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Abstract: Twelve sherds of blue-and-white Chinese porcelains recovered from archaeological excavations in the
Santana Convent, in Lisbon, were studied using several non-invasive spectroscopies, namely micro-Raman, X-
Ray Fluorescence (XRF), Ground State Diffuse Reflectance (GSDR) and stereomicroscopy. The use of the X-ray
diffraction technique (XRD), allowed us to complete the mineralogical characterization of the ceramic bodies
and glazes of the porcelains. The sample selection ranges from the 16th to the 18th centuries. The micro-Raman
spectra clearly showed two types of glazes, alkaline glaze and calcium-based glaze. The GSDR absorption spec-
tra of the blue glazes points to the use of different cobalt pigments but a strong dependence on the glaze type
does not seem to exist. The kilns where the porcelains were produced also play an important role. Both the GSDR
absorption and the micro-Raman spectroscopies allow us to differentiate the Iranian blue pigment from the Chi-
nese pigment. A direct and simple correlation between the use of Iranian blue pigment, mixtures of Iranian and
Chinese pigments or simply Chinese pigments and the stylistic dating of each sample was established. Further-
more, several important spectroscopic characterizations could be achieved in this study.

Keywords: Chinese porcelains; Santana Convent; blue and white; micro-Raman; GSDR; XRD; XRF; SM

1. Introduction

In 1498 Vasco da Gama reached the Indian coast establishing for the first time a maritime route
that comprise the south of the African continent to the East, thus connecting Europe to Indian coun-
tries. On his return to Lisbon, blue and white porcelains were part of the cargo of his ships and were
offered to the Portuguese King D. Manuel I and his wife. At the beginning of the sixteenth century
(1517), Portuguese ships reached Canton and started trading directly with China, namely the blue
and white porcelains, among many other goods. A permanent trading position was established in
Macau in 1557 and, from then on, a regular commercial route was set-up between that port and Lis-
bon. Spices, porcelains, silk fabrics, ivory and many other imported products were stored in Lisbon
and in many cases re-exported to other countries in Europe, turning Lisbon into a very important
trading city in this century [1,2].

However, all this naval trading was greatly affected by the Spanish occupation of Portugal be-
tween the years 1580 and 1640. Dutch and English fleets gradually replaced Portugal in this interna-
tional trade.

Many Portuguese vessels belonging to the “Carreira das Indias” were wrecked off the South
African and West African coasts, in most cases either because of the difficulties of the Atlantic navi-
gation faced at that time or due to military action [2-5].

Many Ming porcelain sherds were recovered off the South African coast, even allowing an ap-
proximate dating of each piece whenever the shipwrecks dates were known [3,4]. Very interesting
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studies of Chinese porcelains dated from the 16th and 17th centuries have already been presented
using sherds collected off the South African or West African coasts [3,4], although the number of
samples and time gate of the porcelains used in those studies were reduced.

Naturally, in Lisbon, many more sherds of Chinese porcelains could be recovered in archaeo-
logical works conducted in palaces, convents, monasteries, or simply in rich houses, due to the terri-
ble 1755 earthquake that destroyed Lisbon almost entirely. So, in Lisbon and in the period ranging
from the 16th to the 18th centuries, it was possible for us to gather samples to perform a detailed
archaeometric study of those imported porcelains.

The Santana Convent, was a women’s religious house, built in Lisbon under the patronage of
King John III and of his wife, Queen D. Catarina, the construction of which occurred between 1561
and 1564. The convent remained operative until 1884, the year the last nun died, i.e., 50 years after
the 1834 law, which abolished the religious orders and closed all convents and monasteries in Portu-
gal. The religious women were commonly wealthy people, so, it is not a surprise that in the archaeo-
logical campaigns of 2002-2003 and 2009-2010, conducted by archaeologists Rosa and Mario Varela
Gomes, a large quantity of imported Chinese porcelain (tableware or for decorative purposes) was
recovered, mostly as sherds and in wells or garbage pits [6]. About one thousand five hundred sherds
were collected at the archaeological work and were dated from the late 16th to the 18th centuries.
Twelve sherds were selected for archaeometric characterization and are presented in Figure 1.

1.1. The Samples Under Study

The samples presented in Figure 1 were collected in two wells (P) and an equal number of gar-
bage pits (F) that offered various remains, which were discarded. The archaeological contexts, as well
as the study carried out through iconography and macroscopic analysis of some porcelain, indicates
that the examples found (P2- S3; S6; F6-5S1; S4; S5; S7) were produced during the Ming Dynasty (in-
cluding the Jiajing and Wanli reigns), while same other samples corresponded to the Qing Dynasty.

To compare the pigments used to produce the Chinese Porcelains, a sample from Iran, 12th cen-
tury, found in the Castle of Silves (South of Portugal), was also studied. We call it sample S0.

All dates indicated in the legend of Figure 1 are based in a stylistic evaluation. The spectroscopic
information that follows, is in some cases, consistent with this evaluation, but in some other cases it
is not, as we will show later.
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Internal face Transparency

S1- Bowl internal face, 16™ c. Bowl external face

S2— Bowl external face, 16" c. Internal face
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S3 — Bowl external face, late 16™ c. Bowl internal face

o

S4 — Bowl external face, early 17" c. Bowl internal face

S5 — Bowl external face,
late 16" ¢. or early 17" c. Bowl internal face

S6 — Bowl external face,
late 16" c. or early 17" ¢. Bowl Internal face

S7 — Dish front face,
Wanli, early 17" c. Dish back face
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S8 — Dish front face,
Late Wanli, 17" ¢. Dish back face

S9 — Bowl external face,
Kangxi, late 17" c. Bowl internal face

S10 — Bowl external face,
Kangxi, late 17% c. Bowl internal face

S11 — Bowl external face,
early 18" c. Bowl internal face

S12 -Bowl external face,
early 18" c. Bowl internal face

Figure 1. Samples S1 to S12 are porcelain sherds collected from the Santana Convent, in Lisbon, dated from the
16th to 18th centuries. Sample SO is a faience from Iran, 12th century, collected from the Silves Castle, in Algarve,
south of Portugal. This SO sherd was used for comparing the dark blue pigments from Iran to those used in the
Chinese porcelains S1 to S12. Scale bar - 1 cm.
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1.2. Experimental

Micro-Raman spectroscopy is an excellent technique to identify the pigments used to decorate
the surface of the glazed ceramic and to characterize both the glaze and in many cases the ceramic
body itself. Micro-Raman investigations were carried out employing a Renishaw InVia Confocal Ra-
man equipment in a back scattering configuration, using a 532 nm laser excitation.

GSDR experiments were conducted employing a home-built diffuse reflectance set-up, using an
ICCD as detector and a W-Hal lamp as the excitation source. Three standards: Spectralon white and
grey disks, and barium sulphate powder were used to obtain the reflectance curves and, from them,
the remission function was calculated.

For elemental composition information, XRF analyses were performed using a Niton XL3T
GOLDD spectrometer from Thermo Scientific. XRF spectroscopy provides elemental compositions of
both glazes and ceramic bodies while GSDR absorption spectra inform us about the colour charac-
terization.

To study the mineralogical and phase composition of the ceramic bodies and glazes of the porce-
lain sherds, XRD experiments of the powder crystalline phases were carried out by using of an X-ray
diffractometer (Panalytical X’PERT PRO model), with CuKa radiation, at Centro de Estudos em Re-
cursos Naturais e Ambiente, CERENA. The used measurement parameters used were 20 (5-70°); step
size 20 = 0.033°, and an equivalent scan step time of 80 s with generator settings of 35 mA and 40 kV.
Only about 10 to 15 mg of powder sample were needed to perform an experiment, so this can be
considered a micro-destructive technique.

In the stereo microscopy (M) experiments sherds features were observed using a Nikon SMZ645
stereomicroscope and representative images were acquired using a Moticam 10.0 MP digital camera.

Further details regarding all these techniques were previously described in [5,7,8].

2. Results
2.1. GSDR Spectra Glazes and Ceramic Bodies

The GSDR spectra obtained for samples S1 and S2, both dated from the 16th century, are pre-
sented in Figure 2. From the reflectance curves (R) and using the Kubelka Munk function F(R) = (1-
R)?/2R, the UV-Vis-NIR absorption spectra of the sherds could be obtained for the two cases. These
data are presented in Figures 2a and 2b for the dark blue glaze and white glaze as well as for the
ceramic body (paste).

For comparison purposes, Figure 3 presents the GSDR spectra for an Iranian sherd, to identify
the blue pigment used for the porcelain manufactory.
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Figure 2. Part a—GSDR absorption spectra of Sample S1, (1) Dark blue glaze, (2) White glaze, (3) Paste: Part b—
Sample S2, (1) Dark blue glaze, (2) White glaze, (3) Paste.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202505.2496.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 June 2025 d0i:10.20944/preprints202505.2496.v1

7 of 6

04

03

0.2

Remission Function, F(R)

0.1 A

300 400 500 600 700
Wavelength, nm

Figure 3. GSDR absorption spectra of SO Iran sample (1) Dark blue glaze (2) Light blue glaze (3) White glaze and
(4) Ceramic body.

Clearly, in the porcelains SO and S1 the blue pigments are very similar, in contrast with the blue
pigment used in the porcelain 52. The ceramic body absorption spectrum for SO is quite different from
the ones obtained for the porcelains S1 and S2, because that sherd is a faience, and the faience ceramic
body is much darker than the one of the porcelains.

The GSDR absorption spectra of S2 sample is similar to the one published for a Ming porcelain
in a previous paper from our group [5]. The blue glaze has absorption bands at about 524, 596 and
650 nm in all cases, which are characteristic of Co? in a tetrahedral environment. These absorption
bands derive from allowed electronic d-d transitions of Co? (from the *A2(F) ground state to the
4T1(P) excited states [9]). Differences between the bands’ relative intensities observed on different
samples can be ascribed to some variation in the glass matrix composition where the Co?*ions are
embedded [10-12]. However, in our study, this doesn’t seem to be the case, because, as we will show
later, the GSDR absorption spectra of the Iranian pigment was detected both in calcium based and in
alkaline glazes.

The blue glaze of samples S3 to 510 presents GSDR absorption spectra similar to the S2 sample.
A remarkable exception was observed for samples S11 and 512, in which the dark blue absorption is
Iranian type and the light blue is S2 type. Figure 4 presents the GSDR absorption spectra for sample
511, and similar data were observed for S12. At this stage, one is tempted to assign the GSDR absorp-
tion spectra of sample S2 to the Chinese pigment, and according to this assumption, samples S3 to
510 were made with the use of the Chinese pigment.

0.4

Remission Function, F(R)

300 400 500 600 700
‘Wavelength, nm

Figure 4. GSDR absorption spectra of Sample S11, (1) Dark blue glaze, (2) Light blue, (3) White glaze, (4) Paste.
Sample S12 exhibits a similar pattern.
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2.2. Micro Raman Spectra for Glazes and Ceramic Bodies

Raman micro-spectrometry has been extensively used to investigate ancient ceramic art objects
[13-15]. It is probably the most powerful non-destructive method to characterize archaeological arte-
facts, namely glazed ceramics and coloured glasses. It can be used to obtain information regarding
the crystalline or glassy structures, which are built from covalent bonds between the SiOstetrahedra
in different modes. The Raman parameters ratio of the bending (~500 cm!) and stretching (i.e., ~1000
cm ) envelopes, measured as the band area ratio (Ip). Ip being the index of polymerization, proposed
by Colomban [17-19], can be correlated to the glaze composition and processing temperature of the
kiln, namely establishing differences between silica-rich (strong band at ~500 cm™ and a weak band
at ~1000 cm™) and lead rich glazes with the weak band at ~500 cm and the strong band at ~1000 cm-
1

Between these two extreme situations, one may have calcium-based glazes, and alkaline glazes
(different flux/network former ratios), providing different Raman signatures [13-15].

Figure 5a presents the micro-Raman spectra obtained for the S1 sherd for the dark blue glaze,
white glaze and ceramic body. For sherd S2 sherd equivalent Raman spectra are also presented for
comparison.
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Figure 5. a and b—In Figure 5a the micro-Raman spectra obtained for the S1 sherd for the dark blue glaze, white
glaze and ceramic body are shown. For S2, S7 and S11 sherds equivalent Raman spectra are presented for com-
parison. S12 spectra are like S11. Q—Quartz, CB—Carbon Black, —stretching and —bending Raman enve-
lopes of SiOx.
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The first observation is that in samples S1 and S2 one cannot detect the Raman signatures of
C025i04 or CoAl20s as the ones published in references [4,5]. The same happens in all the other sam-
ples S3 to S12 or S0. This means the Co? concentration is low in all cases and the Co?* ions are simple
dissolved in the glaze matrix, without formation of crystalline Co-based phase, and showing no spe-
cific Raman signature as reported in other cases for Chinese porcelains [4].

Surprisingly, the similarities are much more relevant than the differences for the dark blue and
white glazes for samples S2 to 510. However, the dark blue glaze from S2 differs significantly from
the S1 sherd, although they both are from the 16th century and, in principle, were produced with the
cobalt pigment imported from Iran (the use of the Iran imported cobalt pigment was predominant in
the 16th century). Certainly, this is not the case and the dark blue of porcelain S2 was produced with
the use of a Chinese pigment, while for the dark blue of 51, an Iranian pigment was used.

The blue colour of the Iranian pigment is so strong that one can only observe the bending and
the stretching bands of SiOs, with maxima at about 483 and 1041 cm™ and a small band at 793 cm!
from the isolated tetrahedra (Qo) [13,14]. In sample S2, however, the Raman signature of crystalline
quartz is superimposed on the bending and stretching envelopes as the dark blue curve of sample 52
or all white glaze curves in this figure clearly show. The same occurs for all S3 to 510 sherds. In these
curves, the blue pigment is not so deep and strong as the Iranian pigment. All these cases were as-
signed to a Chinese pigment. In samples 11 and 512, both Iranian and Chinese pigments were used.
In these two samples, even the Qoband [13,14] is absent.

As referred in the experimental section, we used a green laser, 532 nm, to obtain the Raman
spectra for all our samples, regardless of being the dark blue glaze, light blue glaze, colourless glaze
(also named white glaze along the text) and ceramic body. In the case of the ceramic body, the Raman
spectrum is dominated by the crystalline signature of quartz, although mullite is also present, as we
will show later in the corresponding diffraction patterns (powder XRD technique). In Figures 5a and
5b we do not label the small peaks at 505 nm (and very rarely the 513 nm peaks), but they exist and
correspond to anorthite and to microcline formations respectively, as again, the diffraction patterns
will show later in the text.

Carbon black is present in most Raman spectra of the 12 porcelain sherds, but no calcium car-
bonate, gypsum or anatase could be detected in our samples. However, an important assignment was
achieved in the samples evidencing the “black spots” shown in Figure 6. The Raman spectra of the
“black spots” detected in samples S3, 54, S8 and S11 were identical, and indicate the presence of
epsilon-Fe20s, as assigned by Ph. Colomban in his recent publication reference [4].

A further correlation with the polymerization index of Colomban (Ip) and a ratio of the funding
agents/network formers mole ratio will be presented later.

2.3. Glaze and Body Microstructural Observations

A detailed examination of the porcelain sherds was conducted through systematic observations
of the glazed surfaces, cross-sections, and fractured edges. Small flakes were extracted to enable an-
gular inspections, providing insights into the technological and microstructural characteristics of the
samples.

The analysis focused on several diagnostic parameters, including glaze purity —assessed
through the presence of inclusions and exogenous particles —and glaze thickness. Particular attention
was paid to the distribution and size of cobalt-blue pigment particles, allowing for the distinction
between under-glaze, in-glaze, and over-glaze decorative techniques [16].

Additional features were documented, such as the size and spatial distribution of gas bubbles
within the glaze matrix, and the occurrence of black spots and crystalline phase nuclei (neo-formation
products) markers.

Cross sections and interfaces of samples S1 and S2, S3 and S4, S7 and S8, S11 and S12, presented
in Figure 6, were obtained with the use of a stereo microscopy devise, providing some important
information.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Cross sections, angular views and black spots, whenever these exist. Scale bar = 1.0 mm.

Measurements indicate that sherd thickness ranges from approximately 3 to 5 mm at the rims of
bowls and dishes, increasing to 7 to 10 mm at the bases. Cross-sectional and interfacial analyses of all
blue-and-white porcelain samples (S1, S2, S3, S4, S7, S8, S11, and S12) reveal a coloured layer with
thicknesses varying between 200 and 300 pm. Angular observations confirm that the blue-coloured
layer is primarily composed of fine pigment particles dispersed within the glaze matrix, indicative of
an in-glaze decorative technique. In all images presented in Figure 6, the blue pigment is dispersed
in the surficial glaze layer, and no over-glaze nor under-glaze decorations were observed. In the an-
gular views the white layer is simply the ceramic body of the porcelain.

Notably, certain samples (S3, S4, S8, and S11) exhibit black spots, which can be categorized into
two main types: (1) dendritic metallic-looking structures, and (2) euhedral light-colored crystalline
assemblages, as observed in sample S11. Both types often coexist within the same specimen, embed-
ded in a glassy amber to brown matrix [17]. It is also observed that gas bubbles in these regions are
consistently larger than those in the surrounding glaze, suggesting that gas release during the firing
process plays a role in controlling the distribution and formation of these impurity features. This
pattern aligns closely with the experimental results reported by [18], who demonstrated that partial
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gas entrapment during glaze melting promotes both the development of bubble-rich zones and the
nucleation of crystalline inclusions.

2.4. XRD Data for Glazes and Ceramic Bodies

Ceramic bodies and glazes from all the 12 samples from the Santana Convent underwent com-
prehensive analysis using X-ray diffraction (XRD powder method), which provided information on
the mineralogical and phase compositions of each sherd. Figures 7 and 8 show a striking resemblance
between the two groups, ceramic bodies and glazes.

In the evaluation of the diffractograms of Figures 7 and 8, one must pay attention to the fact that
this technique uses powders (~10 to ~15 mg per essay). Due to the hardness of porcelain, it is very
difficult to obtain the powder for each sample. So, ceramic bodies include some surficial glaze, and
glazes include a significant amount of the ceramic body, which explains, at least partially, the simi-
larity between the two groups. XRD main peaks used to identify the minerals in the diffractograms
for ceramic bodies and glazes are listed in Table 1.
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Figure 7. Diffractograms for glazes and ceramic bodies for samples S1 to S4. Q—Quartz (5i02), M—Mullite
(AL205(510z2)2, An— Anorthite, (CaO. Al20s (5iO2)2.
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Figure 8. Diffractograms for glazes and ceramic bodies for samples S7, S8, S11 and S12. Q—Quartz (S5iO2), M—

Mullite (Al203)3(Si02)2, An— Anorthite, (CaO. Al2Os (SiO2)e.

Table 1. XRD main peaks used to identify the minerals in the diffractograms for ceramic

bodies and glazes.

Quartz - Q, SiO2, 20 =21.0, 26.7, 36.7, 46.0, 50.2, 60.0, 64.1, 68.2
Microcline - Mic, K Al SisOs, 26 =20.9, 25.7, 27.5, 42.0, 50.8

Anorthite — An, CaO. ALOs (5i02)2, 20 = 22.0, 27.5, 27.9, 30.3, 32.0, 38.0

Mullite - M, (A1:0s)3(SiO2)z, 20 = 16.5, 26.4, 33.3, 35.4, 39.4, 40.8, 42.7, 49.6, 64.8

In the range of abscissas from ~15 to ~40 2 theta (°), all samples exhibit a broad band assigned to
an amorphous vitreous phase (nano-crystalline phase). This amorphous vitreous phase is more
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significant in all glazes when compared with the ceramic body. Superimposed are the peaks assigned
quartz (S5iO2), anorthite (CaO.Al20s (SiO2)2) and mullite ((Al203)3(SiO2)z2).

Quartz peaks were detected in all diffractograms of Figures 7 and 8. Also the presence of a cal-
cium feldspar, anorthite, can be observed not only in the pastes, but also in glazes. The amount of the
formed anorthite in the blue glazes is, in some cases, higher than the one detected in the ceramic
body, showing that calcium salts Ca* were used as fluxing agents, apart from the most common ones,
the potassium K+ (or Na*) salts.

Mullite formation could be observed in all ceramic bodies. This mineral was formed due to the
alumina content and to the high temperatures used for the porcelain firing: 1250 °C for calcium rich
glazes and 1350 °C for calcium poor glazes [5].

Microcline peaks are often difficult to distinguish from those of mullite, so this technique is not
suitable to provide this mineral identification. Only micro-Raman spectra could show them in very
few cases.

2.5. XRF for Glazes and Ceramic Bodies

XRF spectroscopy provided the elemental compositions of both white and blue glazes, and for
of ceramic bodies. The results obtained are presented in Table 2 and Table 3 respectively and were
obtained by irradiating the glazed surfaces or the ceramic body of each sherd since this is a non-
destructive technique.

Table 2. Chemical composition of the white and blue glazes, obtained by XRF. Data are presented as wt.%
(nd: not detected; nqg: not quantified).

Samples MgO AlL,O;  SiO, K,O0 CaO0 TiO, MnO Fe,0; CoO NiO Cu0 ZnO As,0;3 Rb,O BaO SnO, PbhO
S0 White 2.06 467 8146 140 658 027 nding 009 nd/ng ndng 003 0.00 021 0.00 ndng 053 270
Blue 241 347 8023 155 6.11 019 nd/ng 017 120 ndng 004 0.01 101 0.00 003 053 3.04

s1 White nd/nq 972 7591 507 816 0.04 008 1.00 nd/ng nd/ng 0.006 0.007 nd/ng nd/ng nd/ng nd/ng 0.004
Blue nd/nq 991 7535 508 782 004 028 114 034 nd/ng 0005 0.009 0.003 0.017 0.020 nd/ng 0.003

s2 White nd/nq 830 7851 237 10.04 0.03 nd/ng 073 nd/ng ndng 0.01 0004 ndng 0.02 nd/nqg nd/ng nding
Blue nd/nq 750 79.43 242 939 003 073 106 0.10 0.03 001 001 ndng 0.02 nding nd/ng nd/ng

s3 White nd/nq 1012 7669 6.10 6.99 005 nd/ng ndng nd/ng nd/ng 001 0.003 nd/ng 002 0.02 nd/ng 0.002
Blue nd/nq 10.44 76.42 610 6.41 006 nd/ng 002 0.36 0.02 nd/ng 0.003 014 0.02 nd/ing nd/ng 0.003

sS4 White 112 1051 7543 441 730 0.06 nd/ng 113 nd/ng nd/ng 001 001 ndng 002 ndng 0.01 001
Blue nd/nq 1027 7543 452 789 005 ndng 136 032 nd/ng 002 0.01 010 0.02 nd/ng 001 0.01

S5 White nd/nq 1010 7714 383 784 0.06 nd/ng 094 nd/ng ndng 001 001 ndng 002 0.02 ndng 0.03
Blue nd/nq 1039 7694 413 6.16 005 nding 197 024 0.03 ndnqg 001 nd/ng 002 0.02 ndng 0.02

6 White 1.00 924 7571 351 945 0.05 nd/ng 098 nd/ng nd/ng 0004 0.01 ndng 0.02 001 001 0.003
Blue nd/nq 10.18 7551 396 813 0.06 ndng 180 0.25 0.05 0005 001 001 002 0.02 001 0.003

57 White nd/ng 778 7365 266 1245 0.05 nd/ng 0.66 nd/ng nd/ng 014 0.004 260 001 nd/ng nd/ng nd/ng
Blue nd/ng 846 7465 279 1206 005 nd/ng 087 010 nd/ng 008 001 093 001 nd/ng nd/ng nd/ng

S8 White nd/nq 929 7625 371 950 0.06 nd/ng 113 nd/ng ndng 001 001 ndng 001 0.02 nd/ng 0.002
Blue nd/nq 1025 7572 375 883 007 ndng 115 0.09 0.08 001 001 0004 001 0.03 nd/ng 0.002

S9 White nd/nq 1399 77.03 422 343 008 nd/ng 122 nd/ng nd/ng ndng 001 nd/ng 0.02 nd/ng nd/ng 0.01
S10 White nd/nq 7.64 7679 442 1068 0.02 nd/ng 041 nd/ng nd/ng nd/ng nd/ng nd/ng 0.02 nd/ng nd/ng 0.01
s11 White 113 1000 7158 451 1197 0.07 nd/ng 067 nd/ng ndng 001 0.02 ndng 0.01 003 ndng 0.005
Blue nd/nq 1126 7272 443 990 006 284 104 041 0.06 002 002 0003 001 006 ndng 0.01

s12 White nd/nq 1084 7887 541 414 006 nd/ng 064 nd/ng nd/ng 001 0.003 ndng 001 0.02 nding 0.01

Blue nd/ng 1142 7956 459 308 0.04 1.04 091 0.23 0.05 001 001 ndng 001 0.07 nding 0.01

(The estimated error for major elements (Si and Al) was < 3%, for minor elements (K, Ca and Fe)
<4% and for trace elements < 8%).
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Table 3. Chemical composition of the ceramic bodies of the samples, obtained by XRF. Data are presented as
wt.% (nd: not detected; nq: not quantified).

Samples MgO ALO; SO, KO CaO TiO, MnO  Fe,0s CoO NiO Cuo ZnO As,0; Rb,0 BaO Sno, PbO R

S0 2.82 411 8481 119 442 023 nd/ng nd/ing nd/nq nd/ng nd/ng  0.005 nd/ng  0.002 nd/ng 055 1.88

S1 nd/nqg 1594 76.26 4.43 2.03 010 nd/ng 1.19 nd/nq nd/ng  nd/nq 0.01 ndng nd/ng 0.03 nd/ng 0.01 475
S2 nd/ng 1744 7402 377 326 0.08 nd/ngq 1.34 nd/nq nd/ng  nd/ngq 0.01 nd/nq 0.03 0.03 0.01  nd/nq 29.2
S3 ndnqg 1715 7755 429 082 0.3 nd/ng nd/ng nd/nq nd/ng  nd/nq 0.01 nd/nq 0.02 003 ndng 0.01 120.2
sS4 115 17.09 75.72 3.33 119 017 nd/ng 1.28 nd/nq nd/ng  nd/nq 0.01 nd/nq 0.02 0.02 0.01 0.01 80.6
S5 nd/ng 1689 70.73 456 492 029 nd/nq 2.52 nd/ng nd/ng  nd/nq 0.01 nd/nq 0.03 0.04 nding nd/ing 18.7
S6 nd/nqg 15.06 7357 439 485 014 nd/ng 1.89 nd/nq nd/ng  nd/nq 0.01 0.00 0.03  0.04 0.01 0.01 19.2
S7 nd/ng 17.12 7448 3.77 249 012 nding 1.97 nd/nq nd/ng  nd/ng  0.005 nd/nq 0.02 0.03 nd/ng 0.002 38.3
S8 nd/nq 1522 78.26 3.38 1.07 010 nd/ng 191 nd/nq nd/ng  0.005 0.01 nd/nq 001 003 nd/ng 0.003 90.6
S9 nd/nqg 1838 7444 327 200 0.12 nd/ngq 1.70 nd/nq nd/ng  nd/ng 0.01 0.003 0.02 0.04 ndng 001 47.9
S10 ndng 1975 7374 514 095 0.03 nd/ngq 0.34 nd/ngq nd/ng  nd/ng nd/ing 0.003 0.02 nd/ng nd/ng 0.01 104.1
S11 1.05 1406 7518 510 345 011 nd/ng 0.97 nd/nq nd/nq 0.01 0.01 nd/nq 0.01 0.03 nd/nq 0.01 27.3
S12 1.09 1547 75.02 409 236 013 nding 1.76 nd/nq nd/ng 0.01 0.01 nd/nq 0.01  0.04 ndng 0.2 40.0

(The estimated error for major elements (Si and Al) was < 3%, for minor elements (K, Ca and Fe)
<4% and for trace elements < 8%). Ratio, R = (S5iO2 + Al.Os + K20)/ CaO.

Some comments should be added to data in Table 2: As respects the blue pigments, sample SO
(Iran, 12th century) exhibits the largest cobalt (Co) content (1.2% wt). This is the sample where the
Iranian cobalt was used.

In samples S1, 511 and S12 the Co loading is not so large as in S0, but it is still quite significant
(~0.34%wt). The blue glazes in samples S2 to S8 lye in the range of 0.36 to 0.09 % wt of cobalt and this
loading is similar to the ones of the porcelains that exhibit the Iranian cobalt pigment. Samples 59
and 510 only have a white glaze and no cobalt was detected.

In all blue samples the nickel (Ni) content is zero or negligible, ranging from 0.02 to 0.08 % wt.

Manganese (Mn) was very rarely detected: in the Ming bowl (sample S1), the Mn content was
0.28 % wt, and in sample S2 the purple blue had 0.73 % wt. Finally in the 18th century samples S11
and 512 exhibit 2.84 and 1.04 % wt respectively. In all other samples studied here no Mn was detected.

In what regards the SiO2, AlzOs or 5iO2 + Al2Os contents for white and blue glazes, no special
correlations could be found with the % wt and the time range for the porcelain production, showing
that the recipes for the glaze production did not vary too much for the porcelains studied here.

For ceramic bodies the SiO2 and Al2Os contents for samples S1 to 512, they vary from about 70 to
80 % wt and about 15 to 20 % wt respectively. The sum of the SiO2+ AL:Os contents are all around 90
% wt. Potassium ranges from ~1 to ~5 % wt of K20, calcium ranges from ~1 to ~5 % wt of CaO and
magnesium ranges from 0 to ~3 % wt of MgO. Iron oxides locates in the range of ~0.5 to ~2.5 % wt of
Fe203 The XRF technique used here does not allow the detection of Na20.

Table 3 provides data for calculation of the parameter R. R is defined by: R = (5102 + A2Os + K20)
/ CaO and was used in previous papers by our group [9,10,12], to quantify the relative amounts of
the structural components of the ceramic pastes, (5iO2 + Al2Os + K20), related to calcium fractions
(CaO). This makes it possible, in many cases, to establish the origins of the clay sources used to man-
ufacture the porcelains or at least to evaluate which ones were made in the same or in different pro-
duction centres.

Figure 9 shows a plot of the index of polymerization (Ip) versus the parameter defined by Ph
Colomban as the ratio of the moles of glass modifiers by the molar sum of network formers (Rcolomban)

R cotomban = (0.5xNa20 + 0.5xK20 + CaO)/ (SiO2 + 0.5xAl203)
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Figure 9. Ip versus Rcolomban.

Our XRF set-up does not allow us to obtain the number of moles of Na20, but even in this case
a reasonable linear relation of Ip versus Rcolomban could be observed as in Colomban’s work [15].

Samples S2, S8 and S7, the ones showing the lowest values for Ip, are well separated from the
others. As we have pointed out before, these three points are for alkaline glazes, while all the others
are for calcium-based glazes.

3. Discussion

Table 4 summarizes some of the information collected for the thirteen samples under study,
correlation with the stylistic information, estimated dating, blue pigment origin, index of polymeri-
sation Ip and the glaze type.

Table 4. General information and visual characteristics of all studied sherds recovered from the Santana Convent
(51 to S12). SO sherd is an Iranian sherd used for comparison purposes. Qz —Quartz (5iO2); Mull —Mullite
(Al6Si2013); An— Anorthite (CaAl2Si2Os).

Initial XRD- Body Mineral

Information Polymerization Raman Type Composition GSDR Type for the
Sample Number about the Blue Stylistic Dating Index Ip Glaze Type S ectru)rlrr: XRD-G lzze Mineral Blue Absorption
. =As00/ A 1000 P o Spectra
Pigment Composition
Sam}?le 50— Iran cobalt 12th century 0.68 Alkaline Only and — franian
faience envelopes . type
— ; Mull; A i
S.ample 51 . Iran cobalt 16th century 1.3 Calcium based Only  and Qz; Mull; An franian
Ming porcelain envelopes Qz; Mull; An type
t ki ; Mull
Sample S2— . Quartz peaks on Qz; Mu Chinese
. . Iran cobalt 16th century 0.73 Alkaline topof and
Ming porcelain envelopes Qz; Mull; An type
Iran cobalt Quartz peaks on Qz; Mull .
M?ample 531_ + 16thlcetntury 1.6 Calcium based topof and  Mull: A Chinese
118 POTCCAN hinese cobalt (late) envelopes Qz; Mull; An type
Iran cobalt Quartz peaks on Qz; Mull; An .
M?ample 541_ + 17th Celn tury 15 Calcium based topof and A Chinese
118 POTCCAN - hinese cobalt (early) envelopes Qz An type
Sample S5 - Iran cobalt Quartz peaks on Qz; Mull; An Chinese
Ming + 16the. (late) 11 Calcium based topof and  Mull: A
porcelain Chinese cobalt envelopes Qz; Mull; An type
Sample S6 — Iran cobalt 17th Quartz peaks on Qz; Mull; An Chinese
Mi p lai + I . 1.1 Calcium based topof and Ml A A
118 POTCCAN pinese cobalt (early) envelopes Qz; Mull; An ype
Sample S7 — Iran cobalt 0.84 Alkaline Qz; Mull; An Chinese
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Wanli + Quartz peaks on type
th
porcelain Chinese cobalt 16%c. (late) or topof and Qz; Mull; An
17th c. (early) envelopes
Sample S8 - [ran iObalt 16thc. (late) or 076 Alkaline (Ss;rotfz pe;:j on Qz; Mull; An Chinese
Wanli porcelain Chinese cobalt 17th c. (early) envelopes Qz; Mull; An type
Sample S9 - . Quartz peaks on Qz; Mull; An
Kangxi White sample  17th century 25 Calcium based topof and
. No cobalt (late) Qz; Mull _
porcelain. envelopes
Sample S10 -  White sample  17th century 19 Calcium based ?;larotfz pe;:; on Qz; Mull; An
Kangxi porcelain ~ No cobalt (late) ’ penvelopes Qz; Mull; An _
Sample S11 - Qz; Mull; An
fran cobalt 18th century . Iranian + Chinese
Oin + (early) 1.0 Calcium based Both types  Mull: A .
& Chinese cobalt ¥ Qz; Mull; An P
porcelain
Iran cobalt Qz; Mull; An
Sam}Q)lici1 S12— . 18tt;§31t)ury 20 Calcium based Both types ol A Iramal} + Cehmese
& Chinese cobalt Y Qz; Mull; An P
porcelain

Samples S5 and S6, were certainly produced in the same kiln, based on the index of polymeriza-
tion Ip (micro-Raman), on the GSDR absorption spectra and the R parameter of Table 3.

In the two white samples (S9 and S10), the observed glazes were different, but the micro-Raman
spectra for the ceramic bodies were identical. The R parameter is quite different for these two sam-
ples. This probably indicates different recipes for the glaze production and different kilns for the
porcelain manufacturing.

The two Wanli samples (57 and S8), present different glazes and also different R values. There-
fore, we may conclude they were certainly manufactured in different kilns and with the use of dif-
ferent glaze recipes.

4. Conclusions

Taking into consideration all the techniques used in this study, one clearly sees that both GSDR
absorption spectra and micro-Raman spectroscopies provided relevant information: GSDR absorp-
tion spectra clearly established the use of a blue pigment originated in Iran, in rare cases of dark blue
glazes. Most Chinese porcelains were produced using a different blue pigment, most probably of
Chinese origin. The two porcelains from the 18th century, Samples 511 and 512 evidence the simul-
taneous use of Iranian and Chinese pigments.

The micro-Raman spectroscopy also provided a clear differentiation between the dark blue col-
our obtained with the use of the Iranian pigment and the blue colour obtained with the use of the
Chinese pigment, where the Raman bands of crystalline quartz are superimposed onto the stretching
and bending envelopes of the Si-O bonds.

Microstructural analysis confirms that the blue-and-white decoration in all samples (51-54, S7—
S8, 511-512) was achieved through an in-glaze decorative technique, as evidenced by the uniform
dispersion of fine cobalt pigment particles within the superficial glaze layer. No under-glaze or over-
glaze methods were observed. The glaze layer thickness ranged from 200 to 300 pm, and sherd thick-
ness varied between 3 and 10 mm depending on vessel morphology. In several samples (notably S3,
54, S8, S11), black inclusions—dendritic metallic forms and crystalline assemblages —were docu-
mented, suggesting complex interactions between pigment chemistry and thermal processing. These
features often coexisted with enlarged gas bubbles, supporting the hypothesis that partial gas entrap-
ment during glaze melting promotes impurity formation and nucleation of crystalline phases.

XRD analysis confirmed the presence of a vitreous (amorphous or nano-crystalline) phase in all
glazes, more pronounced than in the ceramic bodies. Superimposed crystalline peaks identified
quartz, anorthite, and mullite. Anorthite was more abundant in some glazes than bodies, indicating
the use of calcium-based fluxes (Ca?*) in addition to alkali fluxes. Mullite was consistently present in
the ceramic bodies, confirming high firing temperatures (1250-1350 °C) and alumina-rich composi-
tions.

X-ray Fluorescence experiments show that only very few samples exhibit manganese in the blue
pigment colour elemental composition. Lastly, analysis of the ceramic body chemistry via the R
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parameter (ratio of structural components to calcium flux content) revealed variability suggesting
that stylistically similar porcelains were likely fired in different kilns, implying a decentralized or
diversified production model even within the same chronological framework.
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