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Highlights

e Raman and SEM-EDS evidence of Ca-rich and Ca-poor glaze of Blue-and-White Ming
porcelain from shipwrecks of Portuguese ships.

e The blue decoration is either placed under-glaze, or in-glaze as found in the Vietnamese
productions of the same period.

e Previous assignments of the Raman signature of feldspar to cobalt aluminate are now not
favoured.
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Abstract

Shards of Blue-and-White Ming porcelain from shipwrecks of Portuguese ships found on the coasts of
South Africa plus a shard from Mombasa (Kenya) were analyzed by optical microscopy, SEM-EDS and
Raman microspectroscopy (458 nm). Whereas the Raman signature of porcelain body paste
compositions which are based on mullite, quartz and an amorphous phase with the minor presence
of anatase and feldspar are very comparable whatever the variable alumina content, at least two
types of glazes are observed: a high-temperature soda-potassium glaze, and glazes richer in calcium
and similar to a celadon glaze (with the possibility of wollastonite formation). The blue decoration is
obtained with a material rich in manganese typical of the Ming productions. Some shards exhibit a
two-layer glaze and the blue decoration is either placed under-glaze, or in-glaze as found in the
Vietnamese productions of the same period. Previous assignments of the Raman signature of
feldspar to cobalt aluminate are now not favoured (blue colour is obtained with Co** ions dissolved in
the glassy silicate) and several black spots exhibit the characteristic spectrum of an epsilon Fe,0;
phase being present.
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1. Introduction

Shipwreck cargoes are archaeological time capsules as any object in the cargo could only have been
produced before the ship left shore and if the date that the ship sank is known, it provides some
evidence for the production date of the artefacts. This is the case for the shipwrecks from which the
shards studied here were selected">. Similar shards have already been studied summarily or with
illumination conditions (785 nm)*> under excitation which did not make it possible to characterize all
the phases present as is the case when blue laser excitation is employed as has been done here. The
work presented here, by coupling Raman analysis with SEM-EDXS analysis, allows the
characterization of the elemental composition and to identify the molecular signatures of the
constituent phases of the paste and the enamels. We illustrate how non-invasive Raman
microspectroscopy analysis allows a rapid categorization of the different types of porcelain according
to the nature of the enamel used. The observation of the stratigraphy makes it possible to discuss
decoration techniques and in particular to check whether, as is commonly reported, the blue-and-
white decorations are placed underglaze or, as in many contemporary Vietnamese productions of
the Ming Dynasty, are placed overglaze on the enamel.® Indeed, the study of the blue-and-white
Vietnamese porcelains produced along the Hong River (Hai Dung Province) showed that porcelains
from neighbouring kilns were produced with chemically different enamels which were nevertheless
visually, very similar’. It was interesting to analyze in the current work a range of porcelain shards
obtained from shipwrecks and to try to correlate the different types with the characteristics of the
manufacturing productions employed in the different Chinese kilns. Raman microspectroscopic

919 which allows the study of

analyses of pottery can now be performed on-site non-destructively,®
rare and preserved artefacts and provide information and knowledge about the production

technology more statistically.

2. Experimental



2.1. Specimens

Vasco da Gama opened the maritime route from Europe to India around the Cape of Good Hope
(known as Carreira da India) in 1498 making it possible for Portuguese ships to travel around the
Cape of Good Hope to the East on a regular basis transporting valuable cargoes of Eastern spices,
carnelian beads and Chinese porcelain to Europe on their return journeys. However, the route
around the Cape is infamous for its stormy weather and treacherous seas and at least fifteen
Portuguese galleons on the Carreira da India route suffered casualties along the South African shores
before 1686 AD. Nine of these wrecks (dating between 1552 and 1647) are associated with
numerous Chinese porcelain shards that with time found their way to beaches along the South
African shores closest to the shipwreck sites."? This provides a large number of Ming porcelain shards
from lJiajing and Wanli reigns (collected over several years by various people) that makes it possible
to study changes in aspects of production technology and decorative motifs of Chinese porcelain

over a period of nearly one century

The following specimens were acquired from this cache for comparative analytical purposes:
comprising a group of shards, glazed and decorated in blue (Table 1 and Figure 1), collected by Dr
Valerie Estherhuizen'? : i) the S3o J3o shipwreck (1552) collected at Port Edward and Port Shepstone
(the two places being distant some ~40 km along the Southern Natal coast but it is suspected that
the shards are coming from the same cargo; ii) the Santo Alberto shipwreck (1593) collected at
Morgans Bay and Haga Haga, Eastern Cape; iii) the Santa Maria Madre de Deus shipwreck (1643), at
Bonza Bay, East London; and iv) the Nostra Senhora da Atalaya do Pinheiro shipwreck (1647), Kefane,
north of East London. The shard collected at Mombasa (1630?) belongs to a Kraak ware type and
matches closely the shard #b4 from the Santa Maria Madre de Deus (Fig. 1). Similar shards have been
previously studied by Raman microspectroscopy by De Waal® and Carter et al.’ but using different

experimental conditions.



2.2. Spectroscopic instrumentation

Raman spectroscopic analyses were carried out using firstly a high sensitivity LABRAM Infinity Dilor
spectrometer equipped with a 532 nm JDS-Uniphase YAG laser and a HORIBA Jobin-Yvon Peltier
cooled CCD and, secondly, a high resolution HR800 HORIBA Jobin-Yvon spectrometer equipped with
similar CCD detector but illuminated with a Coherent Innova 90C Ar® ion laser (from which the 458
nm excitation line was used) in order to obtain a global view of the different Raman spectral
signatures. The laser power is about 3 to 5 mW at the sample using the 458 nm line excitation and
0.5 mW for 532 nm excitation. Backscattering measurements are made with Olympus Long Working
Distance x 50 and x 100 objectives. Between 5 to 10 different replicate spots were analysed for each
shard specimen in section and at the glazed surface to achieve a representative survey (recording
times: 2 to 10 min per spectrum, typically). Due to the large fluorescence observed under 532 nm
excitation a base line subtraction is required for spectra recorded with the LABRAM instrument (see
Figure S1, Supplementary Materials). In contrast, the spectra recorded with the 458 nm laser line
exhibit fluorescence only above ~1200 cm™ and these as-recorded spectra will be presented without

baseline correction in the present paper. Similar phases were observed with both instruments.

2.3. SEM-EDS

It turned out to be advantageous to make a notch on each of the fragments with a diamond saw
(Minitom, Struers) and to further break the shard with pliers to have a fresh fracture, which was then
observed with a BX51 Olympus Microscope (Fig. 2), for both the Raman and SEM analyses. Elemental
composition of each shard section was obtained using a JEOL 5510LV SEM-EDXS (IXRF Systems 500
digital processing) spectrometer with an acceleration voltage of 20 kV. In order to limit detrimental
charge effects, the sample was partially wrapped with a carbon-rich tape having an observation
window clear for the area to be analyzed. The charge evacuation is not as good as with the

application of a conducting coating (C or Au-Pd) but the samples are better preserved for Raman



analysis. Furthermore, due to the difficulty of recognizing specific coloured areas on SEM images, the
window helps to correlate a comparison between the Raman and SEM-EDXS measurements. EDXS
spectra were recorded using low magnification in order to acquire data representative of the
materials under interrogation (the sample areas measured are ~200x 400 pm? for the body and
~100x200 pm? for glaze. It is important to note that, unlike coloured glass, coloured pigment enamels
are heterogeneous at the scale of a few microns. Quantitative elemental analysis (oxide wt %) was
achieved using the ZAF calculation method as implemented in the Iridium Ultra software. The validity
of the measurements was monitored by applying the same procedure to certified glass-reference
samples: namely, "Corning Museum B, C and D" and American "National Bureau of Standard (NBS
620)" and the error is estimated to be less than 10% for most of the measured elements. It should be

noted that boron cannot be measured in these experiments.

3. Results

3.1. Microstructure and stratigraphy

Fig. 1 shows the set of shards that were the subject of the analytical study here. Sections of the most
specific shards are presented in Fig. 2. Table 1 summarizes the information regarding the
provenance, the gloss of the glazes observed and the colour of the body. Three types can be
distinguished by this visual examination: the shard from the S3o Jao (Port Edward) exhibits a greenish
body as well that labelled al from the Santa Maria Madre de Deus shipwreck. The other bodies are
white. The shards from the Nostra Senhora shipwreck and from S3o Jao Port Edward are thicker
(~11.5 and 4.5 mm, respectively to be compared with a thickness ranging from ~2 to 3 mm for the
others); the Nostra Senhora shard shows many cracks. The shards labelled SMMD b1 and b3 seems
experienced more glaze corrosion and the blue pigment decoration is paler than the others. Two

shards exhibit a glossy glaze, namely, the specimen from Mombasa (Fig 1a) and the one labelled 4



from the Santa Maria Madre de Deus shipwreck (Fig. 1b). The high gloss is also obvious visually
correlated with the more concoidal character of the fracture (Fig. 2). The thickness of the glaze
ranges between 200 and 300 um. The highest concentration of blue pigment is clearly observed at
the glaze-body interface for shards from the S3o Jao (Port Shepstone), Nostra Senhora, Santo Alberto
b and Mombasa. It is difficult to conclude anything in this respect for the other Santo Alberta shard.
In contrast, for the S3o Jdo (Port Edward) and Santa Maria Madre de Deus a4 shards the
homogeneous blue colour of the glaze section and the sharp white body-blue glaze interface are
strongly indicative for the drawing of the blue decoration on the glaze precursor layer (inglaze blue).
Examination of the Mombasa shard section shows a change of the glaze microstructure close to the
surface on about the scale of a 25 um thick layer. The surface of some other shards (e.g. the Santo
Alberto b shard, Fig. 2) also shows some modification close to the surface, which can be most likely

ascribed to corrosion.

3.2. Body composition and phases
EDXS spectra of the body, colourless glaze and blue glaze of representative samples are reported in the

supplementary materials (Figures S2 to S4), while the analysis data are given in Table 2..

As expected for porcelain, a rather large content of aluminium (~20 to 25 Al,0; wt%) is measured as
well as potassium (1 to 2 K,0 wt%), sodium (1 to 3 Na,0 wt%) and calcium (2 to 7 CaO wt %) with
minor amount of magnesium (0.5 to 1 MgO wt %). The relatively high level of sodium may result
from marine pollution (Table 2). The small differences obviously may be ascribed to the variability of
the production and the medium accuracy of the procedural measurement and a statistical study is
required to compare precisely the results. As shown in Fig. 3 the spectra of mullite with characteristic
peaks at 270, 320, 415, 605, 710, 875, 960 and 1135 cm™ ™ and of quartz (120, 200, 260, 460, 690,
795, 1065 and 1150 cm™)* are obtained in many replicate spots sampled. Feldspar or plagioclases
(main peak at ~500 to 515 cm™)"*™® are also observed in some spots. Different feldspar/plagioclases

signatures are recorded showing a poor-resolved triplet close to 505 cm™ (Low-temperature



anorthite, CaAl,Si,Os) to a well-resolved triplet with a maximal peak at ~513 cm™ (microcline,
MAISi;Og; M = K, Na, ...) that arises from a variable composition and to the modification induced by
the firing process. Presence of sanidine and anorthoclase is also possible. The signature of the
amorphous glassy phase of porcelain (a strong broad band at 485 cm™, with weaker and broad bands
at 585, 790, 1010 and 1120 cm™)** is also well observed for all samples, and these features are
generally associated with mullite peaks. It is rather difficult to record a “single phase” spectrum, even
with the x100 microscope objective (spot diameter <3 um). This is consistent with the formation of a
mass of mullite needles to form the rigid network hosting the molten phase during the firing. The
carbon doublet (~*1375-1590 cm™) is observed for all shards in some spots (see e.g. in Fig. 3) that is
consistent with a firing under a reducing atmosphere in the kiln (as requested to obtain a blue décor
using Asian (Mn-rich) cobalt). The low intensity of the doublet indicate concentration less than 0.5
wt%. Iron oxide ranges between # 0.2 and 0.7 % as usually found for Ming porcelain. Unusual phases
are detected in the Nostra Senhora and Mombasa shards with the presence of calcium carbonate
(1085 cm™, Fig. 3) and gypsum (1007 cm™). Similar features were reported by de Waal® also for a
shard from the Santa Maria Madre de Deus shipwreck. Pollution from the marine environment that
would result in calcite/aragonite and sulfates (bio)deposits is likely for these exemplars.'® The Raman
signature of anatase (TiO,), a common impurity of clays/kaolin, is also observed in the Mombasa,
Santo Alberto (both groups), Santa Maria Madre de Deus b4, and Sao Jao shards.

Chlorine is detected elementally in some bodies and in some glazes (Table 2 and Figures S2-54,
Supplementary Materials) and this is likely to occur due to the presence of NaCl residues in the

cracks from immersion of the shards in sea water, which has not been fully eliminated by washing.

It is noticeable that the SiO, content for the porcelain body of the oldest sample (Sdo Jdo) is 70-75%,
and roughly decreases over time to 64% for the Mombasa sample (Table 2), while the Al,O; content
increases from ~20% to ~30% during the same time period. This might be an indication that the clay

recipe for the porcelain body have changed over time to adjust to commercial kilns that produced



mainly Kraak ware that specially made for the export market. Up to 1600, Portuguese ships did not
reach China, but sourced Chinese porcelain from sites in India, after 1600 they obtained porcelain
directly from China. So difference in clay and glaze recipes could also be due to technology
differences between different kilns. However, a study of a larger number of samples is necessary to

make any positive deduction.

3.3. Glazes

Although differences between the porcelain bodies are subtle and are not easily identified by Raman
scattering, at least two types of glaze are readily identified in the shard specimens both by SEM-EDS
and by Raman microspectroscopy. Comparison of the relative intensity of the EDS peaks
characteristic of potassium and calcium gives also a visual comparative evidence of these two types:
the K and Ca peaks have a similar intensity for all the other shards except for the shard samples from
the S3o Jao, the Santa Maria Madre de Deus b1 and b4, and for the Nostra Senhora shard, for which
the Ca peak is stronger than that of K (Figures S2-S4, Supplementary Materials). This is also evident
from the difference in composition (Tables 2b and 2c).

The different Raman signatures are summarized in Figure 4. Ca-rich glazes exhibit a strong broad SiO,
stretching band peaking from 975 to 990 cm™ with an additional component, which may be more or
less strong at 1120-1130 cm™. The bending SiO, (broad) band peaks at about 500 cm™ and exhibits a
slightly smaller intensity. These spectra are rather similar to those recorded on Vietnamese porcelain
shards from the Cu Lao Cham Island shipwreck (15" Century, close to the H8i An port city) and from
the My Xa kiln (Hai Duong Province)” and can be also related to the signature recorded on 14™
century (Vietnamese) celadons.” The thermal analyse of these Vietnamese shards demonstrated that
they were fired between ~1250°C (Ca-rich glaze) and ~1350°C or more (Ca-poor glaze). For the glazes
that exhibit similar intensity for the main K and Ca EDXS peaks, the Raman spectra show a strong
broad band at ca. 480 cm™ (plus in many cases a superimposition of the narrow quartz peak at ~465

cm™) and much smaller broad bands at ~790, 1050 and 1120 cm™. These spectra are similar to those
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recorded from Meissen and other hard-paste European porcelain glazes and are characteristic of a

high-temperature fired glazed porcelain.’’*®*

The estimate of the polymerization index from the
ratio of the area of the bands of the SiO, bending modes compared to that of stretching modes

according to Colomban et al.** gives indices of ~1.5 and 3 for the glazes respectively rich and poorer

in calcium.

Narrow peaks characteristic of crystalline phases are also recorded in the Raman spectra : i) those of
feldspar/plagioclases (a narrow 515 cm™ peak characteristic of a K-rich microcline to a broader ca.
505 cm™ peak characteristic of a Ca-rich low-temperature anorthite phase, Fig. 4)** and ii) those of
CaSiO; beta wollastonite (characteristic doublet at 635 and 968 cm™, Fig. 4).>*** Beta wollastonite is a
characteristic phase of soft-paste European porcelain glaze and body rich in calcium which have been

fired at lower kiln temperatures.”**?

3.4. Blue decoration

Figure 5 shows representative spectra recorded from the blue/dark blue decoration, including some
rare black spots. In most of the spots analyzed no differences are observed between the spectra
recorded from the colourless and blue glazes, wherever the focus, close to the glaze surface or in the
glaze itself (carried out on measurements on the shard surface or on its section). This implies that
blue colour results from the dissolution of Co®* ions within the glaze, without formation of crystalline
Co-based phase. Compositions (Tables 2b and 2c) are also similar, except regarding Mn, Co and Fe
content. In rare cases, the signature of plagioclase or of wollastonite is observed for certain
specimens, as reported above (see also further paragraph). Two additional types of Raman spectra
are also observed and reported here. The spectrum (Fig. 5) of black spots (Fig. 6) is characteristic of

an exotic iron oxide phase, epsilon-Fe,0;, with characteristic bands at ca. 400, 505, 555, 655, and 745

-1 25-27 25-30

cm Epsilon-Fe,05 has been recently recognised in many glazes of Asian pottery. As shown in

Fig. 6, these black spots are formed in relation with a bubble. Dendrites are usually present, formed
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at the liquid/gas interface. A second unusual spectrum is recorded also: a strong, broad band at ~685
cm™ associated with a smaller 850 cm™ peak. The strong ~685 cm™ band fits well with a spinel

phase,3l’32

according to the observed measurement of manganese and iron (Table 2c), as
characterized also on Ming blue-and-white porcelains by Pinto et al.”® The peak at 850 cm™ is
consistent with a phase comprising CrO, entities®® as observed when chromite is used in the pigment
preparation.®® Chromium is, however, often present and found in cobalt ores.”

The calcium content is higher in blue glaze than in coloured glaze for some shards (Sdo Jao PE, Santa
Maria Madre de Deus al and b1), especially close to the surface.

335 of the ca. 505 cm™ to a CoAl,O, phase the presence of

Contrary to some previous assighments
other peaks characteristic of plagioclases (e.g. at about 160,285 and 635 cm™, Fig. 4) and the absence
of the stronger (and narrow) peak of CoAl,0, at 200 cm™ is fully consistent with the absence of the

25
I

CoAl,O, signal as reported by Pinto et al.”” and by Colomban et al.”’ The higher ionicity of the Al-O
bond in comparison with the Si-O bond means that even if cobalt aluminate and silicates are
simultaneously present in similar amounts, the Raman spectrum will only reveal the silicate phase.*”
%% A careful microdiffraction study of Pinto et al. commonly identified CoFe,0, and exceptionally

CoAl,0,.3* Partially substituted cobalt aluminate was also identified by Wang et aL. using

Synchrotron pXRD.*

3.5. Body-glaze interface

Figure 7 shows the sequence of Raman spectra recorded on the section of representative shards of
each type along a line transect from the centre of the porcelain body up to the glaze surface (Ca low,
medium and rich glazes are chosen). A variety of spectra of plagioclases, with the stronger peak
ranging from 505 (anorthite) to 515 cm™ (microcline) which is very narrow in bandwidth (see also Fig.
5 bottom spectrum) is observed at the interface between the mullite-rich paste and the glaze,
indicating the formation of these phases after the reaction between the molten glaze and the body.

Residual quartz grains remain both in the body, glaze and at the interface.

12



4. Discussion

The two classes of Ming blue-and-white glaze, Ca-rich and Ca-poor have been already identified by
Zhang in a seminal review on the glazing technology of Chinese pottery*® and more recently by Wen
et al.** in the study of similar shards excavated from the Shangchuan Island (Guangdong Province), an
active trading port during 16™ century (Zhengde and Jiajing periods of the Ming Dynasty) hosting
Portuguese ships. Under-glaze and in-glaze décor were also observed by Wen et al. for one of the
three shards studied in their paper, all three being assigned to have been produced at Jingdezhen.
Wen et al.** suggest that the blue drawing was made on a body already covered with glaze powder
(overpainted décor) and that a second deposition of the glaze powder precursor was made before
firing. This would explain the homogeneous dispersion of the blue colour in the glaze (in-glaze blue)
and not its concentration at the body-glaze interface as observed for Mombasa specimen (Fig. 2). We
have compared the amount of transition metals found for our different shards: only for Santa Maria
Madre de Deus a4 does the interface region show a higher content in manganese, characteristic of
an underglaze décor ; indeed, due to the much higher colouring power of cobalt for glazes fired
under reducing conditions, blue decoration can be obtained using Asian impure cobalt ores, which
are rich in Mn and Fe, and in many cases they are found to be richer than they are in Co.**”** Dark
blue colours were obtained with cobalt ores exhibiting a medium content of manganese (Table 2c).
This can be the proof of the use of different cobalt grades, as previously reported.”** The diffusion
of blue colour within the paste as clearly visible on the photomicrographs in Fig. 2 for the Sao Jao PS,
Nossa Senhora, Santo Alberto b and Mombasa shards confirms that the drawing of the blue
decoration was made for these specimens on the unfired (green) body and the glaze powder
precursor deposited upon it before the firing.

Double-layer glazing was claimed by Wen et al. from a cross-sectional image for one shard and

explained on the basis of a double glazing step, as reported for the Fujian (Zhangzhou) kilns by Zhou
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et al.** and Zhang et al.*®

If a double-layer could be recognized on the Mombasa and one of the Santo
Alberto(b) shards (Fig. 2) it would be difficult to assign this feature to a double glazing step and it is
likely this can be ascribed to the marine corrosion at least for San Alberto (b) shards. We have
attempted but not succeeded in characterising different Raman signatures for glaze sections
compatible with a double layered glazing process. A rather strong fluorescence signal starts above
1000 cm™, especially when the spectral recording is made at the glaze surface. This is consistent with
the presence of a fluorescence emission related to bio-corrosion. It is possible that a polishing and
an annealing treatment undertaken at a temperature in the 600-800°C range (a temperature
sufficiently high enough to burn out organic residues yet sufficiently low to avoid any modification
resulting to the inorganic phases) would eliminate the fluorescence induced by the bio-film formed in
the marine environment with long immersion with more efficiency than the blue laser illumination
and therefore allow a more precise study of the stratigraphy of the glazes.

Zhang et al.* showed that the presence of double-layered glazing existed for Kraak wares. Element
distribution mapping clearly showed that the surface glaze layer is richer in calcium, as we have
observed her for some blue decoration (we observe similar feature Fig. S2, Sdo Jao PE and Fig. S4,
Mombasa, Supplementary Materials). However for most of the samples they studied they could not
detect cobalt. The Raman spectra of Zhang et al.*® were recorded using the 785 nm laser line
excitation, that could not permit the detection of the vibrational signature of the Si-O network, but
only fluorescence emission and consequently their assignment and conclusions derived from their
Raman spectra are rendered irrelevant: they assign the 1350 cm™ feature which is really a
fluorescence band, already observed in ref. 3 (spectra also recorded with 785 nm excitation), to the
asymmetric stretching vibration of SiO, tetrahedra although only the symmetrical stretching modes
contribute significantly to Raman scattering and these are located between ~850 and 1100 cm™

%38 Obviously, more analyses are

according the degree of polymerization of the silicate matrix.
needed to document better the differentiation between the final products of the glazing procedure,

namely single or multiple steps, especially using non-invasive spectroscopic techniques.
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Nevertheless, the calculation of the polymerisation indices directly linked to the melting temperature

21,36-38

of the vitreous silicates shows that the two types of enamels (alkaline or rich in calcium) have

been fired at different temperatures The double glazing technique could explain why Kraak wares*’*

from shipwrecks maintain their high gloss although other porcelain samples become pitted and gloss-

free.

5. Conclusions

The combination of SEM-EDS and Raman microspectroscopy is efficient to categorize shards in a non-
invasive way if the pieces are sufficiently small to be put in an SEM chamber. Access to the
section/fracture is required for a good analysis to be performed. A freshly made fracture is sufficient
to permit access to un-corroded material and the use of blue (or even better a violet laser excitation
line) is required to fully characterize the vibrational signatures of silicates, crystalline (mullite,
feldspar/plagioclases, quartz, wollastonite) and amorphous (glaze). If a green laser line is used,
subtraction of a baseline is required to identify all signatures. Two groups of glazes are
unambiguously identified here in the present study: namely a Ca-rich glaze (the saturation in calcium
leads to the precipitation of beta wollastonite) linked to the glaze of celadons and fired at
temperatures close to 1200-1250°C and a mixed Na-K-Ca glaze fired at a higher temperature. More
specimens should be analyzed with this procedure to identify the list of specifications that should be
recorded for the further identification of the kiln of origin. The Raman spectrum unambiguously

identifies the two types of glaze.
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Table 1. Information and visual characteristics of shards from Portuguese shipwrecks along the

South-Africa and Kenya coasts

Shipwreck Date Place Blue décor Gloss Decorative motif
(label) (after ref.2)
Sad Jad Port 1552 Port Edward Blue and dark Celadon-like Ming Dynasty, Jiajing
Edward (SJ PE) (Southern Natal) | blue; glaze; Period (1522-1566
medium; pits | AD)
Sad Jad Port 1552 Dark blue; poor
Shepstone (SJ Port Shepstone Blue on body
PS) (Southern Natal)
Santo Alberto 1593 Sunrise-on-sea, Blue and dark poor Early Wanli Period
(SA) Between Haga- blue; (1573-1622 AD) of
Exhibits Haga and Black Black spots the Ming Dynasty
features of Rock, Morgan’s (1368 -1644 AD)
Kraak ware Bay (Eastern Early Kraak ware
Cape)
(SAb) Morgan’s Bay Blue and dark Poor Early Wanli Period
(outgoing ship) blue; (1573-1622 AD) of
Combine with (Eastern Cape) the Ming Dynasty
Santo Alberto Blue on body (1368 -1644 AD)
Early Kraak ware
Mombasa 16307 Mombasa Kraak ware; high Kraak ware
Kraakware (Kenya) Blue on body
Santa Maria 1643 Bonza Bay, East al: Light blue No gloss Kraak ware, after
Madre de Deus London a2,a3,a4: blue 1600 AD
(SMMD) (Eastern Cape) and light blue,
dark spots
b1,b3: light blue | No gloss
b2: blue and poor
light blue
b4: Light blue High gloss
(Kraak ware ?)
Nostra Senhora 1674 Cefané, north of Blue and dark No gloss Kraak ware, after

da Atalaya do
Pinheiro
(Ns)

East London
(Eastern Cape)

blue; black spots
Blue on body

1600 AD
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Table 2 : Compositions

Table 2a: body composition

Sample/Oxide | SiO, | AlLbO3 | MgO | Na,0O | K,O | CaO | TiO, | Fe;0s | MnO, | CoO | CuO | Cl,0
SJIPE 75.9 | 19.3 0.7 15 1.6 0.3 0.07 | 0.2 0.02 0.02 | 0.05 | 0.2
SJPS 73.7 | 20.9 0.7 2.1 2.0 0.15 | 0.03 | 0.25 0.04 0.03 | 0.03 | 0.06
SA 70.2 | 24.8 0.5 1.9 1.6 0.3 0.05 | 0.3 0.07 0.03 | 0.03 | 0.06
SAb 64.6 | 27.9 0.9 2.3 3.0 0.2 0.1 0.7 0.08 0.03 | 0.04 | 0.03
SMMDa4 68.3 | 24.7 0.6 1.6 2.7 0.7 0.1 0.7 0.1 0.06 | 0.1 0.24
SMMDb4 68.0 | 26.0 0.8 2.3 2.0 0.3 0.04 | 0.3 0.04 0.04 | 0.04 | 0.06
SMMDb1 67.3 | 26.9 0.8 2.0 1.9 0.5 0.04 | 0.3 0.06 0.03 | 0.05 | 0.01
NS 69.8 | 24.7 0.8 1.4 1.2 0.9 0.2 0.5 0.09 0.04 | 0.15 | 0.12
Mombasa 64.0 | 30.4 0.6 1.5 2.3 0.3 0.1 0.5 0.08 0.07 | 0.08 | 0.02
Table 2b: Colourless glaze composition

Sample/Oxide | SiO, | AlL,O3 | MgO | Na,O | K0 | CaO | TiO, | Fe;03 | MnO, | CoO | CuO | Cl,O
SJ PE 69.6 | 20.6 1.3 2.5 1.1 3.9 0.05 | 0.3 0.07 0.06 | 0.15 | 0.2
SJPS 73.7 | 16.0 0.3 3.4 2.6 3.2 0.04 | 0.4 0.03 0.06 | 0.08 | 0.1
SA 72.4 | 18.8 0.6 2.8 2.0 2.3 0.04 | 0.5 0.3 0.1 0.1 0.09
SAb - - - - - - - - - - - -
SMMDa4 74.8 | 16.8 0.2 2.7 2.0 2.9 0.06 | 0.3 0.05 0.05 | 0.08 | 0.07
SMMDb4 70.3 | 18.6 0.6 2.8 1.8 5.1 0.04 | 0.3 0.1 0.02 | 0.08 | 0.06
SMMDb1

NS - - - - - - - - - - -
Mombasa 71.6 | 20.5 0.6 2.3 1.9 2.0 0.05 | 0.5 0.2 0.08 | 0.1 0.17
Table 2c: Blue glaze composition.

Sample/Oxide | SiO, Al,O; | MgO | Na,0O | K,O | CaO | TiO, | Fe,03 | MnO, | CoO | CuO | Cl,0
SJ PE surface 67.4 16.9 0.8 13 3.0 7.9 0.07 | 0.95 1.2 0.25 | 0.1 0.15
SJPE 68.2 17.6 0.6 1.4 2.7 7.1 0.08 | 0.8 1.1 0.17 | 0.15 | 0.09
SJPS 71.6 18.3 0.5 3.4 2.3 2.4 0.06 | 0.4 0.8 0.1 0.09 | 0.07
SA 65.6 254 0.6 2.9 14 1.9 0.1 0.4 1.4 0.09 | 0.03 | 0.07
SAb 68.3 20.8 0.6 3.0 2.3 2.7 0.06 | 0.7 1.3 0.2 0.1 0.04
SMMDa4 73.2 15.2 0.4 2.5 3.1 3.3 0.07 | 0.9 0.6 0.1 0.1 0.7
SMMDa4 72.9 16.2 0.3 2.4 2.9 2.7 0.1 0.7 1.0 0.1 0.18 | 04
(interface)

SMMDb4 66.5 21.7 0.6 2.4 2.1 5.5 0.08 | 0.45 0.4 0.09 | 0.15 | 0.04
SMMD b1 61..3 | 28.1 0.6 2.1 2.7 3.6 0.07 | 0.7 0.5 0.13 | 0.1 0.015
(Interface)

SMMD b1l 67.6 18.6 0.5 2.5 24 6.8 0.09 | 0.6 0.7 0.06 | 0.14 | 0.02
(surface)

NS 66.0 22.0 0.9 2.2 14 | 43 0.4 0.8 1.3 0.2 0.2 0.1
Mombasa 72.2 19.5 0.6 2.2 2.1 2.1 0.07 | 0.4 0.4 0.04 | 0.15 | 0.17
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Figure Captions
Fig. 1. Shards from a) Sdo Jdo (1552, Port Edward and Port Shepstone), Santa Maria Madre de Deus
(1643, 4 samples), Santo Alberto (1593), Nostra Senhora da Atalia do Pinheiro (1647), and b) Santo
Alberto b (15937, 4 samples) and Santa Maria Madre de Deus (1643).
Fig. 2. Representative view of section of Sdo Jdo P.E. and P.S., Santo Alberto, Santo Alberto b, Santa
Maria Madre de Deus (b4), Nostra Senhora and Mombasa shipwreck shards.
Fig. 3. Representative Raman spectra recorded on the body of shard section of Santa Madre de Deus
(samples al and b3), Santo Alberto, Sdo Jao P.E. and Nostra Senhora shipwreck shards (main peaks of
quartz (g), mullite (m) and carbon (C) are labelled).
Fig. 4. Representative Raman spectra recorded on the colourless and blue glaze section of Nostra
Senhora (NS), Santa Madre de Deus (samples b4, al and b3), Santo Alberta, and S3o Jdo P.S.
shipwreck shards.
Fig. 5. Representative Raman spectra recorded on dark blue glaze surface and black spots of Santa
Madre de Deus (samples b4, recorded with both 455 and 532 nm lines) and Nostra Senhora blue and
colourless glaze shipwreck shards. A baseline has been subtracted for spectra recorded under the
532 nm excitation.
Fig. 6: Optical view of a black spot (Santa Maria Madre de Deus b4 shipwreck sherd).
Fig. 7. Sequence of spectra measurements on section from the paste to the surface of the glaze: a)
(low Ca glaze) Mombasa, b) Santo Alberto b (Ca medium-rich glaze) and c) Santa Maria Madre de

Deus b4 (Ca-rich glaze) sherd.
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Sao Jao Port Shepstone 1552

" ,
a) Mombasa (Kraak - ware)
Fig. 1. Shards from a) Sdo Jdo (1552, Port Edward and Port Shepstone), Santa Maria Madre de Deus

(1643, 4 samples), Santo Alberto (1593), Nostra Senhora da Atalia do Pinheiro (1647), and b) Santo
Alberto b (15937, 4 samples) and Santa Maria Madre de Deus (1643).

Sante Alberta 1593  MNestra Senhora 1647 Santa Maria Madre de Deus (1643) Santo Alberto b (1593?)

. L SR 7
W s ¥ - x K- o
Sao Jao Port Edward 1552 Sao Jao Port Shepstone 1552 Santo Alberta 1593

Santa Maria Madre de Deus Nostra Senhora 1647 Mombasa (Kraak-ware)
1643 (b4)

Mombasa (Kraak-ware)

a) a’)

Fig. 2. Representative view of section of Sdo Jao P.E. and P.S., Santo Alberto, Santo Alberto b, Santa
Maria Madre de Deus (b4), Nostra Senhora and Mombasa shipwreck shards.
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Fig. 3. Representative Raman spectra recorded on the body of shard section of Santa Madre de Deus

(samples al and b3), Santo Alberto, Sdo Jdo P.E. and Nostra Senhora shipwreck shards (main peaks of
quartz (q), mullite (m) and carbon (C) are labelled).
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Fig. 6: Optical view of a black spot (Santa Maria Madre de Deus b4 shipwreck sherd).
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Fig. S1. Representative Raman spectra recorded on the colourless (white), black and blue glaze of
Santa Madre de Deus (samples al and a4) using 532 nm exciting laser line (LABRAM Infinity). A
baseline has been subtracted.
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Fig. S2. Representative EDXS spectra recorded on the section of Sdo Jodo (P.E. and P.S.), Santo
Alberto and Santo Alberto b shipwreck shards. A zoom is shown for the middle energy range in order

to compare the signal of transition metals.
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Fig. S3. Representative EDXS spectra recorded on the section of Santa Madre de Deus (samples a2,
al and b4) and Nostra Senhora shipwreck shards. A zoom is shown for the middle energy range in

order to compare the signal of transition metals.
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Fig. S4. Representative EDXS spectra recorded on the section of Mombasa shipwreck shard. A zoom
is shown for the middle energy range in order to compare the signal of transition metals.
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