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ABSTRACT  The Main Hall of the Fengguo monastery in Yixian county, Liaoning province, China, 

is the best preserved and largest wooden Buddhist structure, typical of the Liao dynasty style, in China. 

However, some degradation to the timber frame of the Main Hall has been noted, and this is causing 

concern in terms of the long-term preservation of the structure. In this study, wooden pillars showing 

the degradation phenomena of whitening, for areas in contact with the stone floor, and extensive surface 

damage at higher locations(mostly above 1 m) have been examined. Samples taken from wooden pillar 

surfaces were analyzed using X-ray powder diffraction, Fourier-transform infrared spectroscopy(FTIR), 

ion chromatography, and pH measurements. With respect to the whitening phenomenon, we found 

inorganic calcium precipitates and oxalate ions, along with higher pH values. These symptoms indicated 

that chemical changes were taking place in response to alkaline conditions, suggesting that alkaline 

mixtures with calcium content in the foundations may be responsible. Regarding the upper 

surface-damaged areas, no valid evidence for chemical degradation was found using FTIR analysis, 

while damaged areas exhibited the presence of more bat guano-related materials than which were 

apparent in undamaged areas. The occurrence of this surface-damaged phenomenon has therefore been 

attributed to physical damage caused by bat activity over long periods of time.

Key Words  Historic architecture, Wood, Degradation, Whitening phenomenon, Surface-damaged 

phenomenon, FTIR analysis

  

1. INTRODUCTION

The Main Hall of the Fengguo monastery in Yixian 

county, Liaoning province, China, was built in the ninth year 

of the Kaitai period of the Liao dynasty(A.D. 1020). As the 

best preserved and largest wooden Buddhist structure in the 

typical Liao dynasty style in China, it was declared as a state 

priority protected site in 1961. In 2013, it was submitted to 

the Tentative List of World Heritage Sites, nominated as 

“Wooden Structures of Liao Dynasty—Wooden Pagoda of 

Yingxian County, Main Hall of Fengguo Monastery of 

Yixian County.” As shown in Figure 1, the 56 wooden pillars 

of the Main Hall are set on a carved limestone foundation, 

with surrounding brick floor(Centre for Preservation of 

Cultural Relics in Liaoning and Cultural Relics Preservation 

Institute in Yixian, 2011). The pillars are labeled as rows A–F 

and columns 1–10, as shown in Figure 1D. 

Two significant types of degradation have occurred on the 

timber frames of the Main Hall-and these are cause for 

concern, in terms of the long-term preservation of the 

monastery. 

Whitening of the wooden pillar bottoms can be seen where 

they contact the stone base. In addition, a type of surface 
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damage—seen mostly on the D pillar row(D2–D9)—can be 

seen at higher points, mostly higher than one m 

above-ground. Each pillar consists of a main circular form, 

with a smaller, square section in front(Figure 2B). The 

surface damage is located at the gap between the circular and 

square pillar elements and consists of a lighter brown 

coloration, accompanied with loose surface wood tissue. 

In this study, we examined both degradation phenomena, 

with the objective of determining their chemical features. 

2. MATERIALS AND METHODS

In order to quantify the extent of the whitening 

phenomenon in the wooden pillar bases, its vertical extent 

was measured by tape measure in each pillar, except for those 

embedded in walls. Overall, 26 pillars in rows B–E, and 

columns 2–9, were measured. 

Figure 2. Sampling points for areas with (A) Whitening phenomenon, (B) Surface-damaged phenomenon.

Figure 1. (A) The main building group, fengguo monastery; (B) Pillars in the Main Hall, showing the whitening phenomenon

at their bases; (C) The white framed area showing the surface-damaged phenomenon; (D) Plan of the Main Hall, showing

the pillar labelling system.
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2.1. Sampling methods

In this study, the whitening phenomenon areas in pillars 

E2 and D3, and the surface-damaged area of pillar D3 were 

selected as being representative subjects for sampling. The 

sampling method was to scrape ~10 mg of wood tissue gently 

from the pillar surfaces—from the sample location shown in 

Figure 2—using a double bladed razor. The samples were 

then ground into wood powder with a particle size of 177-250 

μm, in an agate mortar. 

In areas with the whitening phenomenon, six points were 

sampled, at 10 cm, vertical intervals over the initial 50 cm 

extending up from the stone base, with a point 105 cm above 

the stone base was used as a reference. For the 

surface-damaged areas, points near the gap between the 

circular and square pillars, and the corresponding reference 

points on the front of the square side, were sampled, at 83, 

153, and 183 cm heights. The samples were labeled using 

pillar row IDs and sample heights–for example, for pillar D3, 

samples were named D3-0, D3-10, D3-20, and so on, for the 

whitening phenomenon samples. For the surface-damaged 

areas, sample locations followed a similar code, with the 

investigated point, D3-183, denoting the damaged area 183 

cm from the base of pillar D, with its corresponding reference 

sample labelled D3-183-R. 

2.2. Analysis methods

Additional substances, free ion content, chemical features 

of wood samples were determined using X-ray diffraction 

(XRD), ion chromatography(IC), and Fourier transform 

infrared attenuated total reflection(FTIR-ATR) analyses—and 

then an FTIR spectra comparison study was performed, using 

principal component analysis(PCA).

2.2.1. XRD analysis

XRD analyses were conducted, using a D8 ADVANCE/ 

TSM(D8 ADVANCE/TSM, Bruker, USA) under conditions 

of 1.542 nm CuK α radiation, at 40 mV/40 mA, over a 5–70°, 

two theta interval, at a scanning speed of 0.5 s/step(6000 

steps in total). DIFFRACT. EVA(Version 3.2) software and 

the International Centre for Diffraction Data(ICDD) database 

were used to identify sample crystalline content. XRD spectra 

were normalized by setting the maximum and minimum to 

one and zero, respectively.

2.2.2. IC analysis 

The mobile anion and cation contents in sample water 

extracts were qualified using IC analysis. Water extracts were 

prepared using ~5 mg ground wood powder immersed in 10 ml 

ultra-pure water(water to standard JIS A4) for 48 h, then 

filtered using a syringe filter(0.45 μm pore size, regenerated 

cellulose-membrane)(Minisart, Satorius, DEU). IC analysis 

was carried out using a Methrohm 883 Basic IC Plus(883 

Basic IC plus, Methrohm, CHE). Anion analysis was 

conducted using a METROSEP A Supp 5 25/4.0(6.1006.530) 

column, 3.2 mM Na2CO3 and 1.0 mM NaHCO3 eluent 

solution, 0.700 ml/min flowrate, and 30 min running 

time-with peak areas then calculated using MagIC 

Net(version 3.1) software. The detected ions were quantified 

using the weight of the corresponding powder samples, and 

the ion contents were summarized as a weight percentage of 

the wood(Wt%: mg/mg).

2.2.3. FTIR-ATR analysis 

FTIR-ATR analysis was performed on ~2 mg of sample 

powder, using an FTIR spectrometer equipped with an ATR 

unit(Spectrum One (B), PerkinElmer, USA), from 4000–400 

cm-1, with a resolution of 4 cm-1, and an average of 64 scans, 

at room temperature and pressure. The spectra were first 

smoothed using block averaging(9 points), then baseline 

corrected and normalized using Spectrum v3.00 software 

(Spectrum v3.00, PerkinElmer, USA). Baseline correction 

was performed using the manual method, applying baseline 

through points at 1800, 1773, 1496, 834, and 400 cm-1, while 

normalization was performed with 1800 cm-1 set as zero, and 

the maximum set to one.

2.2.4. PCA

PCA is a multivariate statistical technique. It was used in 

this study to compare FTIR spectra and determine the degree 

of variance between the samples from different locations. The 

basic concept of PCA is to simplify data with multiple 

variables into a smaller number of uncorrelated variables, 

which still contain most of the information in the original 

data. PCA was performed with Origin Pro 2019 software, 

using a covariance matrix. The obtained principal 

component(PC) score was applied to identify variances 

between FTIR spectra. The obtained loadings for each PC 

were applied to present contributions from each FTIR spectra 

wavenumber to the individual PC variances.
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3. RESULTS AND DISCUSSION

3.1. Whitening phenomenon areas

3.1.1. XRD and IC analysis

XRD results for pillars E2 and D3 showed significant 

characteristic peaks belonging to crystalline phases that were 

not cellulose components(002 crystalline peak at 22°, and 101 

amorphous peak between 15–17°). As can be seen in the 

XRD results for pillar D3(Figure 3), peaks belonging to 

cellulose components were almost invisible in the lower 

samples—at 0 and 10 cm—becoming more noticeable with 

increased sampling height. This showed that as the height 

from the floor increased, the amount of inorganic crystals 

attached to the wood gradually decreased. 

We were able to assign the characteristic peaks for 

these samples to gypsum(CaSO4·2H2O) and weddellite 

(CaC2O4·2H2O), with peaks belonging to the former being 

more significant than those of the latter. 

The stacked column graph of the anion and cation content 

detected through IC analysis showed significantly higher ion 

content in the wood exhibiting the whitening phenomenon 

(Figure 4). The total ion content decreased with increased 

height. 

The primary ion contents included cations — mainly Ca2+, 

followed by K+, NH4

+, and Na+—and anions—mainly SO4

2-, 

followed by C2O4

2-, PO4

3-, NO3

-, and Cl-. For both E2 and 

D3, the total detected ion concentration generally decreased 

as the sampling height increased, with the detected ion 

concentrations for samples from 0, 10, and 20 cm higher than 

the others as 30–45%. The highest values shown by samples 

E2-10, and D3-10.

Sample ion concentrations and pHs were plotted against 

sample height in the form of contour plots, with the 

black/white rectangular scales representing ion-content levels, 

growing upwards, from black to white(Figure 5). The 

photographs presented the areas with noticeable whitening on 

E2 and D3, and were, respectively, areas from 0–40 cm and 

Figure 3. XRD analysis results for the whitening

phenomenon areas of pillar D3.

Figure 4. Stacked column graph showing detected ion contents 

of samples taken in the whitening phenomenon areas of pillars 

E2 and D3.
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0–30 cm from floor-level. The ion concentration and pH 

distributions were similar in the whitened areas of both 

pillars:

1) NO3

- ion content decreased as height increased;

2) PO4

3- ion content reached its maximum in the 

mid-upper samples;

3) Ca2+ and SO4

2- ion concentrations and pH values 

showed similar distributions, being concentrated in 

mid-lower samples, and decreasing with increased 

height above 20 cm;

4) pH values for samples taken from under 30 cm ranged 

between 5.8 and 6.6, and were significantly higher than 

105 cm reference point pHs(pH 4.9 for E2-105, and 

pH 4.9 for D3-105); 

5) C2O4

2- ion content was relatively low in whitened areas

—that is, for samples from below 30 cm, and was 

relatively high in samples from the whitened area 

upper edges.

Concentration gradients versus height for the different ions 

indicated a separation process in the wooden pillars. As the 

transverse sections of the wooden pillars directly contact the 

stone base, the wooden tissues of the pillars provides a 

vertical movement route for capillary water. It has been 

reported that ion-content separation may be caused by the 

different capabilities of solutes, in terms of their affinities 

with stationary and mobile phases—which in this case were 

wood and capillary water(Gaucher, 1969). Thus, a solute 

suchas NO3

-, which may possess a stronger affinity for wood, 

will stay in the wood tissues as far as the capillary water 

can move in the wood, while the PO4

3- ion, with its weaker 

wood affinity, will be adsorbed and fixed by wood tissues 

after a certain transport distance(about 20 cm in this study).

In contrast, gypsum(CaSO4·2H2O) and weddellite 

(CaC2O4·2H2O) were confirmed, along with significant Ca2+ 

and SO4

2- ion content, in the whitening phenomenon areas. 

Gypsum and weddellite solubility are relatively low, 

according to the Ksp solubility product constants, with CaSO4 

reported as 1.95 × 10-4(at 10℃), and CaC2O4·H2O as 2.57 

× 10-9(at 25℃)(Bolz and Tuve, 1970). The combination of 

Ca2+ with SO4

2- and C2O4

2- ions has allowed solid white 

gypsum and weddellite to precipitate on the wood tissues. 

The much lower Ksp solubility product constants for 

CaC2O4·H2O, compared to CaSO4·2H2O, may explain the 

low levels of detection of mobile C2O4

2- ions in the whitened 

areas. In these areas, mobile C2O4

2- ions could readily 

Figure 5. Contour plots of ion content versus height, from E2 and D3 pillar bases.
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combine with Ca2+ ions, and would barely be detected using 

the sample preparation method applied in this study.

The significant Ca2+ concentration in the whitening 

phenomenon area suggested that there must be an external 

source, or some external factor beneath the wooden pillars, 

such as their stone bases, the brick floor, or some foundation 

materials. Although no historical construction records were 

found, the traditional material, Sanhetu, was probably used 

in the foundations. Sanhetu is a composite building material 

consisting of lime, sand, and clay, and was widely used in 

ancient China, because of its admirable mechanical strength 

and durability(Dai et al., 2019). Calcium oxide and calcium 

hydroxide present in Sanhetu may be the primary source of 

the Ca2+ ions detected in the whitening areas.

Determining the SO4

2- ion source was more complicated. 

For example, sulfur dioxide in the atmosphere might be 

generated from biomass or fossil fuel combustion(Kirchner 

et al., 2005; Behera et al., 2013) and precipitated into the 

surrounding environment, or might have come from a 

building material such as cement, which was probably used 

in historical repair work. Further investigation will be needed 

to confirm the SO4

2- ion source. 

In contrast, C2O4

2- ion may have originated from internal 

changes in the wood. The C2O4

2- ion is generated from oxalic 

acid(OA, C2H2O4), whichisthe simplest dicarboxylic acid and 

is a strong metal chelator. The free acid of OA, soluble salts, 

and solid calcium oxalate crystal commonly exist in plants 

and wood(Häärä et al., 2014). The formation of OA in plants 

is attributed to enzyme-catalyzed reactions associated with 

photorespiratory activity(Franceschi, 1987). In wood attacked 

by wood-rotting fungi, high OA content could originate from 

enzyme-catalyzed degradation(Clausen et al., 2000; Mäkelä 

et al., 2002). In studying degradation in iron-contaminated 

archaeological wood, Almkvist, and Norbakhsh et al. 

confirmed correlations between hemicellulose fraction 

degradation, tensile strength reduction, and OA formation 

(Norbakhsh et al., 2013; Norbakhsh et al., 2014; Almkvist 

et al., 2016). Accordingly, in our study, the significant 

amount of weddellite was probably caused by the 

combination of Ca2+ ions and OA, which may have been the 

degradation products of wood chemicals. 

In wood chemistry, cellulose and hemicellulose are 

polysaccharides. Upon degradation, they will depolymerize 

into oligosaccharides and monosaccharides, and then 

decompose into carbon dioxide and low-molecular organic 

acids, such as formic acid, acetic acid, or OA(Stamm, 1956; 

Wyman et al., 2005; Zargari et al., 2015). Therefore, lower 

pH values are generally considered to characterize more 

degraded wood.

The whitening phenomenon observed in this study, 

however, was characterized by the presence of higher pHs, 

which implied that the calcium hydroxide in Sanhetu could 

have led to more alkaline capillary water, which in turn 

caused alkaline degradation of the cellulose, hemicellulose, 

lignin, and so on, in the wood.

Gypsum and weddellite are colorless or white inorganic 

minerals, and their precipitation in wood may affect its 

surface coloration. On the other hand, chemical interactions 

between solutes in the capillary water and the wood may 

have also contributed to the color changes.

3.1.2. FTIR analysis

FTIR analysis identified the chemical constituents of the 

wood. In this study, we saw how the XRD analysis showed 

the existence of inorganic attachments in the whitening 

phenomenon areas-and this was also reflected in the FTIR 

spectra. In order to reduce the influence of the attachments 

and obtain results which could be representative of the 

wood’s chemical features, the following procedures were 

applied to clean the samples:

1) Place ~2 mg of the sample into a centrifuge tube, 

then add 1 ml of 2% disodium EDTA 

(ethylenediaminetetraacetate) solution, with a pH of 

9, as adjusted using NaOH; 

2) Set the centrifuge tube in an ultrasonic cleaning machine, 

ultrasonicate it for 5 min, then leave it for 1 h; 

3) Remove the sample and rinse three times with 

ultra-pure water; 

4) Dry the sample in a hot oven, at 50℃ for 24 h, then 

set the sample in a desiccator to cool it to room 

temperature.

The characteristic bands related to wood cell wall 

structural constituents in the fingerprint region of 1800–400 

cm-1 were assigned, using information from the literature—

and have been summarized in Table 1(Colom et al., 2003; 

Pandey and Pitman, 2003; 2004; Mohebby, 2005; Naumann 

et al., 2005; Popescu et al., 2007; Carballo-Meilan et al., 
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2014). 

FTIR spectra for weddellite and gypsum, and for E2-0 

before and after cleaning(E2-0 Original spectrum before 

cleaning was normalized with the 1800 cm-1 band set as zero 

and the 1030 cm-1 band set as one) are shown in Figure 6. 

Here it can be deduced that, after washing, the interference 

that originated mainly from the characteristic bands of 

gypsum has been reduced, and that the main characteristic 

bands belonging to the chemical composition of wood have 

become clear. The bands located at approximately 1623 cm-1 

and 1317 cm-1, which are most likely due to weddellite, 

representing symmetric C=O and C=O stretching, respectively 

(Frost et al., 2003), became very clear.

The cleaning procedure may not have been sufficient to 

remove weddellite completely from the wood tissues, due to 

its extremely low solubility.

Although no records or scientific investigations of the tree 

species used in the pillars were found in the literature, FTIR 

analysis confirmed characteristic bands at 1510 and 1266 

cm-1, in the spectra for pillars E2 and D3. These two bands 

may be assigned to the lignin of softwood. Additionally, 

FTIR analysis results(Figure 7) also showed different spectral 

features with decreased sampling height from the floor, 

especially in the 1780–1130 cm-1 range.

Weddellite-related bands located at approximately 1623 

cm-1 and 1317 cm-1 were recognized in the spectra of samples 

from 0 to 50 cm, and were more significant in samples from 

below 20 cm. We could also see reduction in the following 

bands with decreased sampling height, for both E2 and D3:

Figure 6. FTIR analysis results for: (A) gypsum; (B) 

weddellite; and (C) E2-0 before and after cleaning.

Wavenumber 
(cm-1)

Functional group Assignment

1750–1670 Unconjugated C=O stretching of acetyl group Xylans(hemicellulose) or carboxylic acid

1650–1640 Absorbed O-H and conjugated C-O Water

1610–1595 C=C stretching of the aromatic ring Lignin

1510 C=C stretching of the aromatic ring Lignin(softwood) 

1460–1445
a) -CH2-pyranringinligninandxylan
b) Aromatic C-H deformation asymmetric in -CH3

a) Lignin
b) Carbohydrates

1425 
a) Aromatic skeletal vibration, C-H deformation 
b) CH2 scissoringincellulose

a) Lignin
b) Carbohydrates

1370–1365 
a) C-H bending 
b) CHdeformation

a) Cellulose 
b) Hemicelluloses

1335–1325 CH2 and C-OH in-plane bending Cellulose 

1317 CH2 wagging Crystalline cellulose I and cellulose II

1270–1260
a) C=O vibration 
b) C-HandO-Hwaging

a) Guaiacyl ring(the major type of softwood lignin)
b) Xylan

1207 O-H plane deformation Cellulose and xylan 

1158 C-O-C asymmetric stretching Cellulose and hemicellulose

895
Aromatic C-H out-of-plane deformations, pyran 
ring vibration

Cellulose

Table 1. Wood cell wall structural constituents: assignment of FTIR characteristic bands
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1) The band between 1750–1670 cm-1, with its peak at 

1712 cm-1(unconjugated C=O stretching of the acetyl 

group of xylans);

2) The band at 1510 cm-1(C=C stretching of the aromatic 

ring of lignin); 

3) The band at 1449 cm-1(the -CH2- pyran ring in lignin 

and xylan, and the aromatic C-H deformation 

asymmetric in the -CH3 of carbohydrates); 

4) The band at 1266 cm-1(C=O vibration of the Guaiacyl 

ring of softwood lignin, and C-H and O-H waging of 

xylans). 

Most of these are bands assigned to lignin and 

hemicellulose(xylan). 

For pillar D3, these two bands also showed reduction with 

reduced sampling height: 

1) The band at 1158 cm-1(C-O-C asymmetric stretching 

of cellulose and hemicellulose); and

2) The band at 895 cm-1(aromatic C-H out-of-plane 

deformations, and pyran ring vibration of cellulose). 

FTIR analyses confirmed more severe wood chemical 

constituent degradation at lower heights in the whitening 

phenomenon area of the wood pillar. The degradation of 

lignin and hemicellulose may have occurred preferentially in 

pillar E2, while lignin, hemicellulose, and cellulose 

degradation may have taken place more simultaneously in 

pillar D3. 

Overall, we concluded that FTIR analysis provided 

supporting evidence for the hypothesis that the generation of 

weddellite and oxalate ions detected in 3.1.1. was related to 

the chemical degradation of the wood itself.

3.1.3 The overall situation of whitening phenomenon 

in the Main Hall

The heights that the whitening phenomenon reached in the 

26 measured pillars have been summarized in the form of 

contour plot, with black/white rectangular scales representing 

heights, growing upwards, from black to white(Figure 8). It 

can be seen in the figure that the seven pillars of row E(E3–

E9) in the front of the hall and near the doors presented the 

lowest damage levels-mostly <14 cm-while the pillars in the 

ninth column, near the eastern wall, presented relative high 

damage, generally >30 cm. 

Based on the XRD and IC analyses, capillary water has 

been identified as playing a crucial role in the occurrence of 

the whitening phenomenon, while the better ventilated 

surroundings of pillars E3 to E9 near the doorway may have 

limited capillary water activity in those pillars. This capillary 

water activity has also been associated with salt damage to 

wall paintings in the Main Hall-which will be the focus of 

future investigations. 

3.2. Surface-damaged areas

Sample XRD results—in this case for the 183 cm point 

on pillar D3, and for its corresponding reference point—are 

shown in Figure 9A. Apart from the characteristic peaks 

representing the cellulose content in the wood, some minor 

peaks were produced by XRD analysis, and these were 

identified as representing biphosphammite[(NH4, K)H2PO4], 

Figure 7. FTIR results for the whitening phenomenon areas: 

(A) pillar E2; (B) pillar D3.



Degradation Phenomena of Wooden Pillars in the Main Hall of the Fengguo Monastery, Yixian, Liaoning, China | 23

Figure 8. Contour map of whitening phenomenon area heights, for the 26 wooden pillars in the Main Hall.

Figure 9. Analysis of the pillar D3 surface damage: (A) XRD results; (B) Stacked column graph of detected ion content, 

and pH values; (C) FTIR results.
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monetite(CaHPO4), whitlockite[Ca9(Mg, Fe)(PO4)6(PO3OH)], 

and syngenite[K2Ca(SO4)2·H2O]. The XRD spectrum of the 

investigated point, D3-183, showed more significant 

biphosphammite peaks than the spectrum for the corresponding 

reference point.

Investigated point pH was higher than that of the reference 

points, while IC results showed a higher total ion content 

there as well(Figure 9B)—particularly at the points with more 

apparent surface damage, at the 153 and 183 cm levels. Ions 

showing significantly higher content included K+, NH4

+, 

SO4

2-, PO4

3-, and NO3

-. Considering the XRD results, the 

higher pH and ion content found for the investigated points 

might have been due to more significant additional inorganic 

contents.

FTIR spectra for the investigated points at 83, 153, and 

183 cm, and their corresponding reference points, have been 

plotted in Figure 9C, using black and grey lines, respectively. 

The FTIR analyses were performed with samples cleaned 

using the procedures mentioned in 3.1. The differences 

between the investigated and reference point spectra were 

seen to be slight, making it difficult to assert that the 

surface-damaged areas had suffered significant chemical 

changes. 

The XRD and IC results revealed the existence of 

biphosphammite, monetite, and whitlockite-which are bat 

guano-related minerals(Pryce, 1972; Bridge, 1973; Uchida et 

al., 2000; Frost et al., 2013)—at higher locations on the pillar. 

According to the literature, bat colonies once inhabited the 

Main hall, and were only removed in 2010(Liu, 2010). It has 

been assumed that physical damage caused by bat activity 

was one primary factor contributing to the pillar surface- 

damaged phenomenon. 

3.3. FTIR spectra combined with PCA

To account for the variations shown by the different 

sampled points, PCA was applied to the FTIR spectra, for 

comparison purposes. The PCA was performed for the range 

1780–1130 cm-1, since, as noted in the previous section, 

spectral comparisons showed notable changes to have 

occurred in this range. The PCA results indicated that the first 

and second principal components(PC1 and PC2) accounted 

for 60.5% and 14.5%, respectively, of the variations between 

the spectra. Subordinate PCs, which accounted for <5%, have 

not been discussed here. 

The plotted scores of PC2 versus PC1(Figure 10A) show 

the separation of the points. In the surface-damaged areas, 

sample group points were concentrated in a region with a 

PC1 score ranging from 1.0–1.5, and a PC2 score ranging 

from 0.0–1.0. These values applied to both the investigated 

and reference points, and indicated strong similarity between 

these samples. 

Samples E2-105 and D3-105, which were from reference 

points, were located in the region with PC1 and PC2 scores 

ranging between 0.25 to 0.75, and -1.5 to -1.0, respectively, 

which were some distance from the points that were within 

the whitening phenomenon area.

The 0-50 cm points for pillars E2 and D3 were roughly 

scattered in the area where PC1 scored <zero. Among the 

E2 points, four points between 20–cm were located in the 

area where the PC1 and PC2 scores were close to zero(PC1: 

between -0.75 and 0.25, and PC2: between -0.50 and 0.50). 

Figure 10. (A) PC2 versus PC1; (B) Loading plots for PC1 

and PC2.
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The points for E2-0 and E2-10 were located in areas where 

PC1 and PC2 were lower and higher, respectively (PC1: 

between -1.00 and -0.50, and PC2: between 0.50 and 1.00). 

Similarly, for pillar D3, four points, from 0 cm, and from 

30–50 cm, exhibited PC1 scores between -1.25 and -0.4, and 

PC2 scores between -2.00 to -0.25. In addition, D3-10 and 

D3-20 points exhibited PC1 and PC2 scores that were much 

lower and higher, respectively, with PC1 scores ranging 

between -1.80 and -1.25, and PC2 scores ranging between 

1.25 and 2.00.

The PC1 and PC2 loadings plotted with wavenumbers 

provided information on the bands responsible for the sample 

groupings(Figure 10B). The PC1 loading showed just two 

significant negative bands-with one being a significant broad 

band from 1657–1536 cm-1, and the other being a minor sharp 

band, with a peak at 1321 cm-1. 

For surface-damaged area points, the positive PC1 scores 

contributed the most to their significant separation from the 

other whitening area points. Bands assigned to the symmetric 

C=O and C=O stretching in weddellite(CaC2O4·2H2O) 

were plotted at approximately 1623 cm-1 and 1317 cm-1, 

respectively, in the FTIR spectrum. The absence of weddellite 

might have been the main reason why the surface-damaged 

phenomenon area points, and the E2-105 and D3-105 

reference points, were grouped on the positive side of the 

PC1 score. 

The PC2 loadings exhibited the most noticeable positive 

doublet, with peaks at 1329 and 1317 cm-1, followed by the 

band ranging from 1679–1527 cm-1, and the band with a 1158 

cm-1 peak. It was also noticeable that there were only two 

negative ranges, which included a relatively significant range 

in a broad band extending from 1780–1679 cm-1, and a minor 

range extending from 1527–1497 cm-1. 

The characteristic bands in the FTIR spectrum belonged 

to weddellite, as mentioned above, and the bands assigned 

to the C-O-C asymmetric stretching of cellulose and 

hemicellulose around 1158 cm-1 were found in the positive 

PC2 range. The characteristic band belonging to the 

unconjugated C=O stretching of an acetyl group in xylans, 

at 1750–1670 cm-1, and the band assigned to the C=C 

stretching of the aromatic ring of lignin, at 1510 cm-1, were 

found in the negative PC2 range. 

The reference points E2-105 and D3-105, which were less 

affected by external factors such as the floor or bat guano, 

presented negative PC2 value, and were clearly separated 

from the surface-damaged phenomenon points, which showed 

positive PC2 values. The PC2 loadings suggested that the 

band for xylans, at 1750–1670 cm-1, and the bands 

representing lignin, at 1510 cm-1, may have contributed 

negatively to the PC2 scores, meaning that the xylans and 

lignin of the surface-damaged phenomenon points may be 

more degraded. 

Whitening phenomenon area points could be roughly 

grouped by their PC2 scores. The higher PC2 scores(E2-0, 

E2-10, D3-10, and D3-20) may be primarily attributed to 

weddellite existence and lignin degradation. Although D3-0 

and D3-105 both presented PC2 scores of approximately -1, 

the causes were different, according to their PC1 values and 

their loadings. The former was mainly attributable to the less 

significant weddellite-related bands located at ~1623 cm-1 and 

1317 cm-1, along with the band at 1159 cm-1, which was 

related to reduced cellulose. In contrast, the latter was 

attributed mainly to the absence of the weddellite-related 

band, and to the less reduced xylans-related band, at 

1750-1670 cm-1. 

The PC2 score for D3-0 indicated that the amount of 

calcium oxalate attachment may not be high in direct 

proximity with the floor. As summarized in 3.1.1, Ca2+ ions 

were concentrated in mid-lower part of the whitening 

phenomenon area, rather than right at the bottom, supporting 

the hypothesis that calcium oxalate precipitation was more 

likely in areas rich in calcium ions.

4. CONCLUSIONS

We investigated the wood whitening and degradation 

phenomena in the Main Hall of the Fengguo monastery in 

Yixian county, Liaoning province, China, and have been able 

to identify some of their characteristics and likely causes.

Regarding the whitening phenomenon, the higher pH, the 

existence of gypsum and weddellite, and the significant ion 

content, as well as the specific FTIR spectral features, 

implied that this phenomenon may be attributed to the 

precipitation of solutes in capillary water, and to the 

degradation of wood chemical constituents under alkaline 

conditions. We have speculated that alkaline mixtures—which 

include a high calcium content, and which originate from 

under the stone floor—may be responsible, although this 
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requires additional study before it can be confirmed. Future 

research into this phenomenon will focus on the following: 

1) Capillary water activity in the Main Hall; 

2) The exact sources of the solutes found in the capillary 

water; 

3) The influences of this phenomenon on the interior and 

physical properties of wood;

4) The applicable wood degradation mechanism and its 

mitigation.

With respect to the surface-damaged phenomenon, FTIR 

analysis found no valid evidence of chemical degradation. 

Detection of bat guano-related material implied that the 

surface damage may be primarily attributable to physical 

damage stemming from bat activities over a prolonged 

period. The residual effects of bat guano on wooden 

construction are not yet clear, and although the bats were 

removed almost 10 years ago, monitoring for ongoing surface 

damage is necessary, in order to obtain better understanding 

of its progress and likely further development. 

REFERENCES

Almkvist, G., Norbakhsh, S., Bjurhager, I. and Varmuza, K., 

2016, Prediction of tensile strength in iron- contaminated 

archaeological wood by FT-IR spectroscopy - A study of 

degradation in recent oak and Vasa oak. Holzforschung, 

70(9), 855-865.

Behera, S. N., Sharma, M., Aneja, V. P. and Balasubramanian, 

R., 2013, Ammonia in the atmosphere: a review on 

emission sources, atmospheric chemistry and deposition on 

terrestrial bodies. Environmental Science and Pollution 

Research, 20(11), 8092-8131.

Bolz, R. E. and Tuve, G. L., 1970, CRC handbook of tables 

for applied engineering science. Chemical Rubber Co., 

Florida, 376.

Bridge, P., 1973, Guano minerals from Murra-el-elevyn Cave 

Western Australia. Mineralogical Magazine, 39(304), 

467-469.

Carballo-Meilan, A., Goodman, A. M., Baron, M. G. and 

Gonzalez-Rodriguez, J., 2014, A specific case in the 

classification of woods by FTIR and chemometric: 

Discrimination of Fagales from Malpighiales. Cellulose, 

21(1), 261-273. 

Centre for Preservation of Cultural Relics in Liaoning and 

Cultural Relics Preservation Institute in Yixian, 2011, 

Fengguo monastery of Yixian. Cultural Relics Publishing 

House, Beijing, 24. (in Chinese)

Clausen, C., Green, F., Woodward, B., Evans, J. and Degroot, 

R., 2000, Correlation between oxalic acid production and 

copper tolerance in Wolfiporia cocos. International 

Biodeterioration & Biodegradation, 46(1), 69-76.

Colom, X., Carrillo, F., Nogués, F. and Garriga, P., 2003, 

Structural analysis of photodegraded wood by means of 

FTIR spectroscopy. Polymer Degradation and Stability, 

80(3), 543-549. 

Dai, M., Peng, C., Liu, H., Wang, J., Ali, I. and Naz, I., 2019, 

Analysis and imitation of organic Sanhetu concrete 

discovered in an ancient Chinese tomb of Qing dynasty. 

Journal of Archaeological Science: Reports, 26, 101918.

Franceschi, V. R., 1987, Oxalic acid metabolism and calcium 

oxalate formation in Lemna minor L. Plant, Cell and 

Environment, 10(5), 397-406.

Frost, R. L., Xi, Y., Millar, G., Tan, K., and Palmer, S. J., 

2013, Vibrational spectroscopy of natural cave mineral 

monetite CaHPO4 and the Synthetic Analog. Spectroscopy 

Letters, 46(1), 54-59.

Frost, R. L., Yang, J. and Ding, Z., 2003, Raman and FTIR 

spectroscopy of natural oxalates: implications for the 

evidence of life on Mars. Chinese Science Bulletin, 48(17), 

1844-1852.

Gaucher, G. M., 1969, An introduction to chromatography. 

Journal of Chemical Education, 46, 729-733.

Häärä, M., Pranovich, A., Sundberg, A. and Willför, S., 2014, 

Formation of oxalic acid in alkaline peroxide treatment of 

different wood components. Holzforschung, 68(4), 393-400.

Kirchner, M., Jakobi, G., Feicht, E., Bernhardt, M. and 

Fischer, A., 2005, Elevated NH3 and NO2 air concentrations 

and nitrogen deposition rates in the vicinity of a highway 

in Southern Bavaria. Atmospheric Environment, 39(25), 

4531-4542.

Liu, J., 2010, Record of bat extermination in Fengguo 

monastery, Yixian, Liaoning. Zhongguo Wenwu Kexue 

Yanjiu, 2010(04), 43-46. (in Chinese)

Mäkelä, M., Galkin, S., Hatakka, A. and Lundell, T., 2002, 

Production of organic acids and oxalate decarboxylase in 

lignin-degrading white rot fungi. Enzyme and Microbial 

Technology, 30(4), 542-549.

Mohebby, B., 2005, Attenuated total reflection infrared 

spectroscopy of white-rot decayed beech wood. 

International Biodeterioration & Biodegradation, 55(4), 

247-251.

Naumann, A., Navarro-González, M., Peddireddi, S., Kües, U. 

and Polle, A., 2005, Fourier transform infrared microscopy 

and imaging: detection of fungi in wood. Fungal Genetics 

and Biology, 42(10), 829-835. 

Norbakhsh, S., Bjurhager, I. and Almkvist, G., 2013, 



Degradation Phenomena of Wooden Pillars in the Main Hall of the Fengguo Monastery, Yixian, Liaoning, China | 27

Mimicking of the strength loss in the Vasa: model 

experiments with iron-impregnated recent oak. Holzforschung, 

67(6), 707-714.

Norbakhsh, S., Bjurhager, I. and Almkvist, G., 2014, Impact 

of iron (II) and oxygen on degradation of oak - modeling 

of the Vasa wood. Holzforschung, 68(6), 649-655. 

Pandey, K.K., and Pitman, A. J., 2003, FTIR studies of the 

changes in wood chemistry following decay by brown-rot 

and white-rot fungi. International Biodeterioration & 

Biodegradation, 52(3), 151-160. 

Pandey, K. K. and Pitman, A. J., 2004, Examination of the 

lignin content in a softwood and a hardwood decayed by 

a brown‐rot fungus with the acetyl bromide method and 

Fourier transform infrared spectroscopy. Journal of 

Polymer Science Part A: Polymer Chemistry, 42(10), 

2340-2346.

Popescu, C., Popescu, M., Singurel, G., Vasile, C., 

Argyropoulos, D. S. and Willfor, S., 2007, Spectral 

characterization of Eucalyptus wood. Applied Spectroscopy, 

61(11), 1168-1177. 

Pryce, M.W., 1972, Biphosphammite: a second occurrence. 

Mineralogical Magazine, 38, 965-967.

Stamm, A. J., 1956, Thermal degradation of wood and 

cellulose. Industrial & Engineering Chemistry, 48(3), 

413-417. 

Uchida, E., Ogawa, Y., Maeda, N. and Nakagawa, T., 2000, 

Deterioration of stone materials in the Angkor monuments, 

Cambodia. Engineering Geology, 55(1-2), 101-112. 

Wyman, C. E., Decker, S. R., Himmel, M. E., Brady, J. W., 

Skopec, C. E. and Viikari, L., 2005, Chapter 43: 

Hydrolysis of cellulose and hemicellulose. In: Dumitriu, S. 

(eds.), Polysaccharides: Structural diversity and functional 

versatility, Marcel Dekker, New York, 995-1034.

Zargari, N., Kim, Y. and Jung, K. W., 2015, Conversion of 

saccharides into formic acid using hydrogen peroxide and 

a recyclable palladium(ii) catalyst in aqueous alkaline 

media at ambient temperatures. Green Chemistry, 17(5), 

2736-2740.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




