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Abstract: During the Ming Dynasty, the Five‑Dragon Palace functioned as a royal Taoist temple set
atop one of China’s holiest Taoist mountains, WudangMountain. Two tower polychrome sculptures
with exquisite craftsmanship have remained over the centuries. In this study, the painting materi‑
als and the techniques used to construct these sculptures were analyzed through multiple charac‑
terization methods, including optical microscope (OM) observations, micro‑Raman spectroscopy,
scanning electron microscopy–energy‑dispersive X‑ray spectroscopy (SEM−EDS), X‑ray diffraction
(XRD), micro‑Fourier‑transform infrared spectroscopy (µ−FTIR), and pyrolysis–gas chromatogra‑
phy/mass spectrometry (Py−GC/MS). The results revealed that the pigments used in these sculp‑
tures included red pigments, which were composed of mercury (II) sulfide (cinnabar or vermillion),
minium (Pb3O4), and hematite (Fe2O3); green pigments, which included atacamite and
botallackite (Cu2Cl(OH)3), and blue pigments, which comprised smalt (CoO·nSiO2) and azurite
(Cu3(CO3)2(OH)2). The white base layer was composed of quartz and mica minerals combined with
gypsum or plant fiber, and the gold foil was adhered to the surface using heated tung oil. In addition,
a specialmulti−layer techniquewas applied, with redunder the golden gilding, white under the blue
layer, and gray and black under the green layer. Drying oil was used as a binder for lead‑containing
pigments. This study offers substantial proof of reliable techniques to use in the continuing conser‑
vation of these sculptures, and it also serves as a foundation to determine if they can be dated to the
late Ming or early Qing Dynasty (17th century).

Keywords: clay sculpture; pigment analyses; multi‑layer technique; dating

1. Introduction
Wudang Mountain was listed as a World Cultural Heritage Site by UNESCO in 1994.

Taoist buildings on this mountain were built as an organized complex during theMing Dy‑
nasty (1368–1644). As a royal official Taoist site during the Ming Dynasty, it exemplifies
the pinnacle of Chinese art and architecture. Many sculptures from theMing and Qing dy‑
nasties have been found near Wudang Mountain, predominantly depicting Taoist deities,
which vividly demonstrate the traditional craftsmanship of local sculptures.

The Ming Dynasty’s artisans were able to utilize a rich variety of pigments. In ad‑
dition to drawing on traditional Chinese pigments, they also had access to pigments im‑
ported from outside of the Empire. Vivid colors created using mineral, and synthetic pig‑
ments [1,2] were also used at the time. Natural minerals and artificial pigments have al‑
ways been an indispensable part of ancient palettes. After the production of the chromatic
sculptures was completed during the Ming Dynasty, they were regularly repaired dur‑
ing the subsequent dynasties using materials unique to or popular during those periods.
Therefore, the analysis of pigments used in the painted artifacts serves only as a basis for
determining the original painting age and restoration history of artifacts, and it helps us
better understand the production technology and painting techniques of that time.
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Some relevant sources [3–5] showed that these clay‑based sculptures were essentially
made using similar methods. A wooden skeleton was made for each sculpture based on
its general shape; this skeleton was then wrapped with reed poles fixed with hemp ropes,
and then an initial layer made of a mixture of clay, sand, and fiber was applied as a base.
The surface was then whitened and painted, with complex mineral pigments used to pro‑
duce the exquisite patterns and decoration. However, research on China’s polychrome
sculpture process is mainly concentrated in Shanxi [4–6] and Gansu [7–10], and mostly re‑
lated to Buddhist statues, Arhat, and the god generals. During theMingDynasty,Wudang
Mountain boasted a wealth of polychrome sculptures, which were the pinnacle of the art
form at the time. However, up until now, the research into thematerial production of these
exquisite Taoist statues has been nonexistent.

This research focuses on the two iconic polychrome sculptures housedwithin the Five‑
Dragon Palace. In the northwest of Hubei Province, Wudang Mountain is one of China’s
most famous Taoist holy mountains (Figure 1a). The Five‑Dragon Palace was built by Em‑
peror Zhenzong Zhao Heng during the Song Dynasty (AD 998−1022). Subsequently, the
Five‑Dragon Palace became the center of Wudang Taoism during the Yuan Dynasty (AD
1271−1368). Tragically, it was destroyed by fire towards the end of the Yuan Dynasty. In
1412, the tenth year of ZhuDi’s reign, the Emperor undertook extensive efforts to revitalize
Wudang Mountain, resulting in the large‑scale reconstruction of the Five‑Dragon Palace.
During the Jiajing period, 1522–1566, of the Ming Dynasty, the Five‑Dragon Palace under‑
went further expansion, eventually comprising 850 buildings. The remaining Five‑Dragon
Palace now encompasses the main palace area, consisting of the Central Palace, the South
Palace, and the North Palace, along with the 180 m‑long walkway between Zhenguan Hall
and the Palace Gate. The remaining strucures include theMountain Gate, alleyway, screen
wall, burning silk furnace, stone pavilion, Dragon and Tiger Hall (Figure 1b).

The primary objective of this study is to examine the composition of the painting ma‑
terials utilized in the sculptures of the Five‑Dragon Palace, which represent the official
technique of the master craftsman for applying pigments and creating Taoist sculptures.
The present study endeavors to analyze the pigment production technique through in situ
research and the micro‑damage sampling of areas exhibiting typical color degradation,
which also serves as the foundation for scientific and technical analysis for dating and fu‑
ture conservation purposes.
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In the Dragon and Tiger Hall, there are two colossal and colored sculptures serving 
as the guardians of the Five-Dragon Palace, named Qinglong (Azure Dragon) God and 
Baihu (White Tiger) God (Figure 2a,b). These two clay sculptures epitomize the pinnacle 
of regional artistic techniques. Nevertheless, the precise age of these two sculptures is still 
unclear [11].  
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2. Materials and Methods
2.1. The Sculpture

In the Dragon and Tiger Hall, there are two colossal and colored sculptures serving
as the guardians of the Five‑Dragon Palace, named Qinglong (Azure Dragon) God and
Baihu (White Tiger) God (Figure 2a,b). These two clay sculptures epitomize the pinnacle
of regional artistic techniques. Nevertheless, the precise age of these two sculptures is still
unclear [11].
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2.2. In Situ Investigation with Portable X‑ray Fluorescence (p‑XRF)
An Oxford X‑MET7500 portable XRF analyzer fitted with an X‑ray tube (Rh anode)

and a high‑performance semiconductor detector was used for in situ experiments. In min‑
ing mode, a 45 kV voltage with a 50 µA current was used for 10.5 s to acquire the spectra.

2.3. Sampling Materials and Methods
In this research, sampleswith different toneswere chosen to study. However, in order

to reduce damage to the surface during the sampling, the size of the samples was limited
and some areas were out of bounds to the samplers. The sampling locations are labeled
in Figure S1, and enlarged images of the sampling locations, photographs of the samples,
and descriptions of their appearance are shown in Table 1.

Table 1. Sampling location (Azure Dragon sculpture) and appearance information of samples.
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Table 1. Cont.

Serial Sample No Location
Appearance

Sample Image Color
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2.3.1. Optical and Ultraviolet Microscopic Observation
The samples were embedded and polished to form a cross‑sectional surface in cold in‑

lay epoxy resin, ground with Si–C paper from 1000# to 7000#, and polished with
Micro−mesh® (Micro‑Surface Finishing Products Inc., Wilton, CT, USA) polishing cloths
to achieve 12,000# mesh. The final round of polishing was performed using a 0.06 µm
SiO2 suspension (liquid), and then the basic characteristics were measured with optical
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microscopy using a Sop‑top RX 50M (Ningbo, China) microscope with 365 nm ultraviolet
(UV) radiation light.

2.3.2. Micro‑Raman Spectroscopy
A micro‑Raman spectroscope (DXR 2xi µ‑Raman analyzer, Waltham, MA, USA)

equipped with an EM‑CCD detector was used. A 532 nm laser was used before embed‑
ding to qualitatively analyze the composition of the blue and green pigments. A 785 nm
laser was used to analyze the red pigments. The Raman shift range was 100–3300 cm−1, it
took 2–10 s to acquire the data, and this was performed 3–5 times with 0.1–2 mW power.

2.3.3. Scanning Electron Microscopy and Energy Dispersive X‑ray Spectroscopy
(SEM‑EDS)

Scanning electronmicroscopy (PhenomTM XLG2 SEM, ThermoFisher Scientific, Eind‑
hoven, The Netherlands) coupled with energy‑dispersive X‑ray spectroscopy (EDS) and a
backscattering detector (BSE) was used to analyze the microstructure of the paint layers
and semi‑quantitatively analyze the major elements in the pigment minerals of different
layers. Analysis was carried out in a low‑vacuum environment (60 Pa), with a scanning
voltage of 15 kV, and at a working distance of 7 mm.

2.3.4. X‑ray Diffraction (XRD)
An X‑ray diffractometer (SmartLab 9 KW, Rigaku, Tokyo, Japan) was used to identify

the different mineral phases using Cu Kα radiation (λ = 1.5054 Å) at room temperature, op‑
erating at 40 kV with a scan rate of 5◦/min. The identification of the crystalline phase was
performed based on the powder diffraction files from the International Centre for Diffrac‑
tion Data using Jade 6.5 software.

2.3.5. Micro‑FTIR Spectroscopy (µ‑FTIR)
Specific points on the cross‑sectional surface were analyzed using a Thermo Scien‑

tific™ Nicolet™ iS50 FTIR spectrometer in external reflection mode. The wavenumber
range was 800–4000 cm−1, with 32 scans and a 4 cm−1 resolution.

2.3.6. Pyrolysis‑Gas Chromatography/Mass Spectrometry (Py−GC/MS)
Py‑GC/MS analysis was conducted on an integrated system consisting of a pyrolyzer

(Frontier EGA‑PY3030D, Fukushima, Japan) and a gas chromatograph/mass spectrometer
(Agilent 7890B/5977B, Santa Clara, CA, USA). The GC system was equipped with an HP‑
5MS UI capillary column (30 m × 0.25 mm × 0.2 µm) with a quadrupole mass analyzer.
The online methylated Py−GC/MS analysis included the following steps: less than 1 mg
of sample, together with the methylation reagent (5 µL of 10 wt.% methanolic solution of
tetramethylammonium hydroxide (TMAH, Aldrich, Shanghai, China)), was placed in the
sample cup on top of the pyrolyzer at near‑ambient temperature. Once the furnace tem‑
perature and GC/MS system were ready, the sample cup was introduced into the furnace,
and the temperature program of the GC oven was initiated. Pyrolysis was performed at
550 ◦C for 0.2 min. Helium was used as the carrier gas at a flow rate of 1.0 mL/min and
with a split ratio of 5:1. The injector and GC/MS transfer line were maintained at 300 ◦C.
The chromatographic conditions for the separation of the pyrolysis products included an
initial temperature of 50 ◦C, which was then isothermal for 2 min, increased by 4 ◦C/min
up to 300 ◦C, and then was isothermal again for 15.5 min. The MS detector operated at an
ionizing voltage of 70 eV, the ion‑source temperature was 230 ◦C, and the quadrupole tem‑
perature was 150 ◦C, with a mass range m/z of 29–550. The NIST Library of Mass Spectra
was used to identify the compounds.
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3. Results
3.1. In Situ p‑XRF Analysis Results

p‑XRF spectrometry is a non‑destructive method of investigation that enables the ac‑
curate and quick identification of inorganic materials. This has been widely used in the
study of art objects. To achieve the aims of this study, the investigation was carried out on
10 distinct analysis zones, covering the entire color range, as can be seen in Figure S2 in the
Supplementary Materials. It can be seen that the color composition of the different hues of
red always contained mercury (Hg) and lead (Pb). The green areas contained copper (Cu).
The blue parts almost always contained Pb, while some of the pigments showed peaks of
Cu, and others showed the presence of cobalt (Co) and arsenic (As). In the golden areas,
gold (Au) and iron (Fe) were identified. Iron (Fe) and calcium (Ca) were found in the pur‑
ple areas, so these parts were likely mixed with organic blue dyes. However, because the
purple pigment areas were well preserved, sampling was not permitted. P‑XRF investiga‑
tion provides information on the basic elements, which can be used to determine the initial
types of pigments, but p‑XRF analysis will also detect the underlying elemental informa‑
tion, and it cannot distinguish between pigments that include copper and lead. Therefore,
further micro‑destructive analysis had to be performed, and the results are listed in the
following section.

3.2. Identification of Pigments
3.2.1. Red Pigments

There were three different hues of red, i.e., the brownish dark red of sample #R‑1,
the bright red of sample #R‑2, and the pink of sample #R‑3. These hues can be discerned
from the optical microscope (OM) images. Samples #R‑1 and #R‑2 included two layers,
indicating that repainting had taken place. Elemental analysis via SEM‑EDS showed that
one of the top layers of sample #R‑1 contained Fe and no other characteristic chromogenic
elements. The orange–red color in both the top and bottom layers of sample #R‑2 contained
lead (Pb), indicating Pb‑containing pigments, such as minium (Pb3O4), litharge (β‑PbO),
and massicot (α‑PbO).

Moreover, the surface layer contained elemental mercury (Hg), suggesting the use
of cinnabar or vermilion on the surface to control the bright red hue. The pigment layer
of sample #R‑3 contained both Hg and Pb. According to the optical microscope image
illustrated in Figure 3m, lead was distributed throughout the whole layer and was related
to the white region. Figure 3q,r reveal mercury‑rich particles distributed among the lead‑
containing layer, suggesting the possibility of using HgS as a red pigment mixed with lead
white to create a pink tint. As shown in Figure 3h,n, the pigmented and white layers of
#R‑1 and #R‑2 exhibited strong yellow fluorescence under UV radiation, suggesting that
organic materials (especially oil‑based ones) were applied with lead‑based pigments [12].

In Figure 4a, the characteristic Raman band at 410 cm−1 also indicates the use of
hematite (Fe2O3) as a red pigment [13]. The presence ofHg‑containing pigments on the sur‑
face of sample #R‑2 can be attributed to thewell‑definedpeaks located around 251(vs) cm−1

and a shoulder peak at around 347(m) cm−1, indicating the use of the cinnabar [14]. In the
middle and bottomorange‑Pb containing layers (Figure 3l), the strong peaks at 481(s) cm−1

and 549(vs) cm−1 were detected, which is assigned to the stretching modes of the PbIIO3
pyramids, revealing that lead red (minium, Pb3O4) was used in both layers [15,16]. The Ra‑
man spectrum of the red pigment of sample #R‑3 exhibited peaks at around 251(vs) cm−1,
284(w) cm−1, and 342(m) cm−1, which correspond to the stretching vibration of Hg‑S [17].
Red mercury sulfides like metacinnabar and hypercinnabar are the most abundant in nat‑
ural mercury compounds, but they are difficult to distinguish in the Raman spectra [18].
Therefore, there is a high probability that synthetic mercury sulfide vermillion was used.
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Figure 3. Cross‑section images of red samples: (a) OM–vis, (b) UV–vis, and (c) BSE images of #R‑1,
and the corresponding elementalmaps of (d) Ca, (e) Fe, and (f) sulfur (S); (g) OM–vis, (h) UV–vis, and
(i) BSE images of sample #R‑2, and the corresponding elemental maps of (j) silicon (Si) (k) Hg, and
(l) Pb; (m) OM–vis image, (n) UV–vis image, and (o) BSE image of sample #R‑3, and the correspond‑
ing elemental maps of (p) Si, (q) Hg, and (r) Pb.
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Ca and S can be observed in the SEM-EDS images concentrated in the same place as the 
white substrate (Figure 3d,f), suggesting that gypsum may have acted as a binder, mixing 
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Figure 4. Raman spectra and XRD patterns of red pigment samples and reference minerals.
(a) Raman spectrum and (b) XRD pattern of sample #R‑1. (c) Raman spectrum and (d) XRD pat‑
tern of sample #R‑2. (e) Raman spectrum and (f) XRD pattern of sample #R‑3. Referenced Raman
spectra shown in black lines are based on the RRUFF online database (https://rruff.info/ (accessed on
27 February 2024)).

According to the XRD patterns (Figure 5b,d,f), quartz (SiO2) mica minerals such as
muscovite, biotite, and lepidolite were also detected in all red samples, which may have
been due to the aggregation of the plaster substrate. Gypsum was detected in #R‑1, while
Ca and S can be observed in the SEM‑EDS images concentrated in the same place as the
white substrate (Figure 3d,f), suggesting that gypsum may have acted as a binder, mix‑
ing quartz with mica minerals. However, calcite (CaCO3) [7,19–21], which is commonly
applied as a white base layer for mural painting and sculpture in North China, was not

https://rruff.info/
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detected in any of the samples. XRD analysis further confirmed that hematite was used
to create the brownish‑red parts in sample #R‑1, while cinnabar and minium were used in
sample #R‑2. Additionally, lead white (usually a mixture of hydrocerussite and cerussite)
was detected in sample #R‑3, indicating that it was mixed with cinnabar or vermilion to
achieve a pink hue, which is consistent with the results of EDS (Figure 3q,r).
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Figure 5. Analysis results of green samples. Cross‑section of sample #G‑1: (a) OM‑Vis, (b) OM‑
UV, and (c) BSE images. Element maps of (e) chlorine (Cl), (d) Si, (f) Cu, (g) Ca, and (h) S. (i) Raman
spectra of the two layers of green particles in sample #G‑1. (j) XRD pattern and (k) enlarged region of
3000–3500 cm−1 of Raman spectra of sample #G‑1 (Reference based on the RRUFF online database).
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3.2.2. Green Pigment
It can be clearly seen from the OM–vis cross‑section image (Figure 5a) that the green

color also exists on the two layers, which is consistent with the red pigments in samples
#R‑1 and #R‑2. Underneath the green pigment layer, there is a black‑gray layer, which no
special elements (like charcoal black) were added. Elemental analysis showed that both
the layers contained copper (Cu) and chlorine (Cl), suggesting that they were composed of
basic copper chlorides. In addition, the second layer displayed a distinct rounded shape,
suggesting that the pigment may have been artificially synthesized rather than extracted
from a natural copper mine [22]. In the base green layer, which was likely the original
layer, the particle size was smaller than that in the surface layer.

Pigments containing copper and chlorine are usually identified as basic copper chlo‑
rides (Cu2(OH)3Cl), which are rarely found in natural deposits [23,24] but always develop
due to the corrosion of copper, brass, and bronze objects in chlorine‑containing environ‑
ments [23,25,26]. Among the group of basic copper(II) chloride minerals of stoichiometry
Cu2Cl(OH)3,namely, atacamite, clinoatacamite, and botallackite, atacamite has the most
stable phase and has been themost prevalent green pigment in ancientmural paintings and
other polychrome objects in China since the fifth century AD [27,28]. In addition, parat‑
acamite [(CuM)2Cl(OH)3, where M may be Zn, Ni, or Co] can be found with atacamite
mineral in Cu‑rich environments, and during the synthesis of atacamite [29,30], it can also
appear as a copper(II) chloride pigment. The XRD analysis (Figure 5j) showed that, due to
the difficulty in distinguishing the overlapping positional crystal planes, all four isomers
of basic copper chlorides may exist.

Raman analysis showed that the spectra of the two layers presented the same char‑
acteristic bands (Figure 5g), suggesting the use of the same material during restoration.
Compared with the standard spectra from the RRUFF database, it was found that the
peaks at 402(vs) cm−1, 455(s) cm−1, 896(s) cm−1, and 857(sh) cm−1, which were attributed
to Cu‑Cl stretching and hydroxyl deformation, were very consistent with those of botal‑
lackite [29,31,32]. The additional peaks observed at 509 cm−1 (Cu‑O stretching) and at
144 cm−1 (O‑Cu‑O bending) indicated the possible presence of atacamite or clinoatacamite.
The peaks at 3347(s) cm−1 and 3324(sh) cm−1 in Figure 5k correspond to hydroxyl stretch‑
ing, suggesting that atacamite was also mixed with botallackite.

Botallackite is rarely used in ancient polychromes [33]. Through synthetic experi‑
ments according to the recipe in the “Mo’e Xiao Lu”(墨娥小录), Li Man found that bo‑
tallackite could be produced from copper plates with “Lusha” (硇砂, with NH4Cl as the
main phase), alum, and vinegar [34]. Moreover, botallackite is considered to be the most
unstable polymorph and can spontaneously transform into atacamite [32,35,36]. Based on
this hypothesis, atacamite may be an alteration of botallackite.

3.2.3. Blue Pigments
On the sculptures of the Azure Dragon God andWhite Tiger God, two blue tints were

observed; one is a brighter blue color with a darkened surface (#B‑1), and the other blue
was used in one of the reliefs at the lower part of the sculpture (#B‑2), which is different
from the bright blue of #B‑1.

Both the blue samples exhibited awhite layer containing lead underneath; this feature
was not found in any of the other color samples, indicating an artificial addition. A part of
the white layer in both samples emitted fluorescence under UV irradiation. Furthermore,
the blue particles in both the samples were relatively larger. EDS analysis showed that
the blue particles in #B‑1 mainly contained Si, Kalium(K), As, and Co. Conversely, the
blue particles in #B‑2 contained Cu (Figure 6q). The Raman spectroscopy analysis of #B‑1
(Figure 6n) showed a peak at 490 cm−1, corresponding to a tetrahedral SiO4 bridging vibra‑
tion, combiningwith the presence of Co, AS and Si, indicating the presence of smalt [37,38].
The layer beneath the dark blue pigment (#B‑1) was composed of lead white, showing a
slight light blue, but there were no other chromogenic elements, such as Cu or Co, except
for Pb. Figure 6l confirms the presence ofmuscovite and hydrocerussite, Pb3(CO3)2(OH)2).
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The Raman peaks at 1573(vs) cm−1 and 1360(s) cm−1 in the Raman spectra suggest the pos‑
sible use of indigo [39]mixedwith leadwhite to produce light blue (Figure 6n). #B‑2 clearly
corresponds to azurite (2CuCO3 Cu(OH)2) due to the presence of copper, as confirmed via
EDS. In Figure 6t, the spectrum with major bands was characteristic of azurite, detected at
240(s) cm−1, 401(vs) cm−1, and 1099(s) cm−1 [39,40]. This finding was supported by the
XRD measurements, as illustrated in Figure 6s.
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Figure 6. Analysis results of blue samples. Cross‑section of sample #B‑1: (a) OM–vis, (b) OM−UV,
and (c) BSE images; (d–k) elemental maps of Co, S, K, As, Ca, Al, Si, and Pb. (l) XRD pattern of
sample #B–1. (n) Raman spectra of blue particles and light blue layer under the blue particles in
sample #B–1. (m) OM–vis and (o) UV–vis images; (p) BSE image and element maps of Cu (q) and Pb
(r) for sample #B‑2. (s) XRD pattern of #B‑2 and (t) Raman spectra of blue particles and white layer
in sample #B‑2 with reference spectra.

Smalt, a blue pigment that emerged in the 15th century in Europe, is a potassium
glass powder with cobalt as the coloring agent [41]. Smalt was made by melting cobalt
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minerals (such as erythrite and cobaltite) together [38,42]. The elemental composition of
the smalt pigment is listed in Table 2. The presence of K suggests the addition of wood
ash, while the presence of As, Fe, bismuth (Bi), and nickel (Ni) can be attributed to the di‑
verse sources of cobalt minerals throughout Germany. During the 16th and 19th centuries
AD in Europe, the cobalt ores were mainly obtained from the Saxony, Bohemia, and the
Black Forest regions in Germany, and those from these three areas were usually related to
Bi2(CO3)O2 [38,43,44]. There is no historical record indicating the production of smalt in
ancient China, so it is thought to have been imported during the Ming Dynasty to make
blue and white porcelain [45]. The notion that this blue pigment was mainly used as a
pigment in color painting mainly appeared in the early Qing Dynasty [38,46]. Therefore, if
this blue pigment was indeed utilized in the two sculptures, they can be tentatively dated
to the 16th–17th centuries AD.

Table 2. Quantification results of the blue pigment of #B‑1 by using EDS.

Element Name (Symbol) Atomic Concentration Percentage%

Carbon (C) 32.21
Oxygen (O) 48.01
Silicon (Si) 12.78

Potassium (K) 4.85
Iron (Fe) 0.43

Cobalt (Co) 0.54
Arsenic (As) 1.09
Bismuth (Bi) 0.08

3.2.4. Gold Gilding
According to the OM–vis image, gold foil was observed to be situated on the top layer

(Figure 7d). Beneath the gold layer lies a red lead layer, followed by a resinous substance
referred to as a mordant. The XRD analysis patterns (Figure 7j) combined with the SEM‑
EDS mapping results (Figure 7d–h) can prove that gold (Au) laid on the top, followed
by an organic layer, and then a red layer made of minium mixed with quartz, gypsum,
and muscovite.

Notably, themordant exhibits intense fluorescence underUV illumination (Figure 7b),
indicating the presence of organic materials [47]. The micro‑infrared reflectance analysis
data presented in Figure 7i indicates the possible presence of long‑chain fatty acids within
the mordant layer (adhesives for the gold gildings), corresponding to the ester carbonyl
ν(C=O) band in 1735–1730 cm−1, and the characteristic ν(C‑H) bands at 2926–2919 cm−1

and 2858–2850 cm−1.
Py‑GC/MS techniques were also applied to confirm the µ‑FT‑IR results and further

identify the specific components andkinds ofmordant. A total ion chromatogram is shown
in Figure S3, and the analysis results of Py‑GC/MS are described in detail in Table S2. The
pyrolysis product of #Glo‑1 included a great deal of monocarboxylic fatty acids and dicar‑
boxylic fatty acids. These fatty acids include linear monocarboxylic acids (saturated fatty
acids ranging from C10 (peak #14) to C16 (peak #17); unsaturated fatty acids like C18:1
(peak #19), dicarboxylic acid 2C8 (peak #8), and high contents of nonanedioic acid (peak
#11, 2C9). These carboxylic acids are suggested as characteristic markers used to iden‑
tify drying oil in polychrome artworks. The content ratio P/S (relative area of C16/C18)
was used to distinguish different types of drying oil [48]. The value of P/S of #Glo is 0.77,
which is close to the reported value of heated tung oil [49]. The use of bodyheated tung oil
is also a very common in ancient gilding techniques and has been elsewhere [47,48,50,51].
In addition, it was found that L‑aspartic acid (peak #3), pyrrolizin‑1,7‑dione‑6‑carboxylic
acid (peak #6), etc., were detected, suggesting that proteins were used in the underlying
pigment layers, most likely in the underlying gold foil layers of the paint.
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3.2.5. Black Pigment
For the black samples, only carbon and quartz were confirmed by the XRD patterns

(Figure 8d), as well as by the main typical Raman peaks at 1330 cm−1 and 1576 cm−1 in
Figure 8c. A high content of carbon (C) was also detected in #Bla‑1 using SEM‑EDS, and
the results are shown in Figure 8f. In addition to carbon and oxide, low concentrations of
Al, Si, Ca, S, and K were also detected, which likely came from the base layer and surface
dust. Therefore, the black color observed can be attributed to the presence of amorphous
carbon, which is a common black pigment.

3.3. Organic Materials
The reflection FTIR spectrum (expressed as IR transmittance) of the fibers in #R‑2

is shown in Figure 9. The characteristic peaks are listed as follows: The broad absorp‑
tion band at 3340 cm−1 shows the ‑OH stretching vibration and the band at 1640 cm−1

shows the ‑OH bending vibration. The stretching vibration of the C‑H group at the band
2996 cm−1 and the bands at 1423 cm−1 and 1319 cm−1 are assigned to CH2 scissoring vibra‑
tion. The band at 1058 cm−1 shows ‑CH‑O‑CH2 stretching, and the band at 1155 cm−1 is
assigned to the asymmetrical C‑O‑C stretching vibration of cellulose or hemicellulose [51].
These characteristic peaks of cellulose can be clearly observed in Figure 9, strongly suggest‑
ing that plant fibers like hemp or cotton were likely used in the production of white layers.
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Among the binder media, animal glue is the most common material used in Chinese
painting and polychromic relics. It is worth noting that animal glue typically does not
produce obvious fluorescence under UV illumination, but fluorescence was observed in
#R‑2, #R‑3, #B‑2, and #Bla‑1. Considering the limitation of the samples, #R‑1, #R‑2, and
#R‑3were selected for Py‑GC/MSanalysis, aiming to determinewhether fluorescence could
be attributed to a certain kind of organic binder.

The total ion chromatograms of the samples are displayed in Figure 10, with detailed
information on the pyrolysis products listed in Tables S3–S5. As shown in Figure 10b, a
high quantity of azelaic acid and a series of monocarboxylic and dicarboxylic fatty acids
were detected, along with L‑proline, suggesting the application of protein‑containing sub‑
stances. In contrast, the pyrolysis products in sample #R‑1 were nitrogenousmaterials, not
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mainly fatty acids, suggesting the use of a protein‑like material as the binder. In #R‑3, a
series of fatty acids were also detected, indicating that the drying oils may have caused
fluorescence. Oils and fats are mainly used in the production of black color, foils, and lead‑
containing parts. The P/S ratio of #R‑2was close to 1.1, suggesting the probable application
of heated tung oil in red lead pigment.
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4. Discussion
The sculptures are exquisitely crafted and employ a variety of pigments. The pro‑

duction process here also has significant differences from that in Dunhuang and other
places. Firstly, the white pigment uses white clay‑based materials, mainly mica miner‑
als and quartz mixed with gypsum, instead of the more commonly used materials such
as lime and chalk [7–10]. Only one case in Sichuan province reported the application of
gypsum as a binder in the white ground layer of clay sculptures [6]. Secondly, the detected
clay materials in the white layer are mixed with fibers to reduce the shrinkage of the white
base layer during drying, thereby increasing the overall pliability of the sculpture. #R‑2,
#R‑3 and #B‑2 were all sampled from the relief at the base of the sculpture, suggesting that
the plant fibers may have been added during the shaping of specific forms. In addition, no
gypsum was detected in any samples with the plant additions. In contrast, when making
the traditional polychrome clay sculptures in the Gansu and Shanxi Provinces, the hemp
fibers were mixed in the fine clay layer [6,52], but not in the white base layer.

In terms of color, the red pigment is also more elaborate, and different pigments and
color‑mixing techniques were used to obtain different hues. Regarding the blue pigment,
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some were detected at the same time within the XRF results. As for the green pigment, it
is composed of one substance and was not intentionally mixed.

Moreover, to better show the color tones, a multi‑layer technique was used when
painting the sculptures, with a black layer underneath the green pigment and light blue
and white layers underneath the blue and gold pigments (Figure 11). A multi‑layer tech‑
nique was most likely used to regulate the color development of the different pigment
layers. In European murals and oil paintings, black is usually used underneath blue to
showcase blue colors [53,54], which contrasts this case in the Wudang Mountains. How‑
ever, using red underneath gold is very common in Chinese objects [55–57] and even Eu‑
ropean gold‑plastered works [4,6,50,58]. Drying oil, especially tung oil, was commonly
applied as a mordant for gold foil when decorating the sculptures [48,56]. Notably, a black
and gray layer beneath the green pigment layer is rarely reported in the traditional sculp‑
tures and murals of ancient China. In addition, the use of drying oils to lead‑containing
pigments strongly indicates that the local craftsmen were aware of the characteristic usage
of pigments and binders and used them differently.
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This study’s findings help us to understand the dating of the artifacts and reveal fur‑
ther information on the possible use of different craft materials during different eras. The
use of smalt suggests a date no earlier than the 16th century. In samples #R‑2 and #G‑1,
repainting was observed, but the types of pigments used in both cases were similar, es‑
pecially the green color, and botallackite (an uncommon material) was used for painting.
These findings indicate that the two periods of painting are close to one another and that
the production period of these sculptures may have occurred in the early Qing Dynasty.

5. Conclusions
The two colossal polychrome and clay statues, “AzureDragonGod” and “White Tiger

God”, are housed in the Five‑Dragon Palace, a royal Taoist temple constructed during the
Ming Dynasty. In this study, we examined the pigments and traditional techniques used
in their creation. Although the two sculptures were expertly crafted, there is controversy
over when they were made and what materials and painting methods were used.

Our analyses revealed that several red pigments were employed to create a range of
red hues, namely #R‑1, which uses red ochre (hematite), #R‑2, which uses cinnabar (or
vermilion) coated on red lead, and #R‑3, which uses a combination of lead white (hydro
cerussite) and vermilion. Si and Al were found in the white base layer, which is primarily
composed of quartz and mica minerals with a blend of gypsum or plant fibers.

Green #G‑1 is a mixture of atacamite and botallackite with a black and gray layer un‑
derneath, and behind the pigments is most likely a blend of gypsum, quartz, muscovite,
and amorphous carbon. Despite their double layers, the employment of comparable pig‑
ments in #R‑2 and #G‑1 suggests that their restoration may have been completed at quite
similar times. Smalt blue and azurite are two types of blue pigment that were added
to the sculptures. Beneath the blue layer is a layer of lead white combined with indigo
(#B‑1). This creates a, overall vivid color. Heated tung oil was used to attach the gold
foil, and underneath is a coating of black carbon and red lead. The employment of sev‑
eral colors to achieve the same hue and the multi‑layering process demonstrates the ex‑
pertise of the artists; this site is known for its blue–white and green–black–gray layering
approaches. Another feature of this regional method for creating colorful sculptures is
the addition of fibers to the white background. The results of this study offer a founda‑
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tion for dating the examined sculptures to the late Ming or early Qing Dynasty (17th cen‑
tury), and the materials and procedures analyzed in this study may also be impactful in
subsequent restorations.

The object of this study is to gain rare insight into the special techniques used in the
production of bases and in the coloring of Taoist statues during the Ming Dynasty. The
research can supplement the information on the local craftsmanship of the statuematerials
of the era, while also providing basic information for any future restoration.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings14050540/s1. Figure S1: The sampling locations in Azure
God sculpture. Figure S2: Visible light photography with the points analyzed with XRF and the
corresponding XRF spectra of selected areas. Figure S3: Total ion chromatograms (TIC) of sample
#Glo‑1. Table S1: The normalized elemental concentration measure by using p‑XRF. Table S2: In‑
formation regarding the pyrolysis products of sample #Glo‑1. Table S3: Information regarding the
pyrolysis products of sample #R‑1. Table S4: Information regarding the pyrolysis products of sample
#R‑2. Table S5: Information regarding the pyrolysis products of sample #R‑3.
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