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Abstract 

Red discolorations are an effloresce phenomenon detect on the surface of stone objects and considered as damage 
factor in both esthetic and conservation points of view. It is very difficult to remove and seldom report about their 
weathering mechanism. Recently, numerous of red discolorations have affected the limestone objects of Lingyan 
Temple in Shandong province, one of the most important building materials in China. In order to set up the appropri-
ate conservation remedy, it is essential to identify the origin, characteristics, composition, and the formation process 
of red discolorations. Several analytical and investigation techniques, such as X-ray fluorescence spectroscopy (XRF), 
X-ray diffraction (XRD), Micro-Raman spectroscopy (Raman), Fourier transform infrared spectroscopy (FTIR), scanning 
electron microscopy (SEM) equipped with energy dispersive spectrometer (EDS) were used to better understand 
the red discolorations. The results demonstrated that the discolorations on limestone surface have been caused by 
carbonic acid weathering process. The red discolorations consisted mainly of kutnohorite (Ca(Fe,Mg,Mn)CO3) and iron 
oxides. They showed tabular, lamellar, and granular morphologies, which originated from the in situ carbonic acid 
weathering of kutnohorite. After rainfall, the Ca, Mg, Mn ions with relatively high solubility were primarily leached 
from carbonatite phases. It was resulting in the sedimentation of red iron oxides through a chemical reaction and 
physical adhesion. Based on those analyses, a chelating agent (ethylenediamine tetraacetic acid disodium salt) was 
chosen to remove theses red discolorations on the stone object.
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Introduction
Stone objects are the most important carriers of cultural 
information. Most of them have gone through natural 
and anthropogenic damages over an extended period of 
time. According to the research results, the influent fac-
tors of the weathering can be divided into three catego-
ries of physical, chemical, and biological factors [1].

The chemical and biological factors were considered 
to be the cause of discoloration on stone objects, such 
as blackening, whitening, and reding. These coloring 
changes cause not only esthetical interference, but also 
induce secondary damage to stone objects [2, 3]. Thus, 
it is necessary to find a scientific cleaning method to 
remove the discolorations, yet this cleaning process must 
consider the weathering mechanism of the stone objects 
[4]. Red discolorations are not so common on the stone 
surface compared with the blackening and whitening 
phenomenon. The discoloring substances have various 
morphologies, and they present a rigid, dense, and thick 
crust or a thin layer of microparticle deposits, which 
does not easily wash out. One of the earliest documented 
about these chromatic alteration phenomena dates back 
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to the Certosa façade (1844). Through microbiological 
analyses of the marble samples, they attributed the chro-
matic alteration to the presence of the red-pigmented 
microorganisms [5]. The subsequent microbiological 
analysis discussed the influence of microbial melanin on 
stone monuments [6]. In some research, the inclusion of 
red pigments in biomineralization products considered 
to be the cause of the red staining [7]. Studies carried 
out by micro-Raman spectroscopy showed the presence 
of minium (Pb3O4), which confirmed the inorganic sub-
stance [8]. Subsequently, a series of research shows that 
red discoloration critically depends on the environment 
bacteria, decorate pigment, and human intervention [9]. 
The chromatic alteration process includes three parts: (a) 
enzymatic decolorization of bacterial pigments [10], (b) 
atmospheric attack of lead building components [11], and 
(c) production of hematite through washing and leach-
ing of alkaline silicates [12]. The various morphologies 
and composites of the red discolorations make it more 
difficult to find out its causes and prevention, as well as 
a protection method. In order to set up the appropriate 
conservation remedy, it is important to identify the ori-
gins, characteristics, and composition of the red discolor-
ations. However, most of the current data only reported 
the discoloring substance and surface morphology of red 
discolorations. Their chemical reaction, influencing fac-
tor, and a detail description of the weathering process is 
practically missing in the literature.

The Lingyan Temple (灵岩寺) is an integral part of 
Taishan (泰山) world’s natural and cultural heritage, 
which presents a large number of the stone object with 
red discolorations on the surface. According to tradition, 
the temple was founded in Yongxing reign period (357–
358 AD) during the Eastern Jin Dynasty by an Indian 
monk, who named Lang in Chinese. The temple fur-
ther gained a great reputation during the Northern Wei 
(386–534 AD) and prospered in the dynasties of Tang 
and Song, with a history of more than 1600 years. None-
theless, its prominence has not saved the temple from 
the events of exterminating Buddhism, which caused the 
temple to be rebuilt at least twice since then. The current 
building was established in the Tang dynasty (627–649 
AD) and considered to be one of the most famous tem-
ples in China [13]. The oldest surviving stone sculpture 
exposed out of doors carved from bedrocks in Tai moun-
tain during 727 CE. Some research on the stone object 
deterioration in this area suggested that the increasingly 
severe air pollution accelerated the stone decay [14]. Pol-
lutants can be present as gas particles, sulfur and carbon 
dioxides, nitrogen dioxides, sulfurous and sulfuric anhy-
drides [15]. Among them, carbon dioxide (CO2) was the 
most common corrosive agent in stone object weather-
ing. The water-soluble gas reacts with moisture and then 

dissolves minerals to form carbonate and bicarbonate 
ions responsible for the Karst region [16]. Temperature, 
gas concentration, and relative humidity are the criti-
cal factors for the chemical weathering of stone objects 
[17]. The weathering process is especially strong when 
minerals are associated with carbonate rocks because it 
dissolved in surface water to form colloidal particles [18]. 
Flocculation, recrystallization, and ions migration can 
accelerate stone decay, resulting in dirtiness [19]. Pre-
vious research has established the description and clas-
sification of those features [20], and several studies have 
documented the red discoloration on stone monuments 
are generated to the biological or inorganic origin. Red-
pigmented microorganisms and lead compounds have 
contributed to the weathering process [21]. Besides, the 
alkaline mortar, acidic water, atmospheric agents, micro-
organisms, and bacteria also play an important role in the 
weathering process. Some of them prove the direct link 
between discolorations process and deterioration on the 
stone surface, which is often involved in solution pen-
etration [22]. The formation of severe pitting and inter-
connected deep holes provides a location for pollutant 
accumulation and thus form a discoloration on the sur-
face of stone objects [23]. Therefore, this ancient heritage 
site offers the opportunity to investigate the weathering 
mechanism of the red discolorations on stone objects.

In this paper, we identify the weathering mechanism 
of red discolorations based on qualitative, quantita-
tive, morphological, and environmental information. 
Meanwhile, the chemical cleaning method was tested to 
remove the red discolorations from stone objects in Ling-
yan temple.

Background of the study area
Historical
Lingyan Temple in Shandong province has a history of 
more than 1600  years. During this period, monks, local 
officials as well as scholars left many stone inscriptions 
in the temple. According to their shape and structure, 
these inscriptions are divided into five types: tablet, epi-
graph, cliff, statue, and monument. Most of them record 
the managerial system, economy, and culture of the 
Lingyan temple, and have been widespread in the sur-
rounding area. The monuments statues of the Lingyan 
temple are concentrated in three locations, which are 
Thousand Buddha Hall (千佛殿), BanZhou hall (般舟殿) 
and Five Flower Pavilion (五花阁). As far as the inscrip-
tion is concerned, prayer, poetry, and scripture are the 
main components, especially the scripture. The scripture 
monuments near Thousand Buddha Hall was a construc-
tion project of Flower Pavilion and was instituted under 
the direction of abbot Qionghuan (琼环) in the late Song 
Dynasty (1056–1063 AD). It was constructed in the 
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Ming Dynasty (1436–1449 AD) by a monk named Zhi-
ang (志昂), and was rebuilt in the Qing Dynasty (1436–
1499 AD). However, we do not know what the scripture 
recorded because one fire almost completely destroyed 
the monuments.

Geography
The stone sculptures at the Lingyan Temple are located 
in Changqing District of Jinan city (济南市), Shandong 
Province, China, and the geographic location is shown in 
Fig. 1a. It is approximately 6 km from the urban area and 
has a central position of approximately 116°59´ east lon-
gitude and 36°21´ north latitude (Fig.  1a, b). The tallest 
statue is 10 m high, while the smallest is 0.6 m. They were 
carved into the cliff and placed on the floor. The location 
place of the stone objects includes parts of nine spots, 
and the red discolorations are mainly found near Thou-
sand Buddha Hall (Fig. 1c). All of them remained a ver-
tical trace and presented a rigid deposit that is strongly 
adhered to the stone monument surface (Fig. 1d).

Weather and climate
The Lingyan Temple is located in the northwest region of 
Tai mountain, which belongs to a sub-humid warm tem-
perate continental monsoon climate. It is characterized 

as a warm climate, abundant rainfall, and four distinctive 
seasons. In the last 5 years, the temperature has ranged 
from maxima of 39.1  °C in the summer to minima of 
− 12.9  °C during the winter (Fig. 2). The region receives 
an average of 715.4 mm rain per year, and the rainfall dis-
tribution is mainly in June, July, and August. Besides, the 
annual average humidity is 56% Relative Humidity (RH), 
and a maximum of 82% RH in November. Furthermore, 
the dominant wind throughout the year is southwest 
directed, and southeasterly wind prevails in the sum-
mer. The annual average wind speed is 2.3 m/s, and the 
maximum wind speed is 13.9 m/s [24]. The above envi-
ronment parameter and a relatively higher location with 
well-developed vegetation determinate a damp foggy 
microclimate, which provides sufficient water (i.e. rain, 
moisture) for stone objects forming wet deposits.

Surface weathering features
In the red discoloration area, a variety of solutional fea-
tures, specifically the vertical trace, was detected. At 
some sites, the color change occurs on the vertical sur-
face of the monument (Fig. 3a). At other sites, the color 
variation occurs on the horizontal surface of the sculp-
ture (Fig.  3b). Most of them presented thick and rigid 
crusts that are strongly adhered to the stone surface 

Fig. 1  Geographic location of the Lingyan Temple (a); the distribution area of the weathering stone objects in the Lingyan Temple (from Google 
Earth, 2019/04/13) (b); the east side of Thousand Buddha Hall (c); Red discolorations on the stone monument surface (d)
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Fig. 2  Climograph of Jinan city from January 2013 to December 2017 (The data were downloaded from the climatic data center, National 
Meteorological Information Sharing Website)

Fig. 3  Weathering features on stone objects: red discolorations on the monument (a), red discolorations on the sculpture (b), red discoloration (c), 
and red discoloration coexist with quartz (d)
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(Fig.  3c). An acid-resistant mineral, such as quartz are 
always found on the rims of these red discolorations, 
indicating the formation process is dominated by acid 
reaction [25] (Fig. 3d).

Stratum and lithology
The original quarry of the monument was situated in the 
Lingyan mountain, and it is a branch of mountain Tai. 
The stone in this area is composed of the Ordovician sys-
tem and Cambrian system limestone. And the lithologic 
characters of these rocks are mainly limestone and dolo-
mitic limestone [26].

Materials and analytical methods
Materials
Three samples were taken from the visible fissured area 
of the monument using scalpel, hammer and tubes. One 
area was used for chemical cleaning test and colorimet-
ric measurements. Descriptions of representative sam-
ples/areas and the analyses performed are presented in 
Table 1. Before performing any analyses, the sample was 
first observed under a microscope and then treated with 
different methods for accurate analysis.

Analytical methods
Stereo light microscope (SLM)
The microscopic image of the sample was obtained by 
VHX-6000 ultra-depth-of-field three-dimensional video 
microscope (Keyence, Japan). The lens was VH-ZST, and 

the magnification was 20–2000. The sample was used 
without further treatment.

X‑ray fluorescence (XRF)
Analysis of the sample was performed with a Shimadzu 
EDX-800HS instrument (Shimadzu, Japan) equipped 
with a rhodium X-ray tube. The measuring voltage is 
50 kV, and the measuring times are 100 s. The sample was 
crushed into a fine powder with a pestle and mortar.

X‑ray diffraction (XRD)
The mineralogical composition of samples was deter-
mined by XRD analysis with a Rigaku Ltd Rint2000 
diffractometer (Cu Kα radiation, 40  kV, 40  mA, angle 
5°–75°, scanning speed of 4°/min, step size 0.02°) and 
XRD data were analyzed using Jade software. The sample 
was crushed into a fine powder with a pestle and mortar.

Fourier Transform Infrared Spectroscopy (FT‑IR)
The chemical bonds of the sample were measured in a 
diamond cell by a Nicolet iN10 Fourier transform infra-
red spectrometer (Thermo Scientific Corporation). The 
experiment set the acquisition mode (spectral range of 
4000–450 cm−1) to attenuated total reflection (ATR), the 
spectral resolution is 4 cm−1 and the number of scans is 
64. Each sample was scanned at 25 °C and the data acqui-
sition system used was OMNIC. The sample was crushed 
into a fine powder with a pestle and mortar.

Raman spectroscopy
A Renishaw inVia Raman spectrometer coupled with a 
100× objective lens is employed for the identification of 

Table 1  Characteristics of the samples and an example of an area treatment with chemical cleaning

Sample LY1 LY2 LY3 LY4

Analysis XRF, XRD, FTIR, Raman XRF, OM, SEM–EDS XRD Chemical cleaning

Description At the east of Thousand 
Buddha Hall, the second 
monument

At the east of Thousand 
Buddha Hall, the second 
monument

At the east of Thousand 
Buddha Hall, the second 
monument

Basement of Pizhi Pagoda, the 
six relief

Sampling sites
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red discolorations (Raman). The 532 nm red laser is used 
and the spectrum is recorded for 2 × 100  s. The spec-
tral range investigated was between 200 and 1000 cm−1. 
Acquisition times were 30  s and the spectral resolution 
was 2 cm−1 for the diode laser. The red discoloration was 
peeled off and crushed into a fine powder between two 
glass slides.

Scanning Electron Microscope with energy dispersive X‑ray 
spectrometry (SEM‑EDS)
Backscattered electron images investigations (BSE) were 
carried out by a Tescan Vega 3 XMU scanning elec-
tron microscope (Czech Republic) equipped with an 
EDS detector of Bruker Nano Gmbh 610 M (Germany). 
Observations were carried out on the sample surface 
section and on polished cross-sections. Part of the sam-
ple fragment was used without further treatment, the 
other sample fragment was mounted in epoxy resin, 
and was polished with metallographic sandpaper #600, 
#1000, #1500, #2000, #2500 and size of 0.5  μm lapping 
pastes. Before an examination, the sample was coated 
with gold.

Color measurements
Color measurements were determined using a spectro-
photometer CM-26d, with the standard illuminant D65 
and observer at 10°. Yxy space expresses the XYZ tristim-
ulus values in terms of x and y chromaticity coordinates, 
somewhat analogous to the hue and saturation coordi-
nates of HSV space. Spectral response closely matching 
the CIE (1931) standard observer curves. In each area, 
measurements were conducted at 9 points.

Results and discussion
The XRF measurements were carried out on the red area 
of the LY1 and LY2 sample. In each colored area, three 
points were analyzed and an average was calculated. 
Table 2 shows the red discolorations mainly contain sil-
icon (Si), calcium (Ca), iron (Fe), manganese (Mn), and 
potassium (K). The amount of calcium is as high as 84.7–
85.4 wt %, and silicon is 3.4–4.9 wt %. The percentage of 
iron (5.7–7.7 wt %), manganese (1–1.3 wt %), and potas-
sium (1.3 wt  %) is also very high in the red area. Thus, 
the red discoloration is corresponding to the presence of 
iron. Furthermore, it is worth noting that the thick target 
background limits the sensitivity for determining a light 
elemental (i.e. H, C, O), which also acts effectively in the 
chromatic alteration process.

In order to identify the chemical composition, the 
reference intensity ratio (RIR) method was used to ana-
lyze the data, rather than the intensity of the peak chan-
nel alone [27]. Figure  4 illustrates the XRD patterns 
of the red discolorations (LY1) and unaltered stone 
(LY3). The mineralogical composition of red discolora-
tions contained large quantities of calcite (77.9%), and 

Table 2  XRF analytical results of red discolorations

Sample Element content (wt %)

Ca Fe Si Mn K

LY1 85.4 7.7 3.4 1 1.3

LY2 84.7 5.7 4.9 1.3 1.3

Fig. 4  XRD patterns of the red discolorations
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remarkably high amounts of quartz (15.3%) and kutno-
horite (6.8%). Similar composition was detected in the 
unaltered stone (LY3) and consisted of 45.9% calcite, 
11.8% quartz and 42.4% kutnohorite. The high concen-
tration of Ca can be accounted for the calcite content, 
whereas kutnohorite is not responsible for the higher 
Fe content. Some iron-compounds were apparently 
below the detection limit (5%) [28]. Furthermore, in 
comparison with the unaltered stone (LY3), it is clear 
that the d-space values of the weathered stone objects 
(LY1) have a slight shift of (012), (202), (104) and (0012) 
peaks, and the structure change is always associated 
with acid corrosion [29, 30].

It is generally accepted that the Raman band posi-
tions are specific to particular chemical groups, and 
it is extra sensitive to the short-range order, which is 
a widely used characterization of weathered samples 
[31]. Figure  5 presents the Raman spectra of the red 
grain in the LY1 sample. The result showed in good 
agreement with the rust (around 225, 243, 292, 408, 497 
and 610 cm−1), which is an insoluble dark red powder 
[32]. In the red discoloration sample, hematite can be 
accounted for the high concentration of Fe content. The 
mineral formation process is frequently associated with 
dissolution, precipitation and oxidation of iron ions. 
Dissolution occurs by the adsorption of protons to iron 
compound surface sites, which results in the promo-
tion of Fe detachment from the bulk oxide through the 
weakening of the Fe–O bonds [25].

As regards spectroscopic investigations, FTIR analy-
sis cleared up the bonding of LY1 sample (Fig. 6). From 
the spectrum, the weak peaks at 445  cm−1 [33] and 
739 cm−1 [34] assigned to the Fe–O band for the rust. 
The stretching vibration of Mn–O band and Fe–C band 

occurred at 506 cm−1and 1154 cm−1is associated with 
kutnohorite [35, 36]. Moreover, the peaks at 2890 and 
1049 cm−1 attributed to the presence of Fe–OH groups 
[37]. The hydrated group indicates that water plays a 
crucial role in the discoloration process.

The SLM observations and SEM–EDS analysis were 
carried out on untreated sample surface and polished 
cross-section (Fig.  7). In the surface section of LY2, 
plenty of etching pits present on the weathering surface 
(Fig. 7a). A large number of particles present as lamella 
and granular structure (Fig.  7b). These particles con-
tained Al, Si, K, Ca, and Fe elements, none S or N ele-
ments was detected, as shown in Table 3. Carbonic acid 
works effectively in the reaction process. Moreover, the 
cross-section of LY2 shows a loose structure and a red 
layer with 20 μm thickness on the surface of the weath-
ered stone (Fig. 7c), which contained 49.8% Fe and 33.6% 
Ca elements in the light of the EDS results (Table 3). Fe 
concentrated in the red discoloration area of the sample 
(Fig.  7d). The elemental distributions of red discolora-
tions were determined through EDS mapping analysis, 
as shown in Fig. 7e. Corresponding with the BSE image 
(Fig.  7d). The result confirms that Fe, Mn, Si and Ca 
exist in the sample and Fe, Si aggregates in the weather-
ing stone surface. Combining the above XRD results, it 
further demonstrates that the corrosion of kutnohorite 
(Ca(Fe,Mg,Mn)CO3) promotes the formation of iron 
oxide sediments, and the weathering process stopped in 
the layer composite of quartz.

In general, the discolorations have the crystallographic 
structure of hematite and are characterized by the pres-
ence of Fe–OH bonds. Discoloration of the monuments 
leads to the crystal structure change of calcite, and it is Fig. 5  Raman spectra of the red discoloration

Fig. 6  FT-IR spectra of the red discolorations
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Fig. 7  The surface section of the LY2 (a), BSE image of the surface section (b), the cross section of the LY2 (c), BSE image of the cross section (d), and 
the relative EDS mapping (e)
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inevitably bound up with the acid dissolution process. 
Sulfur and nitrogen compounds were not detected in the 
discoloration area. Other acid compounds, such as car-
bonic acid has become the corrosion controlling factor. 
Compared with unaltered stone, the sharp decrease of 
kutnohorite in the discoloration area led us to hypoth-
esize the in  situ dissolution of kutnohorite [38] (Fig.  4). 
The FT-IR results are borne out of the hypothesis and 
detected that the transformation from kutnohorite to 
rust on the red discolorations was caused by the hydra-
tion process [39]. Thus, the formation process of red 
discolorations was composed of the following reactions. 
Firstly, carbon dioxide (CO2) in the air reacts with the 
rainwater and forms a weak acid (carbonic acid). When 
carbon acid meets calcite and kutnohorite, which is a 
natural process, termed karst dissolution, that has been 
the active agent in limestone dissolution over geologic 
time. Subsequently, general hydrogenation of iron ions 
and decomposition of calcium bicarbonate occurred at 
the surface area of sculpture [40]. The reaction product 
with a low solubility constant (Ksp) is inclined to form 
the insoluble substance, such as the rust. The reaction 
process is presented by Eqs. (1), (2), (3) and (4). The other 

ions (i.e. Mg2+, Mn2+) were difficult to be oxidized, and 
inclined to leach from the stone with water run-off.

In summary, a schematic diagram of the red discol-
oration formation process in the monument surface 
was shown in Fig. 8. The composition of the monument 
played an important role in the efflorescence process. 
Firstly, rainwater reacts with carbon dioxide to produce 
carbonic acid. Subsequently, the acid solution absorbed 
and erode the stone objects, and ions in corrosive solu-
tion changed via a series of processes, such as evapora-
tion, oxidation, and leaching. Reaction product with a low 
water solubility discoloration on the stone object surface 
(i.e. rust). It was finally resulting in the formation of red 

(1)
Fe2+ + 2HCO−

3 → Fe(OH)2 + 2CO2

(

Ksp = 8× 10−16
)

(2)
4Fe(OH)2 + 2H2O + O2 → 4Fe(OH)3(Ksp = 4 × 10−38)

(3)2Fe(OH)3 → Fe2O3 + 3H2O

(4)
Ca(HCO3)2 → CaCO3 + H2O + CO2

(

Ksp = 3.36× 10−9
)

Table 3  EDS analysis of positions shown in Fig. 7

Position number Element content (wt %)

Al Si K Ca Mn Fe

1 4.7 7.2 1.9 20.1 66.1

2 3.1 4.4 1.5 34.1 56.9

3 3.7 5.3 1.3 2.8 86.8

4 5.3 8.6 2.7 33.6 49.8

5 3.6 81.9 1.9 12.7

6 2.7 3.5 84.4 9.4

7 97.1 2.9

Fig. 8  Schematic diagram of the red discolorations formation process
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discoloration. It is a physical and chemical effloresce pro-
cess during water–rock interaction. Leaching is a weath-
ering process that affects some stone parts, especially 
the stone surface that is mainly composed of the mineral 
calcite and kutnohorite. It occurs due to rainwater flow-
ing on the stone object surface and leads to the creation 
of micro karst and red discoloration. Flaking is another 
effloresce process that starts with alteration micro karst. 
In the wet discoloration, heavy rains and high value of 
RH induce the ongoing loss of cohesion between grains. 
These deterioration processes can be traced essentially 
to synergetic effects of total monthly rainfall and relative 
humidity. A similar phenomenon on the granite surface 
was found in Egypt, which created by the effect of wash-
ing and leaching of alkaline silicates.

In the field of stone object conservation, red discol-
oration is usually considered to be harmful and danger-
ous because of its ugly appearance and thermal stress 
fatigue. Surface temperature and thermal gradients cre-
ated by insolation depend on the thermal characteristics 
of the stone object. The volumetric change of Fe2O3 on 
thermal expansion and contraction shows a sharp dif-
ference from CaCO3, which promotes micro-fracturing 
of surface grains. As a result, the removal of the red dis-
coloration is considered to protect the objects. A clean-
ing method for the removal of red discolorations from 
stone objects must respect the chemical and physical 
nature of the material of the stone object. In the previ-
ous research, the removal of red discoloration from the 
stone objects by using Sodium ethylene diammonium 
tetraacetate (EDTA-2Na) proved to be an effective clean-
ing procedure [41]. EDTA-2Na is a weak acid that facili-
tates the removal of Fe2O3 through the chelating process 
and can be classified as a soft cleaning procedure [42]. 
So, EDTA poultices have been applied on the stone 

surfaces for removing the red discolorations. It is com-
posed of 5  g of Sodium ethylene diammonium tetraac-
etate and 5 g of sodium bicarbonate, all 100 ml of water 
[43]. This technique adopts the following procedures. 
First, wetting the stone surface by distilled water to sof-
ten the staining crusts. Next, applying the poultices to 
the discoloring area and wipe it with absorbent cotton 
five times. Last, washing the stone surface by de-ionized 
water to prevent the influence of sodium three times. Fig-
ure 9 shows the cleaning effect of the LY4 sample. It can 
be seen that most of the red discolorations on the stone 
sculpture were removed completely after the cleaning, 
while the shape of the delicate carvings and the stone 
surface remains unchanged. In order to achieve a more 

Fig. 9  Photographs of a stone object before cleaning (a) and after cleaning (b)

Fig. 10  Chromaticity coordinate of stone object
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objective description, the color coordinates of the stone 
objects were drawn in the chromaticity diagram (Fig. 10). 
The results show that each cleaning area is located in the 
white region of chromaticity coordinate, and leaving the 
underlying stone unchanged. The above phenomenon 
indicates that the EDTA-2Na bind with an iron element 
to form water-soluble complexes effectively. This cleaning 
technique has an excellent ability for removing and stabi-
lizing the discoloration area and modulate the aesthetic 
value of the stone object, as discussed by Moropoulou 
[44]. The washing procedures tested during the present 
study also show the usage of sodium bicarbonate, which 
accelerates the Fe2O3 dissolution process [45]. Generally 
speaking, the cleaning method depends on the composi-
tion of red discoloration.

Conclusions
This research concentrates on the formation, compo-
sition, and possible removal of red discolorations that 
stain the stone surface. Multi analysis methods have been 
conducted to explain the weathering mechanism of red 
discoloration in Lingyan Temple, Jinan City, Shandong 
Province, China. The synergetic effect of temperature, 
monthly rainfall, relative humidity, and mineral compo-
sition of stone objects define the weathering behavior in 
this area. The red discoloration is due to the presence of 
rust concentrated in the kutnohorite and calcite crys-
tal surface. The chemical group of the iron composition 
shows hydration, carbonation, and the oxidation process. 
These data excluded the origin of red stains from envi-
ronmental contamination or man-made pollution. The 
rust responsible for the red stains came from the pres-
ence of kutnohorite as accessory phases in the stone 
objects. Under conditions of sufficient water and CO2, 
the carbonic acid solution induces calcite and kutno-
horite dissolution, and form lots of etching pits on the 
stone objects surface. Subsequently, leaching, hydra-
tion, carbonation, and oxidation process operate syner-
gistically on the roughness sculpture surface and likely 
to form a discoloration of rust. In summary, it can be 
defined that the rigid red discolorations on the limestone 
surface were formed through the effect of washing and 
leaching of a stone object by rainwater.

EDTA-2Na were selected as stone-washing chemi-
cals for the use in Fe-contaminated stone objects based 
on their Fe-extraction efficiency, cost-effectiveness, and 
relatively low environmental impacts. The optimal con-
ditions for on-site stain washing with EDTA-2Na appear 
to be an EDTA-2Na concentration of 5%wt, five wash-
ing treatments, and three rinses with water to eliminate 
excess sodium, while the stone surface still maintains its 
original cohesion, appearance, and roughness.
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