the solution and to the entry of water (H2O) mol-
ecules into the glaze matrix. The Si-rich layer is approxi-
mately 1.6 μm thick, and it is speculated that a diffusion 
layer of approximately 700  nm is present between this 
layer and the pristine glaze, where hydration and ion 
exchange reactions take place. There is a clear variation 
in the Si content at the Si-rich layer boundary, indicating 
that the Si-rich layer and the pristine glaze layer are not 
connected due to the recondensation and deposition of 
the hydrolyzed Si–O framework.

Structure of Si‑rich gel
Raman spectroscopy is used to analyze the struc-
ture of chemical bonds in materials. Even optically 

Fig. 8  Bottom corrosion layer of the black crust area: a–e SEM images; f Raman spectrum of the tetrahedral crystals
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Fig. 9  SEM images of the polished cross-section of black crust area

Fig. 10  Scatter plot of component distribution in pristine glaze, inner and outer Si-rich layers (Data from Table 1-N4; Additional file 1: Table S2-EDX6, 
EDX7; Additional file 1: Table S5-EDX2, EDX5)
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homogeneous glasses can present heterogeneity on the 
scale of SiO4 structural units due to manufacturing pro-
cess [58] or surface corrosion. Thus, the corrosion of the 
glass surface can be revealed by Raman spectroscopy. In 
Raman spectra of the Si-rich layer and the pristine glaze 
of the N4 sample (Fig. 12a, b), peaks appear at approxi-
mately 470 cm−1 and 950 cm−1, respectively, which origi-
nate from the bending vibration and stretching vibration 
modes of the orthosilicate (SiO4) tetrahedra, respectively. 
In highly connected structures, the larger the amplitude 
motion of oxygen perpendicular to the Si–O–Si link, the 
higher is  the polarization change in this vibration and 
Raman intensity around 500  cm−1. In less connected 
structure, the larger the amplitude motion of oxygen by 
a stretching mode, the larger  is the Raman intensity at 
ca. 1000 cm−1 [59]. Therefore, the area ratio of the bend-
ing peak to the stretching peak (A470/A950) can be used 
to determine the degrees of polymerization in the Si-rich 

Fig. 11  EDS line-scan profile of the reaction interface

Fig. 12  Raman spectra of pristine glaze and Si-rich layer: a raw Raman spectrum; b Raman spectrum after background removal; c deconvolution of 
the Raman spectrum for the pristine glaze (800–1100 cm−1); d deconvolution of the Raman spectrum for the Si-rich layer (800–1300 cm−1)
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layer and the pristine glaze. For the N4 sample, A470/
A950 = 0.18 in the pristine glaze, and A470/A950 = 0.56 in 
the Si-rich layer (Table 2), indicating a higher degree of 
polymerization (structural connectivity) in the Si-rich 
layer than in the pristine glaze. As the A470/A950 ratio of 
the pristine glaze is low (less than 0.3), it is speculated 
that a low firing temperature was used to produce the N4 
sample glaze [60].

Regarding the Si–O  stretching vibrations of the SiO4 
tetrahedra, Raman peaks at approximately 830  cm−1, 
900  cm−1, 960  cm−1, 1000  cm−1, and 1150  cm−1 have 
been reported in the literature for no, one, two, three, and 
four bridging oxygen atoms, respectively (denoted by Q0 
or isolated SiO4, Q1 or -SiO3, Q2 or = SiO2, Q3 or ≡SiO, 
and Q4 or SiO2, respectively) [61, 62]. The stretching 
vibrational peaks at 950 cm−1 in the spectra of the pristine 
glaze and Si-rich layer were fitted and deconvoluted 
(Fig. 12c, d, Table 2), indicating the proportions of the Q1 
and Q2 components in the spectrum of the pristine glaze 
are relatively high, and slightly lower in the spectrum of 
the Si-rich layer. The proportions of Q3 and Q4 in the 
spectrum of the Si-rich layer are higher than those in 
the spectrum of the pristine glaze, indicating there are 
more bridging O bonds in the Si-rich layer than in the 
pristine glaze. Therefore, the Si-rich layer is speculated to 
be composed of SiO2 nanocolloidal particles formed by 
polycondensation of silicic acid.

Discussion
Formation mechanism of corrosion products such as lead 
minerals and hematite
The “Nanhai I” shipwreck is located in the waters near 
Shangchuan Island and Xiachuan Island in Yangji-
ang, Guangdong, at a water depth of 22–24  m and an 
average burial depth of 1–3  m in a silt seabed. In the 
offshore area of western Guangdong where the ship-
wreck is located, the bottom seawater has average 
pHs of 8.22,  8.32,  8.28, and 8.21 in the spring, sum-
mer, autumn, and winter, respectively, and an average 
salinity of approximately 30.6‰ [50, 63]. Compared to 
the bottom seawater, the free water in the seabed sedi-
ment voids in the northern part of the South China 
Sea has a higher electrical conductivity and higher 

concentrations of hydrogen carbonate  ions (HCO3
−) 

[64]. In the seabed soil, the O2 concentration is very 
low, and bacteria, such as anaerobic sulfate-reducing 
bacteria, grow and multiply. The SO4

2− ion concentra-
tion in seawater is relatively high at an average concen-
tration of 29 mmol/L, which is hundreds of times that 
in freshwater [65]. These SO4

2− ions are present in large 
quantities and are the most important electron accep-
tors in seawater. In the presence of a sufficient quantity 
of organic matter in the seabed sediments, sulfate-
reducing bacteria use SO4

2− as an electron acceptor to 
metabolize small organic molecules to S2−, where the 
reaction principle is shown in Eq. (1) [66]. Therefore, 
many anions, such as S2−, SO4

2−, and CO3
2−, are pre-

sent in the marine soil environment.

The samples have a PbO content of approximately 60 
wt%, and Pb occurs as a network regulator in the glaze, 
which contains approximately 3 wt% CuO. Therefore, 
in this structure, the Pb2+ in the green glaze readily 
undergoes ion exchange or hydrolysis reactions in the 
water and dissolves. The dissolved Pb2+ reacts with 
anions in the ocean to form insoluble deposits of PbS, 
PbSO4, and PbCO3. The shipwreck contains many Fe 
and Cu artifacts that corrode easily in the presence of 
sulfate-reducing bacteria to produce metal sulfides 
[67], which are the sources of minerals trapped in 
the corrosion layer of the Pb glaze, such as pyrite, 
chalcopyrite, and covellite.

As a result of the lack of O2 in the seabed silt 
environment, Fe mainly occurs in the form of ferro 
sulfide compounds, such as pyrite and chalcopyrite. 
The unearthed samples were placed in deionized water 
for desalination treatment, at which time the solution 
was high in O2. Due to the lattice defects in pyrite 
and the presence of dissociation planes, pyrite easily 
undergoes oxidation reactions with O2 and H2O in the 
surrounding environment [68–70]. First, the surface 
is oxidized to release small quantities of H+, Fe2+, and 
SO4

2− (Eq.  2). Then, Fe2+ is oxidized by O2 in the air 

(1)
2(CH2O)+ SO2−

4 + 2H+
sulfate reducing bacteria

−→ H2S+ 2H2O+ CO2

Table 2  The integral area ratios of the bending envelope to stretching envelope in the Raman spectra of the pristine glaze and the 
Si-rich layer (A470/A950) and the peak positions and integral area ratios of each component (Qn) in the stretching envelope (AQ

n/A950)

Regions A470/A950 Parameters Q0 Q1 Q2 Q3 Q4

Pristine glaze 0.18 Peak position 859 902 960 1001 –

AQ
n/A950 0.07 0.34 0.48 0.11 –

Si-rich layer 0.56 Peak position 855 900 955 995 1130

AQ
n/A950 0.07 0.23 0.26 0.26 0.20
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to form Fe3+ (Eq.  3). The generated Fe3+ is very likely 
to oxidize pyrite to produce large quantities of Fe2+ 
and SO4

2− (Eq. 4). The generated Fe2+ is reoxidized to 
Fe3+ by O2 (Eq.  3). These three reactions cycle until 
the pyrite is completely oxidized. When pyrite leaves 
the humid environment, the iron oxyhydroxide loses 
H2O to form iron oxide (Eq. 5). In addition to chemical 
oxidation, pyrite also undergoes biological oxidation by 
S-oxidizing bacteria, such as Thiobacillus ferrooxidans 
and Thiobacillus thiooxidans [71]. Therefore, the iron 
oxide layer formed on the surface of the N4 sample 
resulted from changes in the environment used to store 
the samples after they were unearthed.

Pyrite is easily oxidized in a humid environment to 
generate sulfuric acid (H2SO4) that increases the acidity 
of the solution, which in turn can accelerate the corrosion 
of the glaze layer. After oxidation, the  pyrite can form 
hydrated iron sulfate, which has a higher unit molecular 
volume. The loss of H2O and subsequent precipitation 
leave the glaze susceptible to stress damage. Therefore, 
reducing the activities of metal sulfides, such as pyrite, 
in the corrosion of the Pb glaze layer is an important 
research topic.

Corrosion mechanism of lead glaze
The Pb glaze is structurally similar to alkali silicate glass 
and thus has a similar corrosion mechanism. In studies 
of glass  corrosion mechanisms, a gel layer is often 
considered to result from solid-state recondensation of 
a residual partially hydrolyzed glass network produced 
by diffusion-controlled ion exchange and hydration 
reactions. Observation of the composition and 
morphology of the corrosion layer on the surface of the 
unearthed Pb-glazed pottery (which has remained in 
seawater for more than 800 years) showed the following 
main characteristics: (1) alternating deposition of Si- 
and Pb-rich layers; (2) a sharp change in the Si content 
at the interface between the Si-rich layer and the pristine 
glass, which formed a sharp interface; (3) the Si-rich layer 
contains agglomerates of spherical particles and is highly 
porous. Thus, the corrosion on the surface of the Pb 
glaze described in this study clearly cannot be explained 

(2)
2FeS2 + 7O2 + 2H2O−→ 2Fe2+ + 4H+

+ 4SO2−
4

(3)4Fe2+ +O2 + 4H+
−→ 4Fe3+ + 2H2O

(4)
FeS2 + 14Fe3+ + 8H2O−→ 15Fe2+ + 2SO2−

4 + 16H+

(5)2Fe(OH)3−→ Fe2O3 + 3H2O

by the residual hydrated glass model, but the “interface-
coupled dissolution–precipitation (ICDP)” mechanism is 
more suitable in explaining the corrosion process of the 
samples investigated in this study.

The seawater around the shipwreck is weakly alkaline 
and has a salinity of 30.6‰. For the Pb glaze immersed 
in seawater, the orthosilicic acid (H4SiO4) in the solu-
tion on the glaze surface is undersaturated. Thus, the 
Pb glaze first dissolves congruently, the silicone skeleton 
in the lead glaze is gradually hydrolyzed, and H4SiO4 
are released into the solution. At the same time, Pb2+, 
the network-modifying ion in the glaze, is also released 
into the solution. As Pb2+ modifies the silicate network 
and easily leaches into solution, diffusion-controlled 
proton-cation exchange may precede congruent disso-
lution–precipitation of the glass. However, the congru-
ent dissolution–precipitation rate of the glass exceeds 
the diffusion rate, thus controlling the overall corrosion 
rate (Fig. 13a). As the concentration of H4SiO4 increases, 
individual H4SiO4 are polymerized together in solution 
by a condensation reaction. In the solution boundary 
layer near the glaze surface, the supersa turated H4SiO4 
preferentially nucleate through polycondensation at the 
hydroxylation sites on the surface of the dissolved glass. 
For the  large spherical hydrated silica particles, the 
H4SiO4 around the nucleus then continues to grow by 
polymerization. The Si-rich layer of the sample is a ran-
dom accumulation of spherical hydrated silica colloidal 
particles with diameters of 50–150 nm, where the pores 
in the layer correspond to gaps between  the particles 
and are not formed by ion exchange and solid-state reor-
ganization in the residual glass. Since thermodynamic 
equilibrium between the glass and the solution cannot 
be reached, if the solution reach the surface of the glaze 
through the Si-rich gel pores, congruent glass dissolution 
can continue to occur, providing an interfacial solution 
with orthosilicates. As a result, an increasing number 
of Si-rich layers can grow inward to replace the pristine 
glaze. The pore properties (e.g., the pore size and connec-
tivity) affect the transport of species from the solution to 
the reaction interface, thereby controlling the kinetics of 
the reaction. The Pb2+ leach via congruent dissolution is 
relatively soluble in the solution, and Pb2+ in the solution 
diffuses readily  and has a wider migration range than the 
SiO2 gel. Therefore, the  SiO2 colloids first precipitate at 
the reaction interface, and then Pb2+ reacts with the S2−, 
SO4

2−, and CO3
2− in the solution at the reaction interface 

to form insoluble compounds that are deposited on the 
Si-rich gel layer. S2− has the smallest volume among the 
ions and easily enters the innermost layer through the 
pores to generate PbS during the inward corrosion pro-
cess (Fig. 13b, c). Increases in both the degree of polym-
erization of the gel layer and the number of corrosion 
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layers inhibits the transport of dissolved substances 
between the water and glaze, and the congruent dissolu-
tion rate decreases. At this time, diffusion-controlled ion 
exchange and hydration layers start to appear in the cor-
roded glaze at the reaction front, and an approximately 
500  nm-thick ion diffusion layer and an approximately 
700 nm-thick hydration layer are visible on the element 
line distribution map of the N4 sample (Figs. 11, 13c).

In alkaline solutions with pHs above 7, many ≡Si–O− 
groups form inside and on the surfaces of the spherical 
SiO2 particles. Cationic Pb2+ leached from the glaze and 

cations with high concentrations in the marine solution, 
such as Na+ and K+, can be captured and adsorbed by 
≡Si–O−. As the polymerization degree increases, more 
elements are locked into the SiO2 network, enriching 
the Si-rich layer with Pb, Na, and K. The dissolved Al 
ions in the glaze replace Si and become embedded in 
the skeleton. The dissolved ions in the glaze may also 
react with the ions in solution to  form   precipitates 
and accumulate in the gel pores (Fig.  13d). Despite the 
desalination and soaking  treatment, the Si-rich layer 
still has high concentrations of cations, which indirectly 

Fig. 13  Schematic diagram. a–c Glaze corrosion process; d Formation process of spherical SiO2 colloidal particles
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indicates that the corresponding elements are adsorbed 
in the gel network through chemical bonding.

In the marine environment, the  temperature changes 
are small, but the pH and electrolyte concentration can 
fluctuate due to various local chemical reactions, renewal 
of the marine solution, and the action of microorganisms. 
For example, in an alkaline environment, dehydration 
and polymerization of hydrated silica can release Na+ 
and hydroxide (OH−), increasing the pH and cation 
concentration of the solution. The formation of PbS 
and PbCO3 precipitates can promote ionization of the 
local weak acid and reduce the pH and concentration of 
cations. The attachment of marine microorganisms also 
releases organic acids  locally [72, 73]. The dissolution 
rate of glass and the solubility, dissolution rate, and 
precipitation rate of  the amorphous silica in the 
corrosion layer are all affected by the pH of the interfacial 
solution and the electrolyte concentration (the ionic 
strength) [74–78]. Even small changes in the properties 
of the interfacial solution can affect the microstructure 
of the Si-rich gel layer. Fluctuations in the properties of 
the reacting solution at the interface may explain the 
formation of multiple corrosion layers on the glaze.

Conclusion
For the remnants of the green-glazed pottery found in 
the “Nanhai I” shipwreck, the glaze is a low-temperature 
SiO2-Al2O3-PbO glaze, with Pb2+ as the main flux and 
Cu2+ as the main colorant. The corrosion products on 
the green glaze surface are distributed in alternating Si- 
and Pb-rich layers. The Si-rich layer is mainly formed by 
the random accumulation of silica spherical particles. 
The Pb-rich layer mainly contains galena (PbS), anglesite 
(PbSO4), and cerussite (PbCO3) crystals. In addition, 
covellite (CuS), pyrite (FeS2), chalcopyrite (CuFeS2), 
quartz, and small clay particles are attached to the glaze 
surface. The black area of the sample has a high galena 
content, and the golden yellow area contains hematite 
and spherical pyrite, which explains why this area appears 
black and gold.

The microscopic characteristics of the glaze corrosion 
layer, such as a sharp reaction boundary, high porosity, 
and a gel formed by the accumulation of spherical 
particles can be attributed to a coupled dissolution-
reprecipitation mechanism. The corrosion layer does 
not form by interdiffusion but is precipitated directly 
from seawater by the stoichiometric dissolution of 
glass, that is, by congruent dissolution rather than 
selective dissolution. Ion exchange occurs during the 
corrosion process but is not the main rate-limiting 
process because the coupled dissolution–precipitation 
rate of the glaze exceeds the ion exchange rate. As the 
thickness of the gel layer increases, material transport 

is hindered, and the dissolution reaction of the glaze 
slows. At this time, diffusion-controlled ion exchange and 
hydration reactions begin to expose. Modern analytical 
techniques were used to investigate the corrosion process 
and mechanism for ancient lead glaze samples in this 
study. In future studies, simulation experiments will be 
performed to investigate the corrosion mechanisms of 
such samples further.
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