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Plum-green celadon is a quintessential example of Longquan kiln celadon varieties. This study
explored the color characteristics of plum-green celadon by analyzing 19 glaze samples via various
techniques, including colorimeter, XRF, XRD, Raman spectroscopy, and SEM/EDS. The results
showed that the firing temperature of the Southern Song specimens was lower than that of the Yuan
Dynasty specimens. Furthermore, phase-separated droplets within the glaze layers of specimens
from both dynasties contributed to a Rayleigh scattering effect, which in turn subtly influenced the
overall glaze color. The glaze coloration of Longquan plum-green celadon from the Southern Song and
Yuan dynasties was the result of the interaction of chemical and physical factors.

The Longquan kiln, located in Longquan City, Zhejiang Province, China,
includes prominent kiln sites such as Dayao, Xikou, and Jincun. Its origins
trace back to the Wei and Jin Dynasties, with significant development
occurring during the Northern Song Dynasty. The kiln reached its peak
production during the Southern Song and Yuan Dynasties, followed by a
gradual decline from the Ming to the Qing Dynasties. This remarkable
longevity, spanning nearly 1,700 years, makes Longquan kiln the oldest
continuously operating porcelain kiln in China'. Notably renowned for its
celadon ware, glazes from Longquan kiln are characterized by their jade-like
appearance and exquisite craftsmanship, establishing them as iconic
examples of southern China’s celadon production’. The plum-green cela-
don glaze color, particularly prominent during the Southern Song and Yuan
Dynasties, is notable for its emerald green crystalline quality, jade-like gloss,
and historical significance of its glaze color, signifying a key milestone in the
evolution of Chinese celadon’.

Current research on the Longquan kiln celadon has yielded significant
findings. However, studies have predominantly focused on the chemical
composition of celadon glazes and bodies, the production process, and
related narrow facets, with limited emphasis on comprehensive investiga-
tions into the coloring mechanisms of Longquan celadon’. The mechan-
ism behind the plum-green celadon glaze color remains largely elusive.
Therefore, this research aims to uncover the scientific principles underlying
the coloration of plum-green celadon glazes in Longquan, illuminating the

unique beauty of the glaze coloration. This study conducts an in-depth
exploration of chroma values, chemical composition, firing temperatures,
iron ion chemical states, phases, and the microstructure of Longquan plum-
green celadon glazes from the Southern Song and Yuan dynasties. And the
effects of chemical and physical colors on glaze coloration were compre-
hensively examined. The color characteristics of Longquan plum-green
celadon glaze are comprehensively and systematically analyzed, and the
results provide a solid theoretical basis for both archaeological dating
research and replication.

Experimental procedure

Experimental specimens

The Longquan celadon pieces used in this experiment were sourced from
the Longquan Celadon Museum of Zhejiang Province, China. These arti-
facts consisted of plum-green celadon pieces from the Southern Song
Dynasty, numbered S1-S10, and celadon pieces from the Yuan Dynasty,
numbered Y1-Y9. Detailed digital photographs of the Longquan celadon
pieces, along with descriptions of their body and glaze characteristics, are
presented in Fig. 1 and Table 1, respectively.

Experimental method
The colorimetric values of all specimens were measured using a colorimeter
(X-rite, 14800, USA). An X-ray fluorescence spectrometer (EDXRF, XGT-
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Fig. 1 | Detailed digital photographs of the Longquan celadon pieces. a Appearance of plum-green celadon shards from the Southern Song and Yuan Dynasties, Longquan
kiln. b Cross-section of plum-green celadon shards from the Southern Song and Yuan Dynasties, Longquan kiln.

7200V, Japan) was used to analyze the chemical composition of all speci-
mens. The physical phases of the specimens were determined via X-ray
diffraction (XRD, Smart Lab 9kW, Japan). The physical phases and
molecular structures of the glassy phases in the specimens were studied
using a micro confocal laser Raman spectrometer (Raman, Renishaw InVia,
UK). Subsequently, the specimens were treated with 1vol% hydrofluoric
acid for 60 s, followed by ultrasonic cleaning in deionized water for 20 mins,
and then dried. Finally, the microstructures and elemental compositions of
the glazes in the specimens were examined via scanning electron micro-
scopy (SEM, Zeiss Gemini 300, Germany) and energy-dispersive X-ray
spectroscopy (EDS).

Results and discussion
Chromaticity value analysis
The chromaticity values (L*, a*, b*) were examined for the specimens
dating from the Southern Song and Yuan dynasties. L* represents lightness
and spans a range of 0-100, with the lightness of the object directly pro-
portional to the L* value. The a* value denotes the shift in the red-green
spectrum of the object, where positive values indicate a tendency toward red,
and negative values indicate a preference for green. Similarly, the b* value
represents the object’s position in the color spectrum from yellow to blue,
with positive values indicating a tendency toward yellow and negative values
signifying a tendency toward blue.

Figure 2 presents the average L* value of the Longquan plum-green
celadon glaze. The average brightness (L*) of the plum-green celadon glaze
during the Southern Song and Yuan Dynasties was 53.62 and 50.38,

respectively, with corresponding b* values of 6.74 and 7.09. The L* values
from both dynasties were lower than those of Longquan light greenish-blue
glaze, while their b* values were higher’. Conversely, Longquan plum-green
celadon glaze appeared darker and yellower. Their color differences pri-
marily originated from variations in chemical composition and firing
temperature. The primary raw materials for Longquan celadon glaze
include clay, porcelain stone, porcelain clay, limestone, and plant ash. In
addition, plum-green celadon glaze incorporates purple clay, which
enhances its Fe,03 content and deepens its color tone®”. Moreover, the firing
temperature of plum-green celadon ranges from approximately 1260 to
1300°C, whereas light greenish-blue celadon is fired at a lower range of about
1200 to 1260°C’. The higher firing temperature of plum-green celadon
results in an increased silicate glass content, a lower opacified texture, and a
reduced L* value. The samples from the Southern Song Dynasty exhibited
higher values than those from the Yuan Dynasty, and the average values of
a* and b* were smaller than those of the Yuan Dynasty, indicating that the
brightness of the glaze from the Southern Song Dynasty was greater than
that of the Yuan Dynasty, with a glaze color inclination toward greenish
tones in comparison to the Yuan Dynasty.

Ceramic glaze coloration can be categorized into two types: chemical
and physical coloring. Chemical coloring arises from colorants, such as
pigments, and the chemical composition of the glaze, including ionic
valence. The principle behind chemical coloration is that when atoms or
ions are excited, their electrons transition between energy levels. If the
energy of these transitions matches the energy of photons in the visible
spectrum, selective absorption of visible light occurs, resulting in various
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colors. Physical coloring, also referred to as structural coloring, is produced
by the selective reflection, transmission, scattering, or diffraction of light due
to microstructures within the glaze, such as crystal phases and phase
separation structures'"?,

Table 1 | Sample characteristics

Dynasty Number Body Thickness Glaze Thickness

Southern Song St 2.8 1.1
S2 3.9 1.4
S3 2.9 1.0
S4 3.7 0.9
S5 3.8 0.8
S6 5.0 1.4
S7 4.5 1.2
S8 4.1 0.5
S9 2.6 1.5
S10 3.2 0.6
Average 3.7 1.0

Yuan Y1 3.5 0.7
Y2 3.2 0.7
Y3 6.1 1.2
Y4 4.0 0.9
Y5 3.2 1.1
Y6 3.2 1.3
Y7 4.0 1.5
Y8 3.1 1.0
Y9 3.1 1.7
Average 3.7 1.1

Note: units are in mm.

Analysis of chemical coloration

Analysis of glaze chemical composition. Table 2 presents the chemical
composition of Longquan plum-green celadon glaze from the Southern
Song and Yuan dynasties. According to the glaze coefficient formula
b =RO/(RO + R,0) (where RO represents alkaline earth metal oxides
and R,O represents alkali metal oxides), values of b>0.76 designate
calcium glazes, 0.50<b<0.76 designate calcium-alkali glaze, and
b<0.50 designate alkali-calcium glaze'. The average b values for the
glazes of the Southern Song and Yuan dynasties were 0.52 and 0.50,
respectively, indicating that both were calcium-alkali glazes. Overall, the
chemical oxide compositions of the glazes from both dynasties were
relatively similar, suggesting a stable glaze source from the Longquan
area. The main ingredients of the glaze were grass ash, limestone, and
porcelain stone, which was consistent with the findings of Duan et al.".

In a unified ceramic glaze system, a higher iron content typically results
in a deeper glaze color'>”. The Fe,O; contents in the glazes from the
Southern Song and Yuan dynasties were low, with average values of 0.90%
and 0.93%, respectively. While Fe,O; reduced the brightness of the glaze
color, the L* values of the Longquan celadons with lower Fe,O; content did
not exhibit high values owing to their thick glaze layers. The average glaze
thickness of the Southern Song and Yuan Dynasty specimens was as high as
1.04 mm and 1.10 mm, respectively. Thicker glaze layers increase the light
path within the glaze, enhancing absorption and resulting in a darker color'”.
Consequently, the slight differences in Fe,O; content and glaze layer
thickness contributed to the higher L* value observed in the Southern Song
specimens compared with those from the Yuan Dynasty.

The average K,O contents in glazes from the Southern Song and Yuan
dynasty specimens were 2.22% and 2.00%, respectively. However, the
average K,O content in other Longquan celadons or representative celadons
from northern Yaozhou kiln sky-green porcelain glazes was about twice that
of the plum-green celadon glazes. Part of the Longquan plum-green celadon
either did not utilize or used minimal grass ash as a raw material'*"’. Fur-
thermore, K,O contributed to the greenish-blue color of the glaze'®, making
the Longquan plum-green celadon of the Southern Song Dynasty more
greenish than that of the Yuan Dynasty. The low K,0 and CaO contents in

Fig. 2 | Sample of L*¥a*b* diagram.
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Table 2 | Chemical composition of Longquan celadon glazes from different dynasties (wt%)

Number Dynasty Feo03 Na;O MgO Al;O3 SiO, P205 K;0 Cao TiO, MnO,
S1 0.95 3.1 0.89 13.67 75.95 0 2.33 2.89 0.07 0.12
S2 0.94 5.59 0.87 12.73 74.54 0 212 2.98 0.04 0.13
S3 0.95 2.98 1.16 13.65 7517 0.04 2.09 3.71 0.06 0.18
S4 0.84 6.66 1.11 13.95 72.63 0.03 2.20 2.37 0.04 0.14
S5 Southern Song 0.79 3.83 1.21 15.31 72.54 0.31 2.24 3.47 0.06 0.18
S6 0.82 5.05 0.86 13.36 74.8 0.01 2.20 2.71 0.04 0.11
S7 0.94 4.05 1.1 13.96 74.51 0.04 2.25 2.96 0.04 0.11
S8 0.89 4.09 1.24 13.17 74.80 0.12 2.37 2.99 0.06 0.26
S9 0.92 2.59 1.09 14.15 75.42 0.12 2.26 3.22 0.05 0.13
S10 0.97 2.61 1.13 13.45 75.75 0.12 214 3.62 0.05 0.12
Average values for S1-S10 0.90 4.06 1.07 13.74 74.61 0.08 2.22 3.09 0.05 0.15
Y1 0.99 4.67 1.60 13.96 71.25 0.18 2.08 4.91 0.05 0.29
Y2 0.92 4.05 1.54 12.49 75.95 0 2.24 2.41 0.06 0.31
Y3 0.86 7.04 0.84 12.84 72.96 0 2.04 3.28 0.04 0.08
Y4 1.10 2.64 1.64 14.57 74.29 0.12 2.03 3.34 0.05 0.19
Y5 Yuan 1.22 4.35 1.31 17.4 69.92 0.13 2.21 3.15 0.10 0.16
Y6 0.64 51317 1.25 11.44 76.68 0.04 1.96 2.42 0.05 0.13
Y7 0.72 5.83 1.18 13.17 73.14 0.18 2.02 B85 0.06 0.15
Y8 0.86 1.77 1.26 14.04 76.47 0.08 1.76 3.53 0.05 0.15
Y9 1.05 5.21 1.79 14.02 71.14 0.40 1.70 4.44 0.05 0.16
Average values for S1-S10 0.93 4.55 1.38 13.77 73.53 0.13 2.00 3.44 0.06 0.18

-~ -~

= =

= <

< =

2z 2

h— o=

7 7

= =

W L

- =

= =

— —

I T N TR TR N NI NI NI P I T (NI T NI NI N NI

200 300 400 500 600 700 800 900

Raman shift/cm’

1000 1100 1200

Fig. 3 | Raman spectra on glaze surfaces of samples.
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the specimens from both dynasties significantly increased the glaze’s visc-
osity at high temperatures, resulting in thicker, less fluid glazes for Longquan
plum-green celadon. All specimens exhibited low P,Os content. P,Os
promoted phase separation during the glaze firing process, resulting in
weaker coloration within the glaze phase structure. Additionally, both the
firing temperature and the valence state of Fe ions had a significant impact
on the glaze color. Representative glaze colors of both the Southern Songand
Yuan Dynasties plum-green celadon specimens—S1, S2, $4, S6, Y2, Y3, Y5,
and Y7 were selected for comparative Raman spectroscopy analysis to
investigate the effect of firing temperature on the glaze color.

Firing temperature analysis. The Raman spectra and spectral fits of the
specimens are shown in Figs. 3 and 4, respectively. All specimens
exhibited two distinct Raman peaks at 486.8 cm ' and 1055.0 cm ™',
corresponding to the Si-O bending vibrational peak and the stretching
vibrational peak within the [SiO,] tetrahedron'. The area ratio of the
bending to stretching vibrational peaks was related to the melting tem-
perature. Therefore, the firing temperature of similar glazes was deter-
mined from the IP value of the Raman spectra, which was proportional to
the firing temperature™”'. Gaussian fitting of the bending and stretching
vibrational peaks of Si-O bonds in the specimen [SiO,] tetrahedra was
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Fig. 4 | Fitting Raman spectra of samples.

600 800 1200

Wavenumber/cm™

1000 1000

600 800
‘Wavenumber/cm™

Fig. 5 | Representative bubbles in the celadon porcelains of different dynasties.

v @-Quartz 9-Quartz
3 3
g g
£ z
@ n
e -
& <
= =
10 20 30 40 50 60 70 10 20 30 40 50 60 70
20/(°) 20/(°)

Fig. 6 | XRD patterns on glaze surfaces of samples.

conducted to calculate the IP values of the specimens. The average IP
values of specimens from the Southern Song and Yuan dynasties were
1.28 and 1.74, respectively. This result suggests that the firing tempera-
ture of Southern Song plum-green celadon was lower than that of the
Yuan Dynasty. Generally, for similar glazes, firing temperature is directly

proportional to the transparency, consistent with the glaze effect shown
in Fig. 1.

Physical coloration analysis

Bubble analysis. The formation of bubbles within the porcelain glaze
was complex, resulting from gases that cannot be fully eliminated during
firing, such as H,O, N, and CO. Additional factors, such as reactions
between the porcelain glaze and body, carbon formation, and processing
conditions, also contributed to bubble formation®’. Under certain con-
ditions, the distribution, size, and density of bubbles in ancient porcelain
can reveal aspects of the porcelain glaze formation mechanism. Figure 5
shows a digital photograph of bubbles in a representative Longquan
plum-green celadon specimen from the Southern Song and Yuan
Dynasties. Nano Measurer software was used to measure the bubble size
of the specimen. The average bubble particle size for both dynasties was
6.87 um and 8.92 pm, respectively, and the bubble density of the Southern
Song specimen was greater than that of the Yuan Dynasty. During
ceramic firing, the formation of bubble structures is closely related to the
chemical composition and temperature of the glaze. An increase in SiO,
content in porcelain glaze increases the viscosity of the glaze melt at high
temperatures, further inhibiting bubble movement and coalescence.
Consequently, bubbles become small and dense. The SiO, content in the
Southern Song Dynasty samples (74.61%) was higher than that in the
Yuan Dynasty samples (73.53%), resulting in smaller and denser bubbles
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in the Southern Song Dynasty specimens™. Furthermore, increasing the
firing temperature and extending the holding time of ceramics can
enlarge bubble size and reduce density”**. Given that the firing tem-
perature in the Southern Song Dynasty was lower than that in the Yuan
Dynasty, the observed bubble characteristics are consistent with these
findings.

Bubbles in the glaze are generally spherical and possess a transparent or
translucent texture. When light strikes the ceramic surface, the upper and
lower surfaces of the bubbles reflect and refract light multiple times,
resulting in a glazed surface with numerous densely packed bubbles
reflecting more light toward the human eye. Consequently, ceramic glazes
with dense bubbles exhibit higher whiteness, and increasing the L*
value’”. Therefore, the brightness and opalescence of the Southern Song
specimens were higher than those of the Yuan Dynasty. Moreover, the
transmittance of the glaze layer was inferior to that of the Yuan Dynasty.

Additionally, when glazes use similar raw materials, a sparse distribution of
larger bubbles generally corresponds to higher firing temperatures. There-
fore, the firing temperature of the Southern Song specimens was lower than
that of the Yuan Dynasty, aligning with the conclusions drawn from Raman
IP value analysis. The representative glaze color specimens S1, S2, Y2, and
Y3 were selected for an in-depth analysis of the crystals, microstructures,
phases, and other physical coloration attributes of the plum-green glaze of
the Southern Song and Yuan Dynasties.

Crystal analysis of the glaze. Figure 6 shows the XRD patterns of the
glazes from Longquan plum-green celadon specimens S1, S2, Y2, and Y3
from the Southern Song and Yuan Dynasties. Notably, the patterns
revealed very strong quartz crystal (quartz, PDF # 46-1045) diffraction
peaks at 26.66° and 26.42°, with no significant diffraction peaks asso-
ciated with other crystals. Thus, the crystals present in the glaze layer of
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Fig. 7 | SEM micrographs and EDS spectra of the etched glaze surface of S1, S2, Y2, and Y3.
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Longquan plum-green celadon were basically quartz for both the
Southern Song and Yuan Dynasties. Moreover, specimens S1, S2, Y2, and
Y3 displayed strong amorphous diffraction peaks within the 20 = 15 °
-35°range. A large number of aluminum silicate glass phases occurred in
the glaze layer. Under certain conditions, the glass phase content was
proportional to the firing temperature of the porcelain glaze, so the firing
temperature of the Yuan Dynasty specimens was higher than that of the
Southern Song Dynasty, and leading to lower turbidity and reduced L*
values in Yuan Dynasty glazes. Interestingly, no calcium feldspar crystals
were detected within the glaze layers of the specimens. This absence was
attributable to the higher firing temperatures, which likely caused the
dissolution and disappearance of calcium feldspar formed during the
firing process.

Figure 7 illustrates the SEM and EDS patterns of specimens S1, S2, Y2,
and Y3 after hydrofluoric acid corrosion. Numerous square crystals were
distributed within the glaze layer of the specimens. Chemical analysis via
EDS revealed that Si and O were the dominant components in the com-
position, confirming that these crystals were predominantly quartz. Fur-
thermore, owing to the similar refractive indices of quartz crystals (1.544)
and the glass phase (1.500), their effect on the transmittance or opalescence
of the glaze was relatively small”’. However, the high crystal content in the
glaze layer influences the opacity of the Longquan plum-green celadon
specimens from both dynasties.

Phase-separated structure analysis. The SEM images (Figure 8)
revealed the presence of densely distributed, spherical, phase-
separated droplets within the glazes of specimens S1, S2, Y2, and
Y3. The phase-separated structure within the porcelain glaze was a
common occurrence, capable of producing structural colors under
certain conditions. The phase-separated droplets were mono-
dispersed, and their ability to create structural colors depended on
their size and ordering. When the phase-separated droplets had a size
of ~100 nm and exhibited noticeable short-range ordering without
long-range ordering, they generated amorphous structural colors’.
Additionally, when the size ranged from 5 nm to 100 nm, the phase-
separated droplets were arranged without radial short-range ordering
or angular uniformity (i.e., completely disordered), resulting in
Rayleigh scattering. However, when the phase-separated droplets
were spherical or nearly spherical, with an average size larger than
200 nm, they formed Mie scattering™.

According to the SEM and 2D FFT diagrams in Figure 8, the phase-
separated droplets in the glazes of S1, S2, Y2,and Y3 specimens belonged to a
completely disordered structure, owing to the low content of P,Os in the
glaze. A certain amount of P,Os was introduced into the silicate glass sys-
tem, that is, in the form of cations with high charge and strong field strength,
which could accelerate the formation and development of phase separation
structures. The ionic potential of P> is greater than that of Si**. The
introduction of P** would increase the free energy of the system at high
temperatures, leading to instability. To reduce the free energy and form a
stable glass, some bridging oxygen in the silicate network was replaced with
P>, which broke the Si-O-Si bonds. P>* was then separated from the silicon-
oxygen network along with R or R*, resulting in a large number of
phosphorus-rich silicon-oxygen network aggregates with small volumes.
Owing to the significant differences in composition and density between
these aggregates and the matrix silicate glass phase, forming a uniform
silicon-phosphorus-oxygen glass with the matrix was challenging. However,
these aggregates were uniformly dispersed in the matrix silicate glass as
droplets, creating a phase-separated structure®. Therefore, the concentra-
tion of P ions influenced both the phase separation structure and the dis-
tribution of iron ions.

The relatively small size of the phase-separated droplets in the glazes of
these specimens averaged around ~10 nm for those from the Southern Song
Dynasty and ~5 nm for those from the Yuan Dynasty. The phase-separated
droplets in samples S1 and S2 from the Southern Song Dynasty were larger
than those in samples Y2 and Y3 from the Yuan Dynasty. This difference is
attributable to the higher Fe,O; content in samples S1 and S2 than that in Y2
and Y3. As the Fe,O; content increased, the viscosity of the glaze melt
decreased, resulting in larger phase-separated droplets™. These droplets
were unable to form the amorphous structural colors and Mie scattering, but
they met the criteria for Rayleigh scattering. The strongest Rayleigh scat-
tering occurred when the size of the phase-separated droplet was 1/10 of the
wavelength of blue light (i.e.,, 45-48 nm). Therefore, the glaze layers of
Longquan plum-green celadon from both the Southern Song and Yuan
Dynasties produced phase-separated structural color through Rayleigh
scattering. However, the scattering effect was weak, resulting in only a slight
impact on its color.

Conclusion
(1) The source of the glaze in Longquan celadon remained stable in
the Southern Song and Yuan Dynasties. According to the glaze

Fig. 8 | 2D-FFT images of SEM results for specimens
S1,82,Y2,and Y3.
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coefficient formula, the glaze of Longquan plum-green celadon spe-
cimens from both dynasties was classified as a calcium-alkali glaze.
The low content of K,O and CaO contributed to the thickness of the
Longquan celadon glaze, preventing it from flowing easily. The dar-
ker coloration of Longquan plum-green celadon was due to the
increased thickness of the glaze. Additionally, the limited P,Os
content led to smaller phase-separated droplets in the glazes from the
Southern Song and Yuan dynasties, reducing the influence of struc-
tural coloration on the glaze color.

(2) A comprehensive comparison of the glaze bubbles, crystal analysis,
and Raman spectroscopy IP values from the two dynasties indicated that the
firing temperature of Yuan Dynasty plum-green celadon specimens was
higher than that of the Southern Song Dynasty.

(3) The Southern Song Longquan plum-green celadon speci-
mens displayed smaller bubble sizes and higher densities than the
Yuan Dynasty specimens, resulting in greater opacity. The specimens
from both dynasties contained numerous quartz crystals within the
glaze layer, which had a weak effect on glaze coloration. The phase-
separated droplets within the glaze layer showed a completely dis-
ordered structure in both dynasties, generating weaker Rayleigh
scattering, which had alimited impact on glaze coloration. Therefore,
the “emerald green crystal, glossy as jade” appearance of Longquan
plum-green celadon glaze from the Southern Song and Yuan dynas-
ties resulted from an interplay between chemical and physical factors.

Data availability
The datasets used during the current study are available from the corre-
sponding author on reasonable request.
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