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Abstract

A famous winged sandstone sculpture named Bixie of the Wei and Jin Dynasties (220 ~ 420
AD) is placed on the right side of the Chongging Three Gorges Museum, accompanied by
serious weathering on its surface. To explore the structural and compositional properties of
the weathered, exfoliated, repaired cement, and yellow crust samples, scanning electron
microscopy (SEM), X-ray diffraction (XRD), X-ray fluorescence spectrometer (XRF), Fourier
transform infrared spectroscopy (FTIR), thermal analysis (TGA/DTG), and X-ray
photoelectron spectrum (XPS) were applied to determine the efflorescence that occurred on
the surface of sandstone sculpture and repair cement. The results show that a high
concentration of gypsum was detected in the weathering sample, which indicated that the
deterioration of the stone body of Bixie was caused by the combined action of internal salt
crystallisation and external air pollution. Both SO, in the atmosphere and SO2-4 in acid rain
react with substances containing calcium in sandstone to form anhydrite that causes
expansion in volume, resulting in loosening and crisp powder on the surface of sandstone.
The formation of the Fe-rich concretions and stagnant Fe?*-rich water on the surface,
reacting with sulphur oxides in the atmosphere, will cause the stone carving surface to turn
yellow. Cement is prone to corrosion due to carbonization and corrosion of gypsum, so it is
necessary to replace the cement in the subsequent repair. This study reveals the properties of
the surficial stain above the sandstone sculpture in the Chongging China Three Gorges
Museum, providing important information for their protection and restoration.

Keywords: Outdoor cultural relic; Stone cultural relics; Sandstone; Weathering;
CaS04+2H,0; Air pollution

Introduction

A winged sandstone sculpture, named Bixie as a mythical animal and considered a
protection against evil spirits, is 183cm high, 70cm wide, and 289cm long and is placed on a
rectangular stone platform in the open air without any shelter. After a long period of pollution
by the atmospheric environment, the sandstone body of the sculpture and the prior cement used
to repair cracks have suffered from efflorescence.

In an open environment, the stone carvings will be eroded by many natural factors such as
acid rain [1], soluble salts [2, 3], harmful gases [4], temperature and humidity changes [5, 6], dust
[7], microorganisms [8], ultraviolet rays [9-11] in the atmospheric environment [12, 13], etc.

As a warm district in southern China, Chongging city has a subtropical monsoon humid
climate, with an annual average temperature of 16-18°C and an annual average relative
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humidity of 70-80%. Acid rain, acid fog, and water seepage are the two major weathering
agents that cause the destruction of sandstone carvings in this district [14, 15]. The atmospheric
pollutants, including sulphur and nitrogen oxides, will cause acid deposition as wet deposition
in the form of acid rain, acid snow, or acid fog and as dry deposition [16]. Therefore, soluble
salts have accumulated in sandstone over the years, either because of reactions of the stone with
atmospheric pollutants or capillarity [17]. Exposure tests using fresh stone have indicated that
stone sulfation is most rapid immediately subsequent to exposure [16, 18], and rain washing
slows the accretion of organic matter and dissolution of soluble minerals but markedly increases
the rate of surface gypsum accumulation [19].

This paper focuses on the efflorescence that occurred on the surface of sandstone sculpture and
repair cement in order to reveal the weathering characteristics of the stone body of Bixie, its
weathering mechanism by atmospheric pollutants, and its further conservation.

Materials and methods

Materials

Figure 1 shows the picture of the sandstone Bixie (Fig. 1a) with the efflorescent leg (Fig.
1b), the repair concrete (Fig. 1c), and the mouth with yellow staining (Fig. 1d). The efflorescence
of sand sculpture is observed on the inside of its right hind calf, where rain can’t wash and will
accumulate the soluble salts by rainwater infiltration and diffusion. The efflorescence sample from
its right hind calf, the exfoliation sample from its platform, the repair concrete from its neck, and
the yellow crust from its mouth were collected to evaluate the weathering properties of this sand
sculpture in the open storage environment, as listed in Table 1.

Fig. 1. The picture of Bixie (a), the efflorescent sample from the right hind calf (b),
the repair concrete (c) and the mouth with a yellow crust (d)
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Table 1. The description of samples

Number Name Statue Place
1 Efflorescence sample Powdery particle From the calf
2 Exfoliation sample Sheet fragments From the platform
3 Repair concrete Bulk fragments From the repair concrete in the neck
4 Yellow crust Powdery particle From the mouth
Methods

The sample compositional analysis was measured using an energy dispersive X-ray
fluorescence spectrometer (Shimadzu’s EDX-7000) equipped with an Rn target and a silicon
drift detector ranging from elements Na to U.

The sample phases were analysed using XRD via a Rigaku Smart Lab X-ray
diffractometer equipped with Cu Ka radiation and recorded in the 26 range from 5° to 80° with
a tube voltage of approximately 40 kV and a current of approximately 30mA.

Fourier-transform infrared spectra (FT-IR) were obtained using a Bruker Tensor 27
spectrometer with the samples dispersed in KBr in the range of 400~4000cm™.

A Quanta 200 scanning electron microscope equipped with an X-ray energy dispersive
spectrometer (EDS) was applied to detect the elemental mapping in samples under a high
vacuum mode (< 5.0x10%Pa).

The samples were investigated via a simultaneous TGA/DSC equipment (SDT-Q600)
with a sample quantity of about 5~10mg ranging from 30 to 1450°C at a heating rate of
10°C/min under N2 atmosphere.

X-ray photoelectron spectroscopy (XPS) was performed to study the chemical state of
the main elements in the weathered materials using a Kratos Axis Ultra X-ray photoelectron
spectrometer with an Al Ko (1486.7¢V) excitation source.

Results and discussion

XRF analysis

The XRF results, shown in Table 2, reveal a higher concentration of elements S and Ca
in efflorescence sample No. 1 than that in exfoliation sample No. 2, corresponding to the
corrosive sulphate (CaSOa,).

Table 2. Sample elemental composition analysed by XRF (wt. %)

Sample Si Ca Al S Fe Mg Na
No.1 39.15 2384 1334 9.09 795 318 151
No.2 51.88 18.02 1330 441 645 274 180
No.3 88.73 / 564 085 166 047 /
No.4 58.06 485 1505 0.87 1115 3.01 205

Sample Ti Mn P Zr Cr K
No.1 1.24 0.31 028 011 / /
No.2 0.70  0.49 / / 0.21 /
No.3 0.59 / 0.33 / / 1.72

No.4 1.02 2.50 1.26 / 0.18 /

It is reported that a sandstone lion prior to being covered by a layer of organic protective
coating showed a higher concentration of S, about 14.25%, on the back of this weathering
protective coating, which also would accumulate the sulphate [20, 21]. Therefore, the
accumulation of gypsum is the key mechanism for the sulphur corrosion phenomenon that will
cause the micronization and exfoliation of the stone surface in this case.

Sample No. 3 is the repair concrete with a high concentration of Si, about 88.73%, which
reflects a quantity of sand used as fillers in repair cement and a release of cement composition.
A major factor in concrete decay is carbonation by carbon dioxide (CO2), which destroys its
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alkaline substance in the atmosphere and affects concrete durability [21]. In this case, the
carbonation process would release the main composition of concrete, accompanied by the
leaching action of rainwater, such as elements Ca and Al.

The yellow crust is observed on the surface of the sand sculpture, and the high
concentration of element Fe, about 11.15%, is detected in Sample No. 4, corresponding to the
iron salt deposit.

XRD analysis
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Fig. 2. The XRD patterns of Bixie, the efflorescent sample from the right hind calf (a),
exfoliation sample from the platform (b), the repair concrete (c), and the mouth with yellow crust (d)

As shown in Figure 2a, the XRD pattern of the efflorescent sample for the right hid calf
shows the existence of quartz (SiO,), alibite [Na(AlSizOs)], muscovite [KAI-SisAlO10(OH):],
and gypsum (CaSQO4+2H20). Gypsum is an important salt cause of chemical weathering for
sandstones [21], which comes from sulphide in the atmosphere, indicating that the main salt on
the surface of sandstone Bixie is sulphate.

Peaks appearing in Figures 2b and d are similar to those in Figure 2a; they can be
indexed to quartz (SiO,), alibite [Na(AlSizOg)], and muscovite [KAI;SizAlO10(OH)2;, which is
the material composition of a sandstone body. The difference is that Figure 2c¢ shows the
existence of AI(OH)s probably due to the element Al released in the carbonation process of the
repair concrete.

As Balsamo reported, when O diffuses into stagnant Fe?*-rich water, it causes the
formation of Fe-rich concretions [22], and stagnant Fe?*-rich water on the surface reacts with
sulphur oxides in the atmosphere. So Fes(SO4)s15H,0 is detected, and Fe®" is a colour
component in the yellow crust, as shown in figure 2d.
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FTIR analysis

FTIR spectroscopy was employed to obtain the qualitative characteristics of weathering
shown in Figure 3, and the assignment of the absorption bands is shown in Table 3.
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Fig. 3. FTIR spectra, the efflorescent sample (No. 1), the exfoliation sample (No. 2), and the repair concrete (No. 3)
and the yellow crust (No. 4).

For sample No. 1, the presence of IR absorption peaks at 466, 601, 672, 1116, 1621,
1687, 3403, and 3541cm™ are corresponding to gypsum (CaSO4+2H,0). It was shown in sample
No. 14 that the band at 1031cm™ arises from stretching vibrations of sialic acid salts. The
1384cm! sharp band is the fundamental v characteristic of alkali and alkaline earth nitrates
[23]. For sample No. 3, the peak at 3618cm™ is belongs to the OH-stretching vibrations from
AIl(OH); groups [24]. The peaks at 778 and 1081cm™ detected in samples No. 2 and No. 3 are
ascribed to quartz (SiO,). An intense absorption band located at 1635¢cm™ due to the bending H-
O-H of water molecules attributed to the formation of the hydrated silicate. A wide band at
around 3436cm™ generated by O-H bond stretching vibration associated with the water
molecules from the hydrated silicate [25].

Table 3. Compounds detected by FTIR analysis

Compound Fundamentals O-H H-O-H
Vi V2 V3 Vi v )
Gypsum 466 1116 672,601 3403,3541 1621, 1687
Quartz 778 520 1081
Feldspars 1031
Nitrates 1384
Al(OH); 3618
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Thermal analysis

The TG analysis results of the samples are shown in Figure 4. The variations that
occurred at temperatures below 100°C were due to surface-adsorbed H,O [26]. Additional
gypsum decomposition occurred between 100 and 130°C, with a weight loss of approximately
0.04% in sample No. 1, reaching the maximum decomposition rate at 118°C [27]. The weight
loss between 280 and 370°C is related to the deacidification and dehydrogenation of organic
components [28]. The small endothermic peak at 410°C reflects the decomposition of silicate
[29]. In the region of each of the DTG curves, the weight loss is centred at the temperature
interval of 450-600°C. Peaks at 548°C in the sample No. 2, 490°C in the sample No. 3, and
534°C in the sample No. 4 correspond to the dihydroxylation of aluminosilicate, such as
Muscovite [KAI2SisAlO10(OH),]. However, addition peaks at 68°C in the sample No. 1, 703°C
in the sample No. 3, and 701°C in the sample No. 4 were detected, which is likely to correspond
to a more thermally stable and more ordered polymorph of aluminosilicate [30-32].
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Fig. 4. TG plots of analyzed samples

In the range 450-750°C of the DTG curves, a dehydroxylation process is observed,
hydroxyl groups in the mineral structure of the sandstone were lost as water, and structural
water was also lost in the process.

EDS mapping analysis SEM results

The efflorescent sample is observed on the inside of its right hind calf, where rain can’t
wash and will accumulate the soluble salts by rainwater infiltration and diffusion. Figure 5

shows the elemental distribution mapping, from which the surface morphology and distribution
information of each component can be obtained.

542 INT J CONSERV SCI 14, 2, 2023: 537-550



SURFICIAL STAIN ABOVE THE OUTDOORS SANDSTONE SCULPTURE

Fig. 5. SEM-EDS maps of the efflorescent sample from the right hind calf (No. 1)

It showed that the distribution pattern of Ca was consistent with the distribution pattern
of S, corresponding to the existence of CaSQO,. The distribution pattern of Si showed that the
areas with high Si content are dispersed, which indicates that the salt damage has completely
destroyed the body structure of cultural relics.

The exfoliated sample was collected from the platform of Bixie. The SEM-EDS
elemental distribution maps of sample No. 2 are shown in Figure 6.

Fig. 6. SEM-EDS maps of the exfoliated sample from the platform (No. 2)

It showed that the distribution patterns of C and S are relatively uniform, which reflected
that the salt has not formed a bigger aggregate. And the area with a high content of Si became
tiny. The distribution of high-content Al and Si elements is characterised by a regional surface,
and there are many fine holes among the particles, showing loose microstructure.

The repair concrete sample was collected from the neck of the Bixie. The SEM-EDS
elemental distribution maps of sample No. 3 are shown in Figure 7.
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It indicated that the sample had a porous stacking structure. The distribution of Al in
large areas was related to the aluminate in cement. The cement is mainly composed of
Ca0eSi0,°Al;03 and Fe;03. The Ca0O+Si02+Al,03 and Fe;0s in clinker do not exist as separate
oxides but as aggregates of various minerals formed by two or more oxides through high-
temperature chemical reactions. They are mainly tricalcium silicate (3Ca0O+SiO;), dicalcium
silicate (2Ca0+Si0y), Tricalcium aluminate (3CaO°+Al»0s3), and tetracalcium ferroaluminate
(4Ca0-Al;03Fe;03). Usually, the content of tricalcium silicate and dicalcium silicate in clinker
is about 75%, and the theoretical content of tricalcium aluminate and tetracalcium
ferroaluminate accounts for about 22%.

The yellow crust sample was collected from the mouth of the Bixie. The SEM-EDS
elemental distribution maps of sample No. 4 are shown in Figure 8.

Fig. 7. SEM-EDS maps of the repaired concrete (No. 3)

Fig. 8. SEM-EDS maps of the yellow crust from the mouth (No. 4)

544 INT J CONSERV SCI 14, 2, 2023: 537-550



SURFICIAL STAIN ABOVE THE OUTDOORS SANDSTONE SCULPTURE

It indicated that the sample is mainly composed of Si, O, and Al with a multi-layer flake
crystal accumulation structure. This morphology is significantly different from the granular
sandstone body, which is likely due to the crusty material formed by water-soluble silicate. The
distribution patterns of O, Si, Mg, and Al are similar, while the distribution pattern of Fe, which
is distributed outside the areas of O, Si, Mg, and Al, is obviously different. Fe is an important
element for the colour of yellow crusts.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to characterise the chemical state of
the element on the surface of samples No. 1, No. 2, No. 3, and No. 4. C, O, Ca, Al, Si, Mg, S,
Na, and K were detected, as shown in Figure 9. The spectra were corrected by using the C 1s
peak at 284.8eV.

Figure 9 shows the XPS survey scans and the atomic concentration was listed in Table 4.
These samples were very similar in atomic composition, the Si 2p peak at energy binding of
102.85eV, assigned to SiO; and the O 1s spectrum has a main component at approximately
532.02eV, which includes the contribution of SOZ, SO; and OH- ions. For the No.1, a weak peak
at 407.37eV is related to nitrates. The binding energy for the S 2p peak at 169.3eV belongs to SO
and the Ca 2p3/2 perk was observed at 347.8eV assigning to gypsum (CaSO4+2H;0) [33, 34].

The components of the exfoliated sample No. 2 are similar to those shown in No. 1, but
the atomic concentration of S and Ca is lower than that of No. 1, while the atomic content of N
and Cl is higher. A weak peak at approximately 197.77eV is related to chloride. The N 1s peak
at approximately 400eV corresponds to organic components containing N due to air pollution.
For the repair concrete sample, the peak at 74.25eV is attributed to Al 2p3/2, and O 1s was also
detected at 532.17eV, indicating the existence of AI(OH)s..

Figure 9 (g, I) shows the XPS spectra of Fe to explore the colour components of the
yellow crust. The peak at 169.01eV is due to S 2p3/2 in Fe4(SO4)s*15H,0 and Fe 2p3/2 can also
be observed at approximately 713eV [35].

The results show the efflorescence sample No. 1 from the calf had a high content of S
and Ca, which exist as gypsum, and the concentration areas of Si and Al are relatively dispersed.
Compared to sample No. 1, the concentration areas of Si and Al in sample No. 2 became
smaller and dispersed, which indicated the surface of the sandstone had become loose, which
then caused the increase in cracks. It indicated the destructive effect of air pollution on
sandstone.

The harmful components in the atmosphere are mainly CO,, SO,, and NO-. Ca exists as
calcareous cementitious material in sandstone; in the case of CO; and water, it will form CaCOs,
and then further dissolve into soluble Ca(HCO3), (CaCO; + CO; + H,O — Ca(HCOs),. This
process will lead to the loss of Ca and directly cause the deterioration of sandstone. The SO; in
the atmosphere and SO? in acid rain can contact the surface of sandstone and even penetrate
into the interior of sandstone and react with substances containing calcium to form CaSO..
Anhydrite (CaSO4) will form gypsum (CaSO4+2H:0) after hydration, which will expand in
volume during hydration, resulting in loosening and crisp powder on the surface of sandstone.

Due to the influence of sandstone's own materials such as porosity and permeability, the
formation of the Fe-rich concretions and stagnant Fe2*-rich water on the surface was easy to
react with sulphur oxides in the atmosphere, and Fe4(SOa4)s-15H,0 was also detected in XRD
and XPS, which caused the stone carving surface to turn yellow.

The concrete was widely used as a repair material in the repair process of this sculpture.
Sample No. 3 is the repair concrete from the repair concrete in the neck of the sculpture. The
XREF results showed a high content of Si, about 88.73%. The XRD and IR results showed that it
was silica, aluminosilicate, and aluminium hydroxide. Only XPS results showed Ca was found
in the form of gypsum (CaSO.+2H,0), and the content was 0.13%. It was caused by the
carbonization of cement and the corrosion of gypsum.
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Table 4. The spectra listed with atoms, binding energy of peak and atomic concentration (at.%)

Atoms No. 1 No. 2 No. 3 No. 4
Peak(eV)  at(%) Peak(eV) at(%) Peak(eV) at(%) Peak(eV) at(%)
O1ls 532.02 44.63 532.01 41.64 532.17 36.76 531.93 44.19
Cls 284.85 29.77 284.81 34.34 284.85 44.04 284.84 28.96
Si2p 102.85 13.39 102.83 135 102.98 14.36 102.79 14.34
Mgls 1304.06 1.63 1303.89 1.76 / / 1303.36 0.67
Al2p 74.21 5.97 74.12 5.46 74.25 2.77 74.53 6.75
Ca2p 348.02 2.54 347.62 0.18 347.18 0.12 346.92 0.17
Nals 1070.82 0.27 1070.27 0.61 1070 0.52 1071.25 0.59
K2p 293.23 0.18 293.42 0.71 / / 29341 0.36
N1s 407.37 0.37 399.78 0.77 400.28 0.87 400.03 1.57
Cl2p 200.08 0.19 197.77 0.5 / / / /
S2p 169.3 0.55 / / / / 169.01 0.38
Fe2p 711.57 0.51 712.87 0.53 709.25 0.56 712.3 2.02

The main components of concrete are tricalcium silicate (3Ca0¢SiO>), dicalcium silicate
(2Ca0-Si0y), tricalcium aluminate (3CaO+Al;03), and tetracalcium ferroaluminate
(4Ca0-+Aly03°Fe;03). The process of concrete carbonization is as follows: the calcium
hydroxide from concrete hydration with strong alkalinity and can react with CO, and water in
the atmosphere to produce calcium carbonate, which is neutral. The corrosion of gypsum starts
from the reaction of SO% and calcium hydroxide: Ca(OH), + SO% — CaSOs The volume
expansion and internal cracking caused by this process are the main factors causing cement
damage [36].

Conclusions

Combined with XRD, FTIR, TG, SEM-EDS, XPS, and other analytical methods, the
weathered, exfoliated, repaired cement, and yellow crust samples from a winged sandstone
sculpture in an outdoor setting were studied to determine composition, structure, and
morphology.

Affected by air pollutants, not only the main components of sandstone, such as silica and
aluminosilicate, but also traces of calcium sulphate and organic pollutants were detected in the
weathered and exfoliated samples. It indicated that the black crust formed by weathering on the
surface of sculpture was related to the carbonization of organic matter in the protective layer,
and a high concentration of gypsum was accumulated under the crust. The volume of sculpture
expanded in the hydration process of anhydrite to gypsum. These factors caused the surface
looseness and crisp powder of the sculpture.

Fes(S04)s-15H20 was the coloured substance of the yellow crust from the mouth, which
caused the stone carving surface to turn yellow. Cement is easy to deteriorate due to
carbonization and corrosion of gypsum in outdoor environments, so it is not suitable to be used
as a cultural relic repair material and should be replaced in the follow-up repair.
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