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Fe speciation in multiphase assemblages of black: s
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Abstract: Black and white porcelain is a highly heterogeneous multilayer
ceramic system, whose technological information and microstructure are
influenced by the raw materials composition and complex reactions that occur
during the firing process. This study performed several synchrotron radiation-

based analytical techniques (u-XRF mapping, u-XANES spectra, u-XANES

SR alficidisreded uriter & CRative Sorfindiis Al Bufon RofeRmalcd 38 np(‘)ﬁeﬂ'LiE‘en&.

mapping, and SIXES) to analyze the spatial distribution of major elements in
the stratigraphic layers, as well as the spatial distribution of iron speciation.

The results show that the pigment sources are diverse, including iron-rich
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2 glazes, iron-bearing clay minerals, and non-clay iron minerals. Pigment
jg particles, mainly composed of hematite, play a key role in the formation of
j? decorations. In addition, the valence state of iron among layers is not stable
48 and even exhibits differences at the micrometre scale. Our results also
23 indicate that the multi-technique approaches based on synchrotron-radiation
g; have significant advantages on studying complex layered ceramic systems,
gi especially the y-XANES mapping and SIXES techniques, which provide
55 information on iron species and their local variations while maintaining
§§ micrometre scale spatial resolution.
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1 Introduction

Complex, layered and chemically heterogeneous systems, such as
glazed ceramics, typically contain reaction at interfaces, diffusion fronts and
redox gradients that occur over length scales from only a few to several
hundred micrometers. Elucidating these processes requires analytical
methods that can map elemental distributions and determine oxidation states
in complex multiphase assemblages. Conventional laboratory analytical
approaches often lack the spatial resolution or chemical sensitivity required to
capture these subtle changes, especially when multiple crystalline phases
coexist with glassy components. Therefore, the mechanisms that control the
phase formations and transformations of such composite materials remain
incompletely understood.

Black and white porcelain is a type of decorative porcelain with a complex,
heterogeneous, multilayered structure, which was produced on a large scale
in northern China during the Jin dynasty (1115-1234 CE). Its typical cross-
section consists, from the inner layers to the outer ones, of a coarse ceramic
body formed from clay-based raw materials, covered with a thin layer of white
slip usually prepared from high quality kaolinitic clay, sometimes referred to as
“makeup clay” -3. On top of it, a black decoration is added using layers of Fe-
based pigments derived from various sources, most commonly Fe-bearing
minerals such as magnetite (FesOs), hematite (a-Fe2O3) and goethite (o-
FeOOH) 45, and of transparent glazes, producing a strong contrast between
the black patterns and the white background. In contrast to monochrome
ceramics, which typically comprise a relatively simple stratigraphy of body,
slip, and glaze, black and white ceramics exhibit a more complex multilayered
structure due to the presence of an additional iron-rich pigment layer. This
configuration introduces multiple reaction interfaces and heterogeneous
sources of iron, thereby promoting coupled processes of dissolution, diffusion,
and recrystallization during firing. Due to differences in raw material resource

availability and technological development, workshops in different areas
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gradually developed distinct production techniques and decorative styless e rsonses
Therefore, the stratigraphy of the pigmented and non-pigmented layers, and

the interactions between the layers during firing, the microstructure and

optical properties of black and white porcelain are extremely sensitive to the

nature to the raw materials used, pigment preparation and firing conditions.

In recent years, researchers gradually paid more attention to how black
and white porcelain was produced. During the manufacturing process, and
more specifically during the high temperature steps of the firing, the iron-
based crystals undergo profound transformations. Various dissolution and
recrystallization processes occur both during the heating and cooling steps
leading to modifications of the valence state and the distribution of iron ions
especially in the glaze. Furthermore, additional chemical interactions occur at
the interfaces, leading to specific crystallizations that can provide key
information regarding both the raw materials used and the firing protocol.

The chemical and structural characterization of these thick, multilayer and
heterogeneous materials requires at the same time a high spatial resolution
over large area. Standard laboratory techniques can provide significant
information, such as element composition and its distribution as well as the
identification of crystalline phases, but they cannot allow us to study Fe

speciation and may lack either the sufficient spatial resolution or field of view.

SR alficidisreded uriter & CRative Sorfindiis Al Bufon RofeRmalcd 38 np(‘)ﬁeﬂ'LiE‘en&.

In addition to the crystalline phases containing iron, dissolved ferrous and
ferric ions are also present in the glass matrix with a variety of possible

coordination environments, such as tetrahedral coordination ©38, hexa-
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. coordination 91!, or octahedral coordination 71213, Therefore, this poses
2‘5‘ difficulties in revealing the firing process and color-formation mechanism of
j? black and white porcelain.
jg Synchrotron radiation-based analytical techniques, especially p-XRF
50 imaging and u-XANES, are powerful tools for characterizing the stratigraphic
g; distribution of elements and for probing the oxidation states and coordination
gi environments of transition metals at the microscale 4. In the case of heritage
55 materials, which are highly structured mixtures, several studies have shown
?? the benefit of p-XAS analyses, which allow to discriminate properly the
gg different layers 61520 These techniques have been successfully applied to

60 heterogeneous systems such as heritage ceramics from diverse origin,
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revealing the evolution of pigment sources 2'-24, processing SeqUENCES; i i ooser
15.16,182526 and coloring mechanisms 20-27-30_ While pu-XANES point analyses

are generally the standard procedure to provide information on oxidation state

and coordination of one selected element, Selectively Induced X-ray Emission
Spectroscopy (SIXES) allows to obtain the spatial distribution of the chemistry

of the targeted element 3'. This approach has been successfully applied,

notably in paintings, to explore the chemistry behind pigment degradation 2432,

In these studies, the targeted elements (S, Cr, Cd) exhibit marked pre-edges

and significant differences in XANES spectral features, which make the
selection of the energies to obtain a chemical contrast fairly straightforward.

In this study, we demonstrate that SIXES is capable of discriminating
between iron species with similar oxidation states at the Fe K-edge, extending
its applicability beyond systems characterized by strongly contrasting XANES
signatures. When associated to p-XRF imaging and punctual p-XANES
analysis, SIXES can indeed be a powerful tool for studying the distribution of
Fe based phases in the complex layered structure of black and white
porcelain with the adequate large field of view. Results provided a crucial
insight into the role of Fe both as a proxy of the manufacturing process and as
the coloring agent leading to the aesthetic aspects of black

decorations. Moreover, it enabled us to uncover key information about

SR alficidisreded uriter & CRative Sorfindiis Al Bufon RofeRmalcd 38 ﬁpc‘)ﬁeﬂii?eng.

production techniques, and to elucidate the optical properties of coloring
elements, and shed new light on the raw material selections and firing

conditions in black and white porcelain.
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g
- 2 Experimental details
o 2.1 Sample description
j; Seven black and white porcelains produced by private workshops in
49 Shanxi Province are the main focus of this study, together with one black-
ﬁ? glazed porcelain (GZ01) that serves as a reference sample. According to
gg stratigraphic and archaeological classification, these samples ware mainly
g‘s‘ produced during the Jin Dynasty (1115-1234 AD) in Hejin Kilns (GZ-BD01), in
56 Xiangning Kilns (TGD-BD04, TGD-BD06, TGD-BD08, TGD-BD14) and in
o Huozhou Kilns (HZ-BD01 and HZ-BD02). The sample photos are shown in
59

60
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Figure 1. Their common characteristic is that the gray coarse body is

covered with a layer of white slide and the glaze and decorative areas are
glossy.

2.2 Thin cross-section sample preparations

Since the glaze is thin and layered, it is essential to carefully prepare a
thin cross-section of the samples to preserve as much as possible the original
stratigraphy of the sample. As such, the preparation method of thin section
samples used here is similar to that of transmission microscopy, the detailed
sample preparation process can be found in the study by Tian et al 2. In this
study, the final thickness of the samples after polishing was between 40 and
100 ym. The advantage of this preparation approach is that it protects the
very superficial layer of glaze from damage and better in-depth information.

2.3 Synchrotron radiation investigations

The synchrotron-based measurements were performed at the 1D21
beamline of the European Synchrotron Radiation Facility (ESRF, Grenoble,
France). Undulator-generated X-rays were monochromatized using a Si (311)
double-crystal monochromator. The beam was focused by Ni-coated
Kirkpatrick-Baez mirrors to ~1.0 (h) x 0.7 (v) um?2 at the sample. Incident
intensity (lo) was monitored with an upstream photodiode, and transmitted
intensity with a downstream photodiode for transmission measurements;
fluorescence photons were recorded with a silicon drift detector positioned at
~90° to the incident beam. When required, attenuators were added inserted to
keep the detector dead-time within the right range. All measurements were
performed under vacuum to minimize scattering and air-induced reabsorption

of fluorescence and to limit reactions between the metal centre and ambient

e Online
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gases 3. Energy calibration used an iron metal foil, with the first inflectiof .. s osee
point of the Fe K-edge set to 7111.32 eV (corresponding to the maximum of
the first-order derivative).

2.3.1 Acquisition of y-XRF map Images

Two-dimensional p-XRF maps were acquired by raster-scanning the
samples in the vertical mounting geometry, while lo was continuously
monitored upstream to correct for temporal variations in incident flux. During
mapping, attenuators were put in the beam as needed to control flux and
maintain the detector dead-time in the desired range (~30%).

2.3.2 Acquisition of u-XANES spectra

XANES point spectra, collected in both fluorescence and transmission
modes, were acquired with a step size of 0.15 eV and dwell time of 0.04s. The
spectra were collected through profile lines from the body to the glaze surface
to track changes in iron species across the depth of the glazes. Reference
spectra of hematite (a-Fe203), magnetite (Fe30s4), wustite (FeO),
pseudobrookite (Fe2TiOs) and e-Fe2O3 were measured in transmission using
an unfocused beam (~300 x 300 um?2) with a dwell time of 100 ms per point.

2.3.3 Acquisition of uy-XANES mapping and Selectively Induced X-
ray Emission Spectroscopy (SIXES) mapping

To further explore the different Fe-species distribution, y-XRF mapping of

SR alficidisreded uriter & CRative Sorfindiis Al Bufon RofeRmalcd 38 ﬁpc‘)ﬁeﬂii?eng.

areas of interest was implemented at several energies. Depending on the
number of energies selected, this hyperspectral approach allows either (i) to

fully reconstruct a 2D-XANES map when maps are measured at enough

(cc)
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different energies or (ii) to discriminate specific well-defined species by

N
N

45 selecting carefully a few characteristic energies. In the rest of this paper, the
j? first case is referred to as y-XANES mapping, while the second as SIXES
48 mapping.

gg M-XANES maps were acquired over areas within the pigmented layers of
g; TGD-BD06 (336 x 178 ym?) and HZ-BD01 (219 x 126 um?2). In this case,
gi maps were recorded around the Fe K-edge with energies ranging from 7085
55 eV to 7240 eV with step size of ~1x1 um2. Such acquisition generated
?? hyperspectral images of about 4000 XANES spectra, each pixel
gg corresponding to one spectrum.

60
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SIXES maps are implemented on areas across, the pigmented layers, 0!
TGD-BD14 and GZ-BDO01. 13 energies were selected by comparing the
features of the spectra of reference spectra (7080, 7090, 7100, 7114, 7125,
7131, 7133, 7136, 7146, 7167, 7195, 7240, 7258 eV). Flat-field corrections
and image re-alignment was implemented on the different maps. After pre-
processing, the maps acquired at different energies were compared to identify
the features of the different mineral presents.

2.3.4 Analysis of data

Initial XANES data extraction and preprocessing were performed using
in-house scripts. Fe K-edge XANES spectra were then normalized and
analyzed in Orange Data Mining software 3*. PCA of the smoothed second
derivatives partitioned the spectra into clusters, allowing to average data
according the clusters. Pre-edge of the averaged spectra were then fitted.
This approach is used because the pre-edge energy and intensity are
sensitive to the Fe oxidation state and coordination geometry 735, The pre-
edges were fitted using Igor pro software with Gaussian function to obtain the
centroid and integrated intensity. Compared them with reference spectra to
infer Fe valence and coordination. To improve accuracy, the fitting range was
restricted to ~7108-7117 eV following Fiege et al 38, with careful background
subtraction to avoid biasing intensities. For estimating Fe3'/ZFe, we
considered the two approaches of Wilke et al. 3"—the intensity ratio
|(Fe3*)/[I(Fe3*)+I(Fe?*)] and the centroid (C). In line with Cottrell’'s high-
precision calibration for silicate glasses 38, we adopted the centroid method to
determine Fe®*/ZFe in the glass matrix (Eq. 1). It is worth noting that this
method is heavily matrix dependent, so this is an approximation and has to be

taken with caution.

Fe3*/XFe x 100 = [—0.028 + (0.000784 +0.00052(7112 — C))O'S)]/0.00026
(7112eV=C<7113.5eV) (Equation 1)

M-XANES maps were also analyzed with Orange Data Mining: after
image realignment and spectral fitting, spectra were extracted and processed
as in the point analyses, using K-means and PCA for clustering. The resulting
classes were displayed on a scatter plot, and cluster-averaged spectra were

computed to derive the Fe chemistry and valence distributions.

ew Article Online
/D6JAOO035E


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ja00035e

SR alficidisreded uriter & CRative Sorfindiis Al Bufon RofeRmalcd 38 ﬁpc‘)ﬁeﬂii?eng.

(cc)

~ » » QpegAggessAlicks Rublished o220V ay, 2086 \DOUNIQAdRY QO BL/RIZRAD4IAPM. » o - 0 o 0 SV O N O UT A W N -

N
N

45
46
47
48
49

51
52
53
54
55
56
57
58
59
60

Journal of Analytical Atomic Spectrometry

The PyMCA software was used to batch fit the XRF spectra to generat
elemental maps (Al, Si, K, Ca, Fe, Ti, Mn), and to normalize those maps to
the incident beam intensity 3°. SIXES maps were also visualized by using
PyMCA'’s ROI imaging tool.

3 Results and discussion

3.1 Elemental distribution

Figure 2 shows the elemental distribution of Fe, Al, and Ca in the cross-
section of the decorations. Preliminary investigation revealed a large number
of anorthite crystals and iron-bearing particles in the pigmented areas of the
most samples 4°. These stratigraphies provide important clues regarding the
application and raw material used as the pigments. The anorthite-rich layer
between pigment and upper glaze layer in GZ-BD01 and TGD-BDO04 is
consistent with the use of a clay-bearing Fe pigment also rich in Al. The local
removal of slip in GZ-BD01 suggests an additional carving or scraping
technique. In TGD-BDO06, the coexistence of Fe particles with abundant
anorthite crystals within the pigment layer revealed that the raw pigment
contained Fe-bearing minerals and Ca-bearing component, with less clay. In
contrast, TGD-BD08 shows broadly homogeneous Ca and Fe throughout the
glaze, implying coloration by Fe-rich glaze rather than an iron-particulate
pigment layer. HZ-BD01 and HZ-BDO02 display the pigment layer is rich in Fe
(only hematite) but without Ca and Al, and there is a slight diffusion of iron into
the glaze layer, it suggests that the raw pigments are made of iron-ore
dominated pigment without kaolin-based clay, whereas TGD-BD14 is Fe-rich
but Al/Ca-poor, indicating the mineral-dominated Fe pigment with minor
kaolin/feldspar components. The black-glazed reference GZ-01 differs by
showing Fe dispersed in the glaze matrix and anorthite confined near
interface between the glaze and body.

3.2 Iron valence and coordination analysis

PCA processing of the uy-XANES point analyses of pigmented areas, as
illustrated by the PC1/PC2 scatter plot in Figure S1 (Supporting Information),
reveals that samples GZ-BD01, GZ01, TGD-BD04, TGD-BD08 and TGD-
BD14 form a single cluster, which suggest a relatively homogeneous chemical

environment for Fe in these samples, while points measured on TGD-BDO06,

Page 8 of 27
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HZ-BD01, and HZ-BD02 each divide in two distinct clusters, indicating ..’ sooss
heterogeneity in the Fe environments in these cases. It is important to note
here that XANES spectra record the average Fe environment in the measured
volume, so one spectrum can contain features of both Fe-rich crystallized
particles and Fe ions of the glassy matrix. Hence, homogeneous chemical
environment does not mean that Fe as one unique chemical environment, but
rather several co-existing in a homogeneous manner in the pigmented layer.
The average XANES spectra of clusters are shown in Figure 3. Samples
GZ-BD01, GZ01, TGD-BDO08, and TGD-BD14 exhibit pre-edge centroid and
absorption edge positions similar to those of hematite, confirming the
dominance of Fe3* in the pigmented layer. However, their comparatively more
intense pre-edge features and broader white lines suggest that Fe3®* is located
in a lower-symmetry environment, likely associated with disordered crystals or
ions in glassy matrices. In contrast, the spectra of TGD-BD04, TGD-
BDO06_cluster2, HZ-BD01_cluster1, and HZ-BD02_cluster1 closely match the
reference hematite spectrum, in agreement with Raman spectroscopy, which
confirms the presence of abundant hematite crystals in these regions (Figure
S2). It is worth noting that these hematite crystals are not structurally ideal
and may exhibit lattice distortions, possibly caused by the high-temperature

firing and likely elemental substitution.

SR alficidisreded uriter & CRative Sorfindiis Al Bufon RofeRmalcd 38 np(‘)ﬁeﬂ'LiE‘en&.

The results of the fitting of the pre-edge features of the Fe K-edge
spectra recorded on the pigmented area and the upper glassy matrix are

shown in Figure 4a and 4b, respectively. The colored solid points represent
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. the samples of this study, the black hollow points represent the reference
2‘5‘ spectra (hematite, magnetite, wustite, maghemite, and Fe2(S0a4)3), and the
j? gray circles represent the corresponding centroid and integral intensities of
jg Fe?* and Fe3®' in the various geometrical sites of the model compounds
50 obtained by Wike et al. 341, All centroid positions are near ~7113.5 eV,
g; suggesting a predominance of Fe3* in both the pigment and the upper glaze,
gi although some Fe?* is likely present. The pre-edge features of the glaze layer
55 are represented by error bars rather than clustered points due to the
?? variations in the Fe3*/Fe2* ratio within the glaze layers.
gg In the pigmented area (Figure 4a), the pre-edge features of the spectra

60 corresponding to HZ-BD01_cluster1, HZ-BD02_cluster1, TGD-BD06_cluster1,
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and TGD-BDO04 closely match the reference hematite, further confirming the . e ssonses
presence of hematite crystals. In contrast, the pre-edge features of the other

spectra are located between those of the magnetite reference and the BIFe3*

and BIFe3* model compounds from Wilke et al. studies 4142, Besides, the
centroid of the pre-edge in the pigmented area of GZ-01 is located around

7113.0 eV, suggesting a significantly lower Fe3*/ Fe?* ratio.

In the glaze layers (Figure 4b), the integrated intensity of the pre-edge
increases compared to the pigmented layer, indicating that the coordination
number of iron decreases. According to the model of Wilke et al., it seems to
be approaching 5-coordinate in average. Fe3* is usually in a tetrahedral
environment in silicate glass 43, but high concentrations of alkali and alkaline
earth ions may cause Fe3*" to switch from a 4-coordinated to a 5-coordinated
or even a 6-coordinated environment, which is consistent with the previously
discussed results 44.

Table 1 shows the estimated Fe3*/XFe ratio of each layer of the
stratigraphy calculated using the equation 1 in 2.3.4. The black and white
porcelain samples seem dominated by Fe?*, though small amount of Fe?* is
present, suggesting that firing atmosphere was more strongly oxidizing. TGD-
BDO04 exhibits the highest Fe3*/2Fe, suggesting that it was likely fired under
the most strongly oxidizing atmosphere among the studied corpus. The
Fe3*/ZFe ratios in each layer of the glazes of TGD-BD08, HZ-BD01, and HZ-

BDO02 are relatively comparable, indicating that the atmosphere seems stably

SR alficidisreded uriter & CRative Sorfindiis Al Bufon RofeRmalcd 38 ﬁpc‘)ﬁeﬂii?eng.

controlled throughout the whole firing stages. Conversely, GZ-BD01, TGD-
BD06, and TGD-BD14 have higher concentrations of Fe3* in the bodies than

(cc)
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N
N

45 the other layers, which indicates that the samples were fired in an oxidizing
j? atmosphere during the heating but a slight reduction process may have
jg occurred during the latter stages of heating. Besides, the black glaze GZ-01
50 exhibits significantly lower Fe3*/YFe ratios in the body (49.7%) and the
g; pigment-containing glaze layer (49.0%) compared to the upper glaze (100%).
gi This distribution suggests that GZ01 may have been fired in a neutral or mildly
55 reducing atmosphere during the heating stage followed by an oxidizing
g? atmosphere during cooling, resulting in complete oxidation of the outer glaze
gg while partial Fe?* was retained in the inner layers 4.

60
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XANES spectra were also acquired as profiles across the stratigraphy.of e ronses
the samples, from the surface to the bottom of the glaze layer in HZ-BD02,
TGD-BD04, TGD-BD006 and TGD-BD14. The centroid positions of the Fe
pre-edge features are plotted against the corresponding depth in Figure 5.
This figure shows that the Fe3*/Fe?* ratio in depth across the glaze are not
constant but changes gradually with depth, which is attributed to the diffusion
of electronic holes and ions that generate oxidation gradients during firing 46.
In HZ-BD02, TGD-BD04, and TGD-BD14, the centroid position gradually
increased with distance from the glaze surface, indicating a gradual increase
in Fe3* and a gradual decrease in Fe?*, close to the glaze surface. On the
contrary, in TGD-BDO06, the centroid position decreases with increasing depth,
Fe2* gradually increases and Fe3* gradually decreases.

The valence state of iron in the glass network at the surface of glazes is
usually related to the atmosphere conditions during the cooling stage. As such,
if the cooling step is done in an atmosphere more oxidizing than the prior, an
oxidation gradient should appear with Fe being more oxidized at the surface
than deeper. On the contrary, if the cooling stage is more reducing than the
prior steps of the firing, Fe should appear more reduced at the surface. Fe
appears less oxidized at the surfaces of HZ-BD02, TGD-BD04, and TGD-

BD14, which suggest that they may have been exposed to a less oxidizing
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atmosphere, while the deeper regions experienced stronger oxidation. In
contrast, TGD-BD06 shows the reverse trend, so this sample was likely

exposed to a more oxidizing atmosphere. The more Fe3*/ZFe in the bodies
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indicates that they experienced more oxidizing process (Table 1). During firing,

N
N

45 the combustion of organic components in the body and white slip, as well as
j? the calcination of minerals (such as carbonates), leads to an increase in open
jg porosity 47. The expanded pore network promotes the diffusion of oxygen into
50 the pigment and glaze layers, thereby further promoting the oxidation of iron
g; ions. Therefore, the Fe3*/ZFe ratio in the pigmented and glaze layers may be
gi influenced by both the external firing atmosphere and oxygen diffusing
55 upward from the bodies.

?? Figure 6 shows u-XANES maps and XANES spectra of the pigmented
gg areas of HZ-BD01 (a-d) and TGD-BDO06 (e-h). Figure 6a and 6e are the maps

60 of edge jump, this is correlated to the concentration of Fe (red area is enrich
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in Fe). Figure 6b and 6f are the Fe valence state maps, red areas gontaitl; ) ooser
higher Fe3*, while blue areas contain less Fe3* but more Fe?*. Figure 6¢ and

6g show the spatial map of clusters obtained by K-means and PCA analysis

of the XANES spectra for all pixels (4 clusters in HZ-BD01 and 3 clusters in
TGD-BDO06). The average spectra of the clusters are shown in Figure 6d and

6f, respectively.

In HZ-BDO1 (Figure 6a-d), Figure 6a shows a significant enrichment of
iron in the pigment layer, with a small amount of iron beneath the glaze and
pigment layers, indicating some degree of pigment dissolution. Figure 6b
shows that iron in the pigment layer exists mainly in the form of Fe3*. Less
Fe2* and more Fe3* in the glaze layer and the layer under pigment. The Fe3*
distribution near the slip layer is uneven, indicating the presence of local
redox non-uniformity at the micrometer scale within the layer. In Figure 6c, the
K-means plot divides the entire measurement area into 4 clusters. The
pigment layer, glaze layer, and the layer beneath the pigment each show only
one cluster, indicating a similar iron environment within each layer. But the
area near the slip layer contains two clusters, suggesting a greater variability
in the iron environment. This is might due to interlayer reactions, which lead to
greater variability in the local environment.

In TGD-BDO06 (Figure 6e-h), the measurement area is acquired within the

SR alficidisreded uriter & CRative Sorfindiis Al Bufon RofeRmalcd 38 np(‘)ﬁeﬂ'LiE‘en&

pigment layer. In the edge jump map, the red spots are enriched in Fe, the
green area is the Fe-rich regions in the matrix, and the blue area correspond

to Fe-poor regions (Figure 6e). Fe-rich particles contain higher levels of Fe3*.
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. The surrounding glass matrix has slightly lower levels of Fe3* and higher
2‘5‘ levels of Fe?*. All pixels were grouped into three clusters (Figure 6g), the
j? average spectrum of cluster 1 is consistent with hematite. Clusters 2 and 3
jg have similar spectral shapes, but the absorption of cluster 3 is slightly higher
50 at around 7120 eV, indicating that it is relatively more reduced (with a higher
g; Fe?* ratio), it corresponds to the Fe-poor matrix. This indicates micrometer-
gi scale redox heterogeneity within the pigment layer, which may result from
55 heterogeneous pigment dissolution and locally limited diffusion, together with
?? spatial variations in oxygen fugacity during firing.

s

60
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View Article Online

3.3 Fe speciation and distribution in pigmented areas., io10:0/065100035¢

Figure 7 and Figure 8 show the results of the SIXES maps in the
pigmented layers of TGD-BD14 and GZ-BDO1, respectively. Two areas
(area1 and area 2) were selected in each sample to observe the nature and
the spatial distribution of Fe based crystals on the micrometer scale. Images
showed in both figures are generated by calculating the differences in
intensity of the Fe K-emission lines between energies corresponding to the
main features of the reference spectra of iron-bearing oxides, which have
been found in the pigmented area by Raman microscopy (Figure S3).

In TGD-BD14 (Figure 7), area 1 includes the glaze layer and pigment
layer (Figure 7a), and area 2 includes the pigment layer and white slip (Figure
7b). By substracting the map collected at 7133 eV (feature B) from the map
collected at 7131 eV (feature A), hematite (red area) and pseudobrookite
(blue area) are highlighted positively and negatively, respectively. The results
show that the pigment layer is dominated by hematite, which is widely
distributed. Pseudobrookite occurs as large crystals but in small quantities. In
the glaze layer, however, there is no iron-bearing crystals (Figure 7a). lron-
bearing particles are indeed restricted to the pigment layer and are rarely
observed in the glaze or white slip, suggesting limited dissolution of the

pigment and diffusion of ionic Fe into these layers, this might be attributed to

SR alficidisreded uriter & CRative Sorfindiis Al Bufon RofeRmalcd 38 ﬁpc‘)ﬁeﬂii?eng.

the high Al content in the pigment, which acts as a refractory framework to
increase local viscosity. As such, the decoration color is mainly controlled by

the hematite in pigment layer.
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In GZ-BDO01 (Figure 8), the investigated areas are within the pigment

jg layer. The reference models are hematite, pseudobrookite and e-Fe20s. Six
j? energies (labeled A-F), corresponding to the most differences between the
jg features of the reference spectra of hematite, pseudobrookite and e-Fe2O3 are
g? displayed in Figure 8h. Differences between maps were used to highlight
52 specific phase distribution: B-A highlights hematite, C-E highlights &-Fe20s,
gi and F-D highlights pseudobrookite. The distribution of hematite is shown in
gg Figure 8a and 8e, e-Fe203 is shown in Figure 8b and 8f, and pseudobrookite
57 is shown in Figure 8c and 8g. Areas 1 and 2 both show that hematite occurs
ﬁg in larger sizes and greater abundance, whereas e-Fe>O3 appears as smaller

60
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spots distributed along hematite rims and more broadly within the glassy, e ssonses
matrix. Pseudobrookite is only locally present and occurs as coarser grains.
Within the pigment layer, hematite and e-Fe2Os constitute the dominant

phases, consistent with an Fe3*-rich environment.

3.3 Color mechanism of decorative patterns

The analytical results indicate that the pigments of the black and white
porcelain are mainly composed of Fe3*-bearing oxides, iron generally being in
octahedral coordination in the structures. Hematite is the predominant crystal
phase for the coloring formation.

At high temperatures, some hematite crystals diffused into the
surrounding glass matrix and the overlying glaze. In these regions, iron is
predominantly present as Fe3* with a reduced coordination number,
accompanied by a minor proportion of Fe2*. Previous study proved that Fe3*
absorbs UV light regardless of whether it is in a tetrahedral or an octahedral
environment 8. Due to the deformation of the Fe ion coordination field, the
absorption peak can expand and even reaches the visible light area, making

the glass matrix appear brownish yellow ''. Besides, Ti in the glassy matrix is

predominantly present as Ti**, as shown in Figure S4, although Ti** itself is

SR alficidisreded uriter & CRative Sorfindiis Al Bufon RofeRmalcd 38 np(‘)ﬁeﬂ'LiE‘en&.

optically colorless, its high field strength and strong polarizing power can
modify the local electric field and coordination symmetry around Fe3*, thereby
enhance the chromogenic capability of iron ions 4250, Therefore, the Fe-

containing glassy matrix of the black and white porcelain sample appears

~ » » QpegAggessAlicks Rublished o220V ay, 2086 \DOUNIQAdRY QO BL/RIZRAD4IAPM. » o - 0 o 0 SV O N O UT A W N -

brownish-yellow.

44
jg When the pigmented layer is thick and contains densely packed pigment
47 particles, the particles will be the main contributing factor to the color of the
jﬁ patterns, giving them an opaque black color. When the pigment layer is thin,
g? the glaze layer provides a more significant contribution in the coloring, giving
52 the patterns a brown color. This explains why the patterns in the thinner areas
gi and edges of the patterns appear brown, particularly in samples from the
gg Xiangning (TGD) and Huozhou workshops (HZ).

;73 The coloring mechanism of the black glaze in GZ01 differs from that of
59 black and white porcelain, as it can be primarily attributed to Fe3* ions

60
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dispersed within the glaze layer instead of iron crystals. As such, when the . 5 oosts
glaze is relatively thin, a brownish tone is observed, whereas a thicker glaze
absorbs more visible light, resulting in a darker appearance, up to black.

The decoration of TGD-BDO04 is different from the others, as it displays a
darker brown pigment near the upper glaze, and red layer below it, as shown
in Figure 9a. pXRF-maps of the area highlighted by a red rectangle are shown
in Figure 9b, both the brown and red areas are rich in iron (especially in
crystals) and contain small amounts of K, along with some Ti-bearing particles.
Figure 9c shows the average Fe K-edge XANES spectra collected in these
two areas. Both spectra display the characteristic features of hematite.
However, it is noteworthy that the hematite features appear significantly
sharper in the spectrum of the red area than the one of the brown areas,
suggesting that the Fe environment is closer to hematite in the red area.
Further analysis of the pre-edge features, shown in Figure 9d, and the fitting
results shown in Figure 9e, the red areas show a much higher tzg/eg ratio
(0.99) than the brown areas (0.31). According to previous studies %', the
decrease in the tog/eg ratio is usually associated with an increased degree of
aberration in the coordination environment of the Fe3* in octahedral site. Such
structural distortion would induce a decrease in txg/eg ratio, which leads to

changes in the visible light absorption behavior. Specifically, a lower t2g/eq
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ratio shifts the absorption wavelength towards the long-wave direction and
enhances the absorption of green and yellow light, giving a complementary

purplish-black appearance, while an elevated ratio absorbs predominantly
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. green-band light, giving a bright red color 5152,

j‘; 4 Conclusion

j? This study investigated six representative black and white porcelains
jﬁ alongside one black glazed ware produced by private workshops in southern
g? Shanxi during the Jin dynasty. By investigating the morphology and valence
gg state of iron using synchrotron-based X-ray absorption spectroscopy (p-
54 XANES), in combination with cross-sectional microstructural analysis of the
ﬁg decorated areas, this study provides new insights into the technological
;73 characteristics of black and white porcelain production and the color
59 mechanisms of decorative patterns.
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The production of black and white porcelain demonstrates a diverse . sonses

range of raw material combinations. Pigments are derived from three main
sources: iron-rich ores, iron-rich clays, and iron-rich glazes, while glazes can
be categorized into Ca-rich and Ca-poor types based on the formation of
anorthite. This flexible pairing of pigments and glazes is a typical trait of
private workshops and reflects how different workshops utilized local
resources. Besides, the technique of black and white porcelains is under-
glazed decoration. During firing, significant elemental diffusion and interfacial
reactions occur: calcium ions migrate from the glaze into the pigment layer,
while iron ions diffuse from the pigment into the glassy matrix. This chemical
evolution is not only a hallmark of high-temperature firing but also creates the
distinct visual depth and strong interlayer bonding characteristic of black and
white porcelain.

The p-XRF and SIXES maps further revealed a targeted pairing strategy
in our samples: highly fluid Ca-rich glazes are coupled with high-clay
pigments, while viscous Ca-poor glazes are paired with iron-rich ores. This
adjustment minimizes pigment dispersion at high temperatures, ensuring
sharp black and white patterns. Such intentional material combinations reflect
the craftsmen’s profound understanding of raw material properties and their
mastery in adapting techniques to materials.

The pre-edge feature of uXANES determined the average valence state
and coordination of iron across the stratigraphy. Fe is present mostly as Fe3*
ions in an octahedrally coordinated environment, which indicates that the
samples were fired in an oxidizing atmosphere, but the slight differences in
oxidation levels between samples indicated variations in kiln atmosphere
control.

The color of the black decorations results from the contributions of iron-
bearing particles and the one of iron ions of the glass matrix. Due to the
differences in the nature of Fe based crystals, their grain size and their
concentration in black decorations, a variation in color tones and shades can
be observed.

In conclusion, this study exemplifies the necessity to use synchrotron
radiation-based micro-analyses to study the nature of this type of decoration.

It not only allows an in-depth study of the valence and coordination of the
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chromogenic elements, but also accurately reflects their chemical spegiation ..’ s;onses
and spatial distribution over relevant fields of view and with relevant spatial
resolution. In particular, SIXES provides a practical and rapid approach for
speciation mapping, as it allows to assess the spatial distribution of phases

using only a few carefully selected energies.
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Figures

Figure 1 Photographs of the 8 studies sherds: (a) GZ-BD01; (b) TGD-
BDO04; (c) TGD-BD06; (d) TGD-BDO08; (e) TGD-BD14, (f) HZ-BDO01; (g) HZ-
BDO02; (h) GZ-01.

SR alficidisreded uriter & CRative Sorfindiis Al Bufon RofeRmalcd 38 npéﬁeﬂii?en&.

GZ-BD01 TGD-BD04 TGD-BD06

=

TGD-BD08 HZ-BD01

~ » » QpegAggessAlicks Rublished o220V ay, 2086 \DOUNIQAdRY QO BL/RIZRAD4IAPM. » o - 0 o 0 SV O N O UT A W N -

o
N

45
46
47
48
49

51
52
53
54
55
56

TGD-BD14

58
59
60


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ja00035e

Page 23 of 27

& A s os s QpeoAcsesAdicis Rublighed ong2dV ay,2036 \DownlQades QO BL2IRORADLIIPM. & o o 5 s 2 VO N O UT A W N =
VoMU S “’m\fh%artfi-'cl isTedhded i un(a’er\gc‘?%eme@on"{'md%smtrﬁﬁutﬁnﬂoh%o?ﬂmﬁc@iﬁﬁp&ﬁe&Li?en&.

v uniuuuuuuuu b DD
O VWoONOULIDWN =

Journal of Analytical Atomic Spectrometry

Figure 2 Samples differentiated by color in an optical microscopy,imag

ew Article Online
/D6JAOO035E

of a cross-sectional pigment area, and the distribution of Al, Ca, and Fe

elements obtained in X-ray fluorescence mode.
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Figure 3 Average Fe XANES spectra of pigment area after PCA analysis:
(a) GZ-BD0O1 and GZ-01; (b) TGD-BD04, TGD-BD06, TGD-BD08 and TGD-
BD14; (c) HZ-BD01 and HZ-BDO?2.
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Figure 4 Scatter plot of the centroid and integrated intensity of the pre-
edges of Fe XANES spectra of the (a) pigment area and (b) upper glaze.
Table 1 Fe3*/ 2Fe (%) average of each component of the samples
obtained by pre-edge fitting and estimation.
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Figure 6 u-XANES analysis of the Fe K edge of HZ-BDO01 (a, b, c¢) and

TGD-BDO06 (e, f, g). (a, e) edge jumps (correlated to Fe concentration), (b, f)
edge energy map at 7120 eV, the red region contains more Fe3*, the blue

region contains more Fe?*. (¢ and d) the image segmentation obtained by
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PCA and k-means clustering and (d and h) the corresponding averages . onss
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XANES spectra, 4 clusters in HZ-BD01 and 3 clusters in TGD-BDO6.
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Figure 7 SIXES images of the (a) areal: glaze layer and pigment; (b)
areaZ2: pigment and white slip of TGD-BD14 acquired at multiple energies and
stacked together. The reference spectra (c) are used to determine the
differences in the spectra of hematite and pseudobrookite at certain energies.
The differences between images acquired at 7133 eV (B) and at 7131 eV (A)
highlight hematite positively (red) and pseudobrookite negatively (blue) in the

pigment layer.
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57 a-c; Area 2: panels e-g). The reference spectra in (h) are used to determine
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the differences in the spectra of hematite, pseudobrookite and ¢-Fe2O3 at
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certain energies. (a and e) show the distribution of hematite by B-A, (b.and £l e sooser

highlight the distribution of e-Fe203; (c and g) show of pseudobrookite by F-D.
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Figure 9 (a) Cross-sectional optical micrograph of TGD-BD04 showing
the red and brown areas; (b) XRF-map of the area outlined in red in (a); (c) Fe
K-edge XANES spectra acquired from the red and brown areas, respectively;
(d) Pre-edge fitting results of brown area (left) and red area (right); (e) Results

of Gaussian function fitting of the pre-edge.
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Data Availability Statement: DO 10.1039/D6JA0003SE

All primary data supporting the findings of this study, including
processed U-XRF maps, H-XANES spectra and maps, and
microstructural images, are available within the article and its
electronic supplementary information (ESI). The raw
synchrotron datasets are available from the ESRF data
repository at https://doi.esrf.fr/10.15151/ESRF-ES-1306925003.
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