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The atypical hues of the Santa Cruz et

blue-and-white cargo: non-invasive analysis
of glaze defects and color variations
in mid-Ming porcelain

Ellen Hsieh"®, Christian Fischer?® and Bobby C. Orillaneda®

Abstract

Color variations and sometimes the frosted appearance of Chinese blue-and-white porcelain produced in folk kilns
and recovered in underwater archaeological contexts are usually reported without further investigation. This study
focuses on the causes responsible for the appearance of the glaze and blue decorations of late fifteenth-century
blue-and-white porcelain from the Santa Cruz, one of the most important mid-Ming shipwrecks discovered in Asian
waters. Besides detailed visual observations, chemical composition and colorimetric data were collected on a set of
similarly shaped plates showing significant differences in the aspect of the glaze and tones and shades of the blue
color. Results from portable X-ray fluorescence (pXRF) analysis confirmed the Jingdezhen origin of the ware and the
use of domestic asbolane ores for the Co-based blue pigment. Visual and microstructural analysis has shown that the
degree of opacity of the glaze is primarily linked to the crystallization of anorthite, which in some cases has pushed
the pigment layer towards the surface, contributing to the development of white-brownish weathering spots. The
colorimetric data acquired with fiber optics reflectance spectroscopy (FORS) allowed us to quantify chromaticity
parameters and confirm the visual perception of a‘'not-so-blue’ color of the decoration. Without excluding a possible
contribution of the underwater environment, the observed variations can be mainly attributed to the ware's produc-
tion and more specifically to pigment characteristics, manufacturing processes, and firing conditions even though the
connection with these factors is not straightforward and prompts further research and broader discussions. From a
historical perspective, it is suggested that the atypical hues are correlated with the progressive switch from foreign to
domestic pigment sources during the Chenghua period (1465-87 CE) and the subsequent technological adaptations
required by an ever-increasing demand for Chinese blue-and-white porcelain at the turn of the sixteenth century.
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Introduction

Named after its colors, Chinese blue-and-white porcelain
was one of the most popular trade products in South-
east Asia and beyond between the fifteenth and eight-
eenth centuries. The ware came mostly from Jingdezhen,
the city of porcelain, and was manufactured in folk kilns
while orders for the imperial court were fulfilled by offi-
cial kilns [1]. For the latter, textual evidence indicates that
the production organization was based on the division
of labor with a strictly controlled and highly compart-
mentalized structure which contributed to maintaining a
high level of constancy and quality [2, 3]. In contrast, and
despite scant documentation, numerous archaeological
findings from terrestrial and submerged sites point to a
lot more variability among the ware for overseas markets
produced in folk kilns, as for example color differences.
The so-called blue-and-white porcelain is indeed not
always blue and white, and the ‘blue’ decor could be gray
or even black whereas the ‘white’ area could look grayish
or beige. Besides, it can be noted that these atypical hues
are not an issue for native speakers since the Chinese
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term for the products, Qinghua, meaning patterns with
ging color, refers to a broad spectrum, ranging from
green to black [4, 5]. In relation to this problem, color dif-
ferences and glaze opacity could be repeatedly observed
on the blue-and-white porcelain cargo of the Santa Cruz,
one of the best-preserved shipwrecks in Southeast Asia
[6], which raise questions about the origin of such nota-
ble features for ceramics in these contexts.

The Santa Cruz, a 25 m long junk, was found at a
depth of 32 m about 10 km off the Zambales coast in the
northern part of Luzon Island, the Philippines. Among
its abundant cargo, there were more than 15,000 ceram-
ics of various origins, including China, Vietnam, Siam,
and Myanmar, reflecting a complex maritime trading
network [7]. Chinese ware, mainly blue-and-white por-
celain and celadon, accounted for as much as 86% of the
ceramic discoveries and piles of the former were found
in the bulkheads as loaded and almost intact, while
pieces placed in the upper part of the boat were scat-
tered around the wreck [8—12] (Fig. 1). Based on stylistic
analysis, the blue-and-white porcelain was produced in
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Fig. 1 Map of East and Southeast Asia with the location of the Santa Cruz Wreck (left) and images taken during the underwater excavation (right)



Hsieh et al. Heritage Science (2023) 11:106

Jingdezhen during the Hongzhi period (1488-1505 CE)
of the Ming Dynasty [13-16]. The prevalence of Chinese
ware in the Santa Cruz, also observed for the Lena and
Brunei wrecks, two other contemporary sunken junks
found along the east side of the South China Sea, was
considered exceptional since Chinese overseas activi-
ties declined between c. 1380—1580 due to the maritime
ban from the Ming Court and Southeast Asian ceramics
dominated the market [16-21]. Scholars have suggested
that such high proportions of Chinese ware could be evi-
dence of illicit trade [11] or a lessening of the ban [22].

Beyond these historical considerations, the Chinese
blue-and-white porcelain in the Santa Cruz is of par-
ticular significance since records of representative pieces
from the late fifteenth century are relatively few and
indeed, mostly from shipwrecks. Moreover, as the ware
loaded in a specific vessel was most likely from the same
workshop, and hence considered relatively homogene-
ous, the occurrence of peculiar features makes it an inter-
esting case to investigate factors and causes responsible
for color variations and defects like glaze opacity.

Deterioration of glass and high-fired ceramic glazes: a brief
overview

From a materials viewpoint, at first glance, the alteration
of high-fired ceramic glazes (Ca-rich) and associated pig-
ments in decorative patterns can be paralleled with the
degradation (corrosion) of glass in general, and more spe-
cifically with colored, stained, and/or enameled glass, in
particular the potash-lime-silica type commonly found
in medieval stained-glass windows. The corrosion of
glass is a multifaceted phenomenon primarily controlled
by the chemical composition of the glass (e.g., soda-
based glasses have much better durability than potash
equivalents [23]) and the characteristics of the corrosion
medium (composition, pH, temperature, etc.) as well as
numerous other environmental, physical and biological
factors [24—28] and references therein. The main process
is best described by an ion-exchange mechanism where
protonic species from the surrounding solution diffuse
into the glass and replace network modifier cations which
are leached out of the silicate matrix resulting in a cation-
depleted silica-rich surface layer with lower density [29—
31]. This basic mechanism is however associated with
(or followed by) various complex reactions occurring in
or at the surface of the modified layer, such as network
depolymerization, interfacial dissolution-reprecipitation,
secondary crystallizations and microcracks formation,
which are essentially controlled by the pH of the solu-
tion as well as other microenvironmental parameters.
Only recently has a clearer picture of the overall trans-
formation process emerged owing to high-resolution
analyses of ancient glass samples and model glass altered
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in natural or controlled conditions [26, 32—36]. Yet, the
typology and micromorphology of the corrosion layer
remain dependent on the complex interaction of many
factors and hence, on the historical and/or archaeological
context.

For example, medieval stained-glass windows and
model analogs weathered in atmospheric conditions and
different environments show an alteration crust with
neoformed amorphous and/or crystalline phases, the lat-
ter usually composed of salts from the leached cations
[33, 37-39]. Moreover, when crystallizations create a
network of microcracks under the influence of cyclic cli-
mate variations, it can induce scaling at the surface of the
glass and increase the alteration rate [40]. On sixteenth-
to-twentieth-century enameled stained-glass windows,
pronounced flaking of the glassy paint layer could be
observed with a partial loss of the decorations and was
correlated with an insufficient degree of vitrification of
the enamel and/or a high concentration of K and low
content of Ca and Pb [41]. The latter result is consistent
with the known behavior of these elements, which can
be easily leached out and contribute to the formation of
the alteration layer while, for Ca and Pb, also increase the
stability of the glass phase when present in higher con-
centrations [24, 42—-44].

On the other hand, the weathering of glass in soils or
underwater is characterized by a stratified alteration layer
composed of iridescent laminated structures which can
evolve in parallel, hemispherical or more complex pat-
terns [35, 36, 45-50]. A comparative analysis of Roman
glass buried in soil and seabed sediments has indeed
shown that silica-rich laminations form in both environ-
ments, but in addition, an opaque and heterogeneous
white crust of similar composition was only observed on
submerged colorless glass, while in soils, the laminated
structures contain Mn-rich (+Fe) phases, also found
together with Ca and P inside cavities developed along
microcracks, pointing to a probable external (soil) origin
[48]. Likewise, the presence of Mn (and Fe) was identi-
fied in the laminated structures of archaeological frag-
ments from stained-glass windows [51]. Manganese was
associated with a darkening of the glass induced by the
oxidation of Mn(II) ions and the precipitation of insolu-
ble, black-colored Mn(IV)-rich phases. This reaction is of
particular relevance here as darker, sometimes blackish,
hues of the decorations on blue-and-white ceramics have
been attributed to the oxidation of Mn (and Fe) associ-
ated with the Co-based pigment [52, 53].

Besides such differences, it seems that the two environ-
ments have a rather similar impact apart maybe from the
faster corrosion kinetics in underwater contexts, possibly
favored by the continuous replenishment of the contact
solution, which often translates into thicker corrosion
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crusts [48, 54]. Conversely, the underwater artefact-envi-
ronment interface shows considerable variability, even at
the scale of a wreck site [55], and the alteration rate can
be significantly reduced in confined conditions [56] or
when bio-colonization protects the glass surface [57].
Although observed in the alteration layer of tin glazes
[58], the characteristic laminated structures have not
been reported for Ca-rich glaze in high-fired ceramics,
neither from land-based nor underwater archaeologi-
cal contexts [59-62], and in general, this type of glaze
is less prone to degradation. On excavated fragments of
Jun porcelain (Song Dynasty), there was no alteration
layer per se, and corrosion features were constrained to
areas where wollastonite, a calcium silicate, had crystal-
lized during firing and was partially ‘dissolved’ leaving
dendritic or columnar pits and craters on the surface
of the glaze [59]. Similar corrosion patterns, associated
with a pronounced loss of transparency, were observed
on the glazes of land-excavated Ru ware (Northern Song
Dynasty) and underwater Longquan celadons (Dalian
Island shipwreck, Yuan Dynasty) with a preferential dis-
solution of the Ca-rich component in the phase-sep-
arated glassy matrix within (or close to) the anorthite
clusters [61, 62]. A shard from a black-glazed porcelain
bowl (Southern Song Dynasty) buried in acidic soil and
excavated at the Tushan kiln site (Chongqing, SW China)
only showed a thin (~ 10 um) amorphous silica-rich alter-
ation layer and some thicker crust-like protrusions with
heterogeneous micro-morphology and composition [60].
The corrosion resistance of high-fired ceramic glazes
can be linked to their chemical composition. In com-
parison to potash-lime-silica glass, they contain less K
and often less Ca (though still high), but critically, more
Al (and Si) which contributes to increasing the stability
of the glaze [63, 64]. Whenever such ware shows signifi-
cant degradation, it appears that the corrosion patterns
are connected to defects and heterogeneities in the glaze,
notably the presence of wollastonite or anorthite crys-
tals resulting from the devitrification during the firing
process. Interestingly, these phases are absent in Viet-
namese underglazed ceramics and celadons, and the
ware, from both land and underwater contexts, is rela-
tively well-preserved [65]. Moreover, the various shades
of blue observed on blue-and-white sherds from the Chu
bau-My Xa kiln site and Cit Lao Cham shipwreck (but
produced at the same kiln site) seem uncorrelated with
the archaeological context and are more likely associated
with the composition of the pigments used for the deco-
rations [66]. However, the frosted appearance and loss of
gloss on some sherds from the shipwreck indicate that
chemical corrosion was active; an observation confirmed
by the higher hydration state of the glaze surface detected
with Raman microspectroscopy compared to a sherd

Page 4 of 17

from the kiln site [67]. Similar corrosion features have
been observed on sherds from the blue-and-white cargo
of several Portuguese shipwrecks while some sherds have
kept their gloss, notably those from Kraak ware [68].

The deterioration of ancient glass and ceramic glazes
has been analyzed with various spectroscopic, spectro-
metric and imaging techniques [54, 69-75]. Of particu-
lar interest are portable non-invasive techniques such
as portable X-ray fluorescence (pXRF) and Raman spec-
troscopy which have been used for the in-situ analysis of
glass, glazes and pigments [76—82]. In this paper, varia-
tions in the color of the blue decorations and the aspect
of the glaze, notably the loss of transparency, have been
researched by combining detailed visual observations
with pXRF and another non-invasive and portable tech-
nique: fiber optics reflectance spectroscopy (FORS); the
latter providing the raw data for quantitative colorimet-
ric analysis. Results from scientific investigations were
further compared with other studies and contextualized
into the development of Jingdezhen at the turn of the six-
teenth century.

Materials and methods

Blue-and-white porcelain

The selection of the blue-and-white ware was based on
visual differences in color and aspect but constrained
by both time and accessibility. Only a small part of the
Santa Cruz cargo could be quickly surveyed in the stor-
age room of the National Museum in Manila. Among the
boxes which were open, all containing plates, one of the
most common types in the assemblage, the color variabil-
ity was impressive. For the purpose of this study, it was
decided to focus on plates with atypical colors and pecu-
liar features, and twelve plates were selected for analysis.
In addition, a homogeneous set of objects with large flat
surfaces was considered an advantage, particularly for
the pXRF measurements. Originally, the porcelain plates
were loaded in piles, mostly at the port side of the ves-
sel, and distributed in bulkhead one, three, five, seven,
and nine [8]. All of them are saucer-shaped and of simi-
lar size with a diameter of about 26 cm and a height of
4 cm, while their foot-ring diameter is about 13 cm. The
interior blue decorations display casual-style motifs con-
sisting of flowers, mainly chrysanthemums, and other
plants as well as rocks, deer and pine trees (Fig. 2). All
plates but one (SC-256) are also decorated on the exterior
of the cavetto with floral patterns but dates or trademarks
are absent at the bottom of the plates. Blue-and-white
dishes with similar designs were found in other mid-
Ming shipwrecks such as the Lena Shoal, the Brunei junk,
Ko Samui and Laoniujiao N°1 [16, 18, 20, 83]. For exam-
ple, the depiction of fallow deer, a symbol of Taoism, in
association with the pine tree on SC-256 (a motif called
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Fig. 2 Photographs of the twelve blue-and-white porcelain dishes from the Santa Cruz shipwreck analyzed in this study

‘Song Lu Zhang Chun’ in Chinese, meaning long life and
wealth) is almost identical to the decoration on a dish
(BRU376) from the Brunei junk [84].

The primary motifs are outlined and filled with light
colors, whereas the small leaf patterns were drawn
directly with thicker pigments favoring the formation
of darker spots after firing. The glaze was applied on the
whole dish, and for several of them, it appears slightly
opaque rather than transparent; it was apparently
scraped off the foot ring leading to a somewhat angu-
lar rim where the clay body is visible though irregularly.
The glaze often shows defects such as crazing, pinholes
and Y-shaped dewetting patterns (Fig. 3a, b). The latter
two seem to be more developed on the bottom of the
dishes which could be related to the different degree of
finishing of the clay body compared to the decorated
areas. While all dishes were cleaned and desalinated
after the excavation, some still show marine calcare-
ous encrustations (Fig. 3c). The main characteristics of

the selected blue-and-white dishes are summarized in
Table 1.

Methods

Portable X-ray fluorescence (pXRF)

Compositional data were obtained with a Thermo Niton
XL3t GOLDD +handheld XRF spectrometer equipped
with a silver anode tube and a large silicon drift detec-
tor (SDD) operating at a maximum voltage of 50 kV and
current of 200 pA with a resolution better than 160 eV.
Single pXRF measurements were carried out directly
on the transparent glazed surface of the blue-decorated
and ‘white’ areas with a standard spot diameter of about
6 mm, the built-in camera allowing precise position-
ing. Data were collected in both soil (blue and ‘white’)
and mining (only ‘white’) modes with acquisition times
set to 60 and 90 s, respectively. The two modes use dif-
ferent algorithms and proprietary calibrations for the
conversion of counts into concentrations. From a practi-
cal viewpoint, the mining mode is better adapted for the
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Fig. 3 Features on the bottom of three selected dishes. a Homogenous glaze with some defects (SC14679); b crazed glaze with pinholes and
Y-shaped dewetting patterns (SC5135); ¢ shell and worm-like encrustations (SC13671)

analysis of major and minor elements while the soil mode
is optimized for elements present at trace levels; typically,
above 0.5-1% for the former and in the tenths to thou-
sands ppm range for the latter, depending on the element.
Measurements on the blue decoration (glaze +blue pig-
ment) and the ‘white’ were taken on the flat surface of the
plate’s interior while an additional ‘white’ was analyzed

at the bottom. When the surface of the ‘white’ next to
the blue on the interior was too small or inadequate, the
‘white’ was sometimes analyzed on the less decorated
external side of the dishes. Additional information about
the pXRF methodology and limitations of the technique
can be found elsewhere [81] and references therein.

Table 1 Characteristics of the selected blue-and-white porcelain dishes

Reference Grid location® Motif

Glaze aspect and defects

Decoration color

Aspect Crazing Load cracks Dewetting

SC-256 N22W5 Fallow deer and pine tree  Transparent, encrustations on o o + Grayish green
foot-ring

SC-789 N19W7 Fruits and leaves Transparent o + ++ (bottom) Grayish blue

SC-1269 N19W8 Flora and rock Slightly opaque with a frosted +++ + ++ (bottom) Brownish gray
appearance, encrustations on the
interior (+) and bottom (+++)

SC-2797 N27W5 Flora Transparent, encrustations on ++ ++ ++ Greenish gray
foot-ring

SC-2963 N29W5 Flora and rock Transparent in the decorated ++ o + Blue
areas, milky on the bottom

SC-3245 N29W5 Flora and rock Opagque with a pronounced ++ ? ++ Light gray
frosted appearance

SC-3851 N30W7 Flora Transparent in the decorated o + ++ Bluish gray
areas, milky on the bottom

SC-5135 N25W10 Flora and rock Semi-opaque +++ + +++ Gray

SC-7026 N31W7 Flora Semi-opaque with a frosted +++ + + Light grayish blue
appearance

SC-13671  N36W7 Deer and pine tree Transparent, numerous encrusta- 0 + + Grayish blue
tions on the bottom

SC-14679  N34W10 Flora Slightly opaque with an apparent  +++ + + Blue
frosted appearance, milky on the
bottom

SC-14878  N34W5 Flora Slightly opaque with a visible ¢} o + Bluish gray

frosted appearance

2 Grid size is 1 square meter
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Fiber optics reflectance spectroscopy (FORS)

Reflectance spectra were acquired with a portable
FieldSpec®3 spectrometer (ASD Inc., Malvern Panalyti-
cal) in the 350 to 2500 nm spectral range with a resolu-
tion varying from 2 to 10 nm. Spectral data are internally
re-sampled by the instrument to 1 nm intervals, and each
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collected spectrum corresponds to the average of thirty
scans. Reflectance was measured with a high-intensity
contact probe equipped with a halogen light source giv-
ing a spot diameter of about 10 mm and was calibrated
against a white Spectralon® standard. Measurements
were taken on the blue decorated areas and on the ‘white’

Table 2 Elemental composition and absorptions in the visible spectral range of the selected blue-and-white porcelain dishes

Accession Spot Selected elements from pXRF analysis?

FORS analysis

NO
Major Minor and trace (ppm)
(% oxides)

Spectral absorptions (nm)®

Ca0O K,0 Fe Ti  Mn Rb  Sr Zr Co Cu Th Ni Co (Il H,0
SC-256 Blue 2546 - 7265 408 87 46 1276 47 11 341 519w 5835 678's
White 44 52 2104 116 340 412 95 45 - 28 8 -
Bottom 39 5.1 3833 84 495 403 71 58 - 28 17 71
SC-789 Blue 4019 128 3035 385 99 44 279 37 10 244 517m 5825 673 m
White 6.1 4.0 3585 125 348 411 97 50 - 27 10 -
Bottom 55 4.0 3778 139 391 406 101 48 - 19 9 -
SC-1269 Blue 2996 103 3038 385 82 57 442 54 11 206 521vw 584m 6795 +++
White 45 50 2553 251 326 392 87 53 - 33 11 83
Bottom 34 5.0 2351 187 254 395 62 63 - 28 12 57
SC-2797 Blue 3375 115 1796 448 109 45 275 51 9 115 520m 5855 676's
White 6.9 4.2 2697 116 295 408 136 40 - 32 - 67
Bottom 5.8 43 5350 228 371 475 122 56 - 37 15 77
SC-2963 Blue 4678 - 3840 307 100 45 611 45 9 415 517m  583s 677 m
White 6.6 39 4591 - 440 318 9% 53 - 3710 107
Bottom 5.7 4.0 5640 95 464 326 72 59 - 26 14 83
SC-3245 Blue 3484 - 2150 322 111 48 343 58 9 281 521m 5815 665br  ++
White 54 4.2 2997 156 262 335 97 54 - 33 12 -
Bottom 55 43 2361 133 233 334 73 63 - 29 14 54
SC-3851 Blue 3408 - 8910 333 94 50 1047 112 12 237 520m  583s 677s
White 8.1 4.1 3194 148 602 331 112 49 - 52 12 87
Bottom 6.6 4.1 4437 229 439 361 78 62 - 32 16 82
SC-5135 Blue 3376 285 2011 417 106 49 186 13 9 164 522m  585s 6755 ++
White 56 4.2 3131 81 229 457 84 53 - 47 10 -
Bottom 5.0 47 3037 151 327 492 71 58 - 37 10 86
SC-7026 Blue 2925 105 1305 573 88 39 133 48 8 218  519m 5835 670s ++
White 59 4.2 2835 202 240 601 92 48 - 24 - -
Bottom 4.1 35 4373 266 310 669 42 57 - 19 18 -
SC-13671 Blue 3884 133 3543 392 92 50 355 56 12 465 520m 5815 672m
White 59 48 3061 191 428 394 91 52 - 49 10 11
Bottom 44 4.6 3794 117 398 414 66 55 - 29 13 o4
SC-14679 Blue 3416 103 2516 400 54 52 356 34 10 351 518m  584s 671m +
White 59 43 2561 214 438 391 71 50 - 35 8 88
Bottom 4.9 45 3964 172 528 415 49 61 - 27 14 -
SC-14878 Blue 4335 129 3169 539 84 45 166 71 21 701 522m 5865 655 br
White 59 4.6 3752 142 347 567 85 54 - 66 10 93
Bottom 4.9 4.1 5624 255 607 655 57 66 - 43 13 56

2 For major elements, values for Si and Al are considered qualitative and not reported

b Absorptions: vw: very weak, w: weak, m: medium, s: strong, br: broad
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at the bottom because there was often not enough space
for the measuring probe between the blue decor. Colori-
metric data (XYZ) were extracted from the reflectance
spectra and converted into the CIELAB chromatic color
space and HEX color codes (http://www.easyrgb.com/
en/) for analysis and visualization.

Results and discussion

Chemical composition and production kilns

In agreement with the historical context and stylis-
tic analysis, elemental data obtained with pXRF on the
transparent glaze confirm a Jingdezhen production for
the blue-and-white plates based on the concentrations
of some discriminative elements such as zirconium, tho-
rium and titanium (Table 2). Values for these elements
are close to the ones measured with pXRF and other tech-
niques in previous studies despite the different time peri-
ods [81, 85-89]; such compositional similarities could
correspond to a relative constancy in the procurement of
raw materials and processing technologies from the mid-
dle to late-Ming period. However, variations in rubidium
levels, i.e. the higher values reported in the present study,
also found for the Guanyinge and other unspecified late-
Ming kiln sites (Rb: 428 +78 ppm, [86]; Rb: 436 + 84 ppm,
[85]), compared to the lower averages measured on Jin-
gdezhen blue-and-white ware from the Nan'ao One ship-
wreck in China (Rb: ~ 270 ppm, [86]) and sherds from the
Philippines and Indonesia (315+40 ppm, [81]) dated to
the late-Ming and early-Qing periods, might reflect some
intra-site variability among the numerous folk kilns in
Jingdezhen.

As expected, the chemistry of the glaze analyzed in the
‘white’ area corresponds to an aluminosilicate glassy net-
work containing calcium and potassium added as flux-
ing agents and network modifiers. The average amounts
of Ca (CaO~6.1+0.9) and K (K,0~4.3+0.4) are higher
and lower, respectively, than those obtained with pXRF
on sherds from the Xuande and Chenghua periods [89]
but still in the range of Ca values known to have signifi-
cantly varied (from a few to more than twelve percent
CaO) throughout the Ming (and Qing) dynasty [68, 81,
87, 88, 90-93]. It should also be mentioned that because
of the X-rays emission depth for Ca and K (about a few
tenths of micrometers in this type of matrix) [94, 95],
these two elements could be underestimated if the glaze
is corroded on the surface. On the other hand, Ca seems
not related to the degree of translucency of the glaze,
making it challenging to identify the origin of the opac-
ity which could be linked to the firing process and/or
underwater weathering. For a few dishes, the low cal-
cium levels, if associated with lower firing temperatures,
could indirectly contribute to opacify the glaze through
a silica matt effect. However, translucency has probably
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a different origin as the correlation with calcium levels is
far from systematic.

Also noticeable are some significant differences in the
composition of the glaze applied to the bottom, which
shows lower calcium and higher iron levels in compari-
son to the glaze in the ‘white’ areas. Although there are
exceptions to this trend (SC-3245 for Ca and Fe, SC-1269
and SC-5135 for Fe), it could suggest the usage of a modi-
fied recipe for the glaze applied to the bottom, which also
implies a two-step glazing process. However, a system-
atic study on a much larger number of plates would be
needed to exclude other explanations and confirm this
hypothesis.

Blue decorations: pigment characteristics

The comparative analysis of pXRF data from the blue
decorated and ‘white’ areas shows that the cobalt-based
pigment contains high levels of manganese, low iron
and significant amounts of nickel as well as traces of
copper (Table 2) which points toward an Asian source
[52]. After subtracting the manganese and iron contri-
bution from the transparent glaze (‘white’ area), nor-
malized percentages of Mn, Co and Fe are similar to
the blue pigment analyzed on other export blue-and-
white porcelain produced in Jingdezhen (Fig. 4, left).
Although the heterogeneous distribution of the color-
ing elements and particles within the glaze, combined
with the constraints on the probing depth, prevent a
precise determination of the pigment’s chemical com-
position, this elemental profile and the average Mn/
Co ratio (7.1 £1.7) are consistent with results of previ-
ous studies [81, 87, 93, 96, 97] and confirm the use of
Mn-rich asbolane ores in folk kilns during the Hongzhi
period of the Ming dynasty.

Spectral profiles obtained with FORS on the blue
decorated areas (Fig. 4, right) show the characteristic
absorptions of Co(Il) in tetrahedral coordination with
the triplet located around 520, 583 and 672 nm [81, 98].
For some plates, darker colors translate in an overall
lower reflectance in the visible, but the cobalt absorp-
tions with variable relative intensities are always pre-
sent (Table 2). The gray-greenish or blackish hue of the
decoration is most likely correlated with the manganese
and iron in the pigment, combined with redox firing
and cooling conditions favoring the crystallization of
Mn and Fe-rich oxide phases [52, 53, 93].

Similar dark colors were also observed on blue-
and-white sherds from the late fifteenth to the early
sixteenth centuries by Wang et al. [99] and Qu et al.
[100]. More specifically, these colors have been con-
nected with the crystallization of Mn(Fe)-rich spinels
[101, 102] in dark spots which parallel the ‘iron spots’
observed on Yuan and early-Ming blue-and-white
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Fig. 4 Ternary plot visualizing the blue pigment composition based on the relative proportions of Co, Mn and Fe; Santa Cruz data compared to
a set of Jingdezhen blue-and-white from [87] (left). FORS spectra with the main absorptions of Co(ll) in the visible and water in the near-infrared

obtained on decorated areas for three plates from the analyzed set (right)

when imported Fe-rich Co-pigment was in use [53]; in
fifteenth century Vietnamese blue-and-white, a dark-
greenish blue tint was even obtained intentionally by
adding iron [103]. In our FORS spectra, although the
presence of Mn-rich phases might be associated with
weak absorptions (only visible on 2nd derivative spec-
tra) at ~420 nm Mn(II) and ~490 nm Mn(III), the cor-
relation is not well-established despite a thorough study
of the spectral profiles. The analysis is complicated by
the probable contribution of various Fe(III) absorp-
tions to the overall spectral profile below 500 nm [104,
105]. Further research is definitely needed, notably on
reference materials, to make more solid interpretations
using the potential of FORS.

Finally, in the near-infrared spectral range, some
plates show an asymmetrical absorption of variable
intensity around 1910 nm corresponding to the com-
bination band (voy+ &) of water which could be
adsorbed in the glaze and/or in the body. The pres-
ence of water might be due to weathering and/or indi-
rectly reflect a residual porosity in the body resulting
from lower firing temperatures. Depending on its loca-
tion, water could be a contributing factor to the opac-
ity, a possibility that would require additional specific
analysis.

Color, technology and weathering

Visual observations

The pictures in Fig. 2 clearly show variations and altera-
tions in the appearance of both the glaze and the blue
decorations. As described earlier, surface corrosion and

abrasion on ceramic ware recovered from shipwrecks is
not uncommon [62, 68] and the weathering induced by
the immersion in seawater for hundreds of years has cer-
tainly contributed to some of the features observed here.
It does not explain however why several dishes in the
same environment still look almost pristine. Moreover,
the striking differences between dishes excavated from
the same grid (e.g., SC-2963 and SC-3245) indicate that
location in the wreck is not a prime factor and point to
other causes.

The glaze of most dishes is rather transparent but
for a few it tends to be slightly opaque with sometimes
a milky and/or frosted appearance. This translucency
affects the visibility of the decoration underneath which
shows significant differences in the hue and brightness
of the Co-based pigment. The blue areas often look dull
with the naked eye and have a greenish or grayish tint.
Intriguingly, this color shift was also frequently observed
on blue-and-white ware from contemporaneous ship-
wrecks such as the Lena and Brunei junks [16, 20, 84].
Occasionally, a brownish material can be observed on top
of the dark blue areas, often in association with whitish
spots marked by a network of needle-like crystals (Fig. 5)
similar to the clusters of anorthite or wollastonite iden-
tified in the corroded areas on other types of high-fired
glazed ceramics mentioned earlier [59, 61, 62]. Here,
they are probably composed of anorthite (CaAl,Si,Oy),
which is the main crystalline phase found in traditional
glazes [106] as well as in modern Al-rich glaze formula-
tions when firing cycles include longer soaking times
favoring devitrification [107]. Although the presence of
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anorthite in the glaze of blue-and-white porcelain has
been reported in numerous studies, the crystals are usu-
ally located at the body-glaze interface in close associa-
tion with the cobalt pigment [99, 100, 108—111]. They are
rarely found throughout the whole thickness of the glaze
or near the surface as observed for dish SC-14878.
Interestingly, a sherd from the Guthe collection (GU09,
Fischer and Hsieh [81]) might provide some clues about
the features observed on dish SC-14878 as it displays
similar surface patterns (Fig. 6, left). Scanning elec-
tron micrographs in backscattered electron mode show
indeed anorthite (confirmed with energy dispersive spec-
troscopy analysis) crystals at the surface of the glaze with
a partial dissolution of the interstitial glass phase (Fig. 6,
center) while the cross-section reveals insightful details
about the glaze microstructure and anorthite distribution
(Fig. 6, right). It is generally assumed that anorthite crys-
tallizes at the glaze-body interface because of a change in
the glaze composition near the interface resulting from
the partial melting of the body and subsequent diffu-
sion of aluminum [112]. Here though, anorthite crystals
are not only visible at the interface but within the entire
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thickness of the glaze. Moreover, the pigmented layer
with Co-rich particles embedded in the network of anor-
thite, usually found close to the body, is located near the
surface, indicating that it was lifted in the molten glaze
by further bottom-up crystallization and growth of anor-
thite which might be favored by longer soaking times at
high temperature. Likewise, the formation, growth and
migration of bubbles can have a similar effect (e.g., Pinto
et al. [111], Fig. 7d). This mechanism not only explains
the anorthite spots but also creates a (sub)surface hetero-
geneous microstructure particularly sensitive to dissolu-
tion and oxidation reactions that can affect the residual
glassy matrix and elements originally associated with the
pigment such as Mn, Fe and Ni, and possibly produce
color changes. Less specifically, if the anorthite crystalli-
zation in the glaze is extensive, it can reduce the transpar-
ency by scattering the light and contribute to the surface
mattness [107] which most likely explains the appearance
of dishes SC-3245 and SC-7026.

Another explanation for the presence of the Co-
pigment + anorthite near the surface could be the
two-layers glaze technology described for sherds of

Fig.5 Details of a dark blue decoration on the broken edge of dish SC-14878 showing the change to a brownish color (arrow) and the network of

whitish minerals (right, top view)

500.00pm

surface (center) and corresponding cross-section (right)

200-um

Fig. 6 Brownish spot on the sherd GU0O9 observed with a digital microscope (left) and a scanning electron microscope (NanoSEM™230, FEI): same
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blue-and-white export ceramics from China as well
as Vietnam [68, 113-116]. Contrary to the traditional
underglaze blue-and-white, in the two-layers technol-
ogy the body was glazed and fired twice with the blue
decoration applied in between after the first firing.
The presence of two glaze layers has been recognized
through observations and analyses on cross-sections
with optical (+digital) microscopy and scanning elec-
tron microscopy coupled with energy dispersive X-ray
spectroscopy for elemental analysis (SEM—-EDS). The
two layers appear to have a different composition with
notably higher Ca in the upper layer which imparts
both a better chemical stability to the glaze and a lower
melting point avoiding re-melting of the first glaze layer
during the second firing. However, SEM images were
often taken at too low magnification to clearly visualize
the two layers and the spatial organization of the differ-
ent phases in the colored glaze [114], or not shown at
all while EDS spectra are plenty [68]. Furthermore, ele-
mental data were preferentially collected in the colored
glaze, where Ca-rich crystalline phases can potentially
affect the Ca value (requiring precise analysis location
frequently not indicated), and sometimes compared to
only one measurement in the colorless glaze. In fact,
Ca concentrations should be systematically measured
in the inner and outer parts of the colorless glaze as
well in order to confirm the existence of two glaze lay-
ers, as exemplified by Zhang’s EDS analysis, with two
sherds showing such robust compositional evidence
(114, Table 2, samples 1 and 10). Although beyond the
research presented here, these experimental limita-
tions and the importance of the topic certainly war-
rant further investigations. Finally, the sherds are all
late-Ming productions, either from Fujian kilns [114,
115] or unspecified kiln sites [68], and only one is pur-
portedly attributed to Jingdezhen ([113], sample N2),
calling into question whether the technology was ever
implemented in Jingdezhen, and all the more so during
the mid-Ming period, making for now this alternative
explanation unlikely.

All these observations and hypothesis suggest a criti-
cal role of pre-existing characteristics determined by
the original quality and aspect of the ware in relation to
manufacturing technology and raw materials composi-
tion, particularly of the Co-based pigment. In an attempt
to explore further causal links and key parameters, color
variations were investigated more systematically through
a quantitative approach based on colorimetry.

Color analysis

Color variations between the different plates were
analyzed after converting the XYZ colorimetric data
obtained with FORS into the CIELAB color space
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(Table 3). Also referred to as L*a*b*, in this representa-
tion, L* corresponds to the brightness while a* indicates
the red and green hues for positive and negative values,
respectively, and for b* similarly the yellow and blue, with
intensifying blue as negative values increase for the latter
[117]. In Fig. 7, coordinates b* are plotted in function of
a* using corresponding HEX color codes for the symbols.
Data include the chromaticity values of the Santa Cruz
dishes (SC) and for comparison, those of some mid to
late Ming blue-and-white porcelain excavated from the
Maojiawan archaeological site, Beijing, but produced in
Jingdezhen (TZ, Pinto et al. [111]). Some modern cobalt
aluminate blue pigments synthesized by various methods
were also added as reference (CB) [118-120].

For most Santa Cruz dishes, color parameters are char-
acterized by negative a* and negative (or slightly positive)
b* values not exceeding —15 which is consistent with
the overall weak blue tint. These chromatic values are
similar to the ones of sherds dated to the mid-fifteenth
to the early sixteenth centuries analyzed and classi-
fied by Pinto et al. [111] in groups B and C (—16<b*<4;
—4.2<a*<—3). On the other hand, in the same study,
sherds from the late Ming period (group A, TZ08-11)
have a more pronounced blue tint, as shown by the
higher b* negative values (b* ~ —23). But these levels are
still far from b* values obtained for modern Co-Al pig-
ments synthesized through wet-chemistry processes
[119, 120] or with oxide powder precursors [118] and cal-
cinated at various temperatures (Table 4). The difference
between CB-la and CB-1b exemplifies the well-known
role of the firing temperature on the blue color of cobalt
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Fig. 7 2D scatterplot of chromaticity values a* and b* with
corresponding CIELAB colors. Reported data include measurements
on the dishes from the Santa Cruz (SC), mid to late Ming
blue-and-white sherds (TZ, Pinto et al. [111]) and various modern Co-
Al blue pigments (CB). See text for additional information and refs
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Table 3 Colorimetric data from FORS
Reference XYZ data (1964 10°) CIELAB data HEX

X Y z L* a* b*
SC-256 13.55 12.39 3.88 41.83 —-1.33 3.81 61645C
SC-789 1447 14.04 6.56 44.29 —645 —-10.26 596D7A
SC-1269 20.26 17.91 5.08 49.39 1.65 7.85 7A7468
SC-2797 10.64 10.00 3.75 37.84 —-3.39 —-197 525B5C
SC-2963 14.58 14.29 735 44.65 —734 —14.11 566E81
SC-3245 56.19 51.04 17.94 76.70 —1.26 0.09 BBBEBD
SC-3851 10.17 9.66 3.88 37.22 —-4.06 —4.15 4F5A5E
SC-5135 20.30 18.52 6.47 50.12 —-1.30 0.29 757,877
SC-7026 2432 22.87 9.28 54.94 —4.46 —-593 79878E
SC-13671 2136 20.39 8.31 5227 -572 —5.89 6F8187
SC-14679 19.55 18.81 8.74 5046 —-6.35 —-11.13 687C8B
SC-14878 20.53 19.66 757 5145 -599 —3.51 6E7F80

aluminates [121, 122]. Interestingly, Llusar et al. [118]
show how the mixing of the Co—Al pigment (CB-3a)
with a porcelainized glaze results in a less intense blue
tint which could be due to some dissolution of the Co—Al
spinel in the molten glaze in addition to the lower cobalt
concentration effect.

However, a major difference is that the modern Co—Al
pigments are ‘pure’ and do not contain Mn and/or Fe,
which conversely could confirm the role of these ele-
ments in the development of darker grey-black or green-
ish hues for the blue decoration as argued by several
authors, even if in the process the respective contribu-
tion of Mn and Fe-rich phases is still debated [99, 111].
The connection with color changes is not straightforward
anyway because there is no direct correlation between
decreasing b* values and higher manganese and/or iron
levels. Multiple variables might be involved such as pig-
ment particles’ composition, structure, density and size
as well as the use of mixtures [110, 111], not to mention
the upstream influence of cobalt ore processing and firing
conditions.

Table 4 Color parameter b* and calcination conditions for
modern Co-Al blue pigments (CoAl,O, spinel) prepared by
various methods

Authors Reference  b* Temperature Soaking
(Fig. 7) (°C) time (h)
Tang et al. [120] CB-1a —43.1 1250 1
CB-1b —224 1150 1
Peymanniaetal.[119] (CB-2 —31.1 1100 1
Llusaretal. [118] CB-3a —394 1400 3
CB-3b? —224 1185 1

2 CB-3a pigment mixed with porcelainized glaze (1:5) and enameled on biscuit

From a historical viewpoint, it is worth mentioning that
blue-and-white porcelain produced during the Hongzhi
period is often described as unremarkable by art histo-
rians because associated with minor technological and
stylistic innovations even if the porcelain ware equaled
the outstanding achievements of the preceding Cheng-
hua period (1464—87 CE). The latter though ended with
unsustainable production costs for the imperial factory
and thus, to avoid further straining the court’s finances,
the Hongzhi emperor decided to almost halt the opera-
tion of official kilns entirely during his reign [123]. More-
over, the Chenghua period marked the transition from
imported cobalt pigments to local asbolane ores, which
were seemingly easier to grind resulting in a finer pig-
ment but fired to a greyish shade of blue [124]. This color
particularity was also noted by Valenstein [125] for blue-
and-white ware produced during the following Zhengde
period. Therefore, it can be argued that the apparent ‘pre-
dominance’ of greyish-blue hues during the Hongzhi and
Zhengde periods was primarily due to a trial-and-error
experimental approach in relation to the procurement
and processing of cobalt-rich pigments from the newly
exploited domestic sources. This could be supported by
a mid-Ming blue-and-white porcelain bowl found at the
Zhushan official kiln site (Fig. 8). The distinct colors of
the numbered decorative motifs show that this ware was
used to evaluate various cobalt-based pigments, possi-
bly from different sources and refining methods and/or
applied in mixtures.

Additionally, the ware attributes from folk kilns fluc-
tuated much more compared to official kiln produc-
tions, most likely because of looser quality controls
inherent to the large volumes manufactured for over-
seas markets and more variability in the pigment raw
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Fig. 8 Blue-and-white porcelain bowl from the Ming dynasty apparently used for the evaluation of different types or formulations of Co-based

pigments (Museum of Official Kiln, Jingdezhen)

materials. In this context, blue color standardization
might not have been a primary concern for the traders
on the Santa Cruz, knowing for example that Southeast
Asian customers had used greyish ware from Vietnam
and Siam for decades [126]. Although less frequent,
quality differences also occurred later when trade
expanded further if one refers to the notes by Italian
Jesuit Matteo Ricci (1552-1610 CE) mentioning that
skilled craftsmen did not seek perfection since buyers
were satisfied with less finished goods [127].

Conclusion
This research has investigated variations in the appear-
ance and color of blue-and-white porcelain recovered
from the late fifteenth-century Santa Cruz shipwreck,
with a particular focus on the aspect of the glaze and
the peculiar hues of the blue decorations. In agreement
with stylistic studies and historical data, compositional
analysis has shown that the ware was produced in Jin-
gdezhen, and the pigment for the ‘blue’ decorations
was processed from Co-Mn-Ni-rich domestic asbolane
ores.

Based on visual observations and microtextural com-
parisons, the origin of the opacity of the glaze was
linked to the extensive crystallization of anorthite and

its distribution in the glaze layer. In the blue-decorated
areas of some plates, the anorthite laths associated with
pigment particles reached the surface of the glaze, prob-
ably during prolonged soaking times, and subsequently
formed white-brownish spots enhanced by weathering-
induced dissolution and oxidation reactions. Chroma-
ticity analysis has confirmed the visual perception of a
grey-greenish, occasionally even blackish color of the
‘blue’ decorations, which contrasts with the brighter
and lighter, sometimes deeper blues characteristic of
the Yuan, early Ming and, to a lesser extent, late Ming
periods.

While atypical hues and attributes variability have been
known throughout the production history of Chinese
blue-and-white porcelain, it is suggested here that their
widespread occurrence in folk kiln ware of the Hongzhi
and Zhengde periods reflects a phase of experimentation
prompted by the transition from imported to domestic
cobalt pigments. The blue-and-white cargo of the Santa
Cruz and other junks of the same period thus indirectly
reveal some of the changes that happened in the capital
of porcelain at the turn of the sixteenth century when
production in folk kilns ramped up significantly to sat-
isfy the demand from abroad. It also shows that the line
of causality extends well beyond the sunken history of
the ware, back to its manufacture and, more specifically,
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to the characteristics and processing of the pigment raw
materials. On the other hand, it raises essential questions
about the difficulties faced by potters and other crafts-
men, from technological challenges and organizational
constraints to the intricate concept of quality, and hence
value, especially when comparing production in folk and
official kilns, questions of which our limited understand-
ing calls for further research.
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