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a b s t r a c t 

Fiber Optics Reflectance Spectroscopy (FORS) has been widely used in the field of cultural heritage for 

material identification. Nevertheless, it had been rarely applied in the study of bronze corrosion prod- 

ucts. This paper aims at exploring the potential of FORS on corrosion products analysis, proposing it as 

an innovative non-destructive technique for the condition assessment of bronze artefacts in museum col- 

lections. A gilded bronze statue “Vajrasattva Bodhisattva” dated to the Ming dynasty (A. D. 1368-1644) 

from National Museum of China was investigated. The in-situ FORS analysis was conducted on 36 points, 

revealing copper trihydroxychloride (atacamite/clinoatacamite) and chalconatronite as two major types of 

corrosion products. This result was double-confirmed by Raman and XRD analyses of 10 samples taken 

from these points. It proves that FORS is a very promising technique for non-destructive in-situ detection 

of chloride-bearing bronze corrosions. It may revolutionize the way of screening artefacts with bronze 

disease, helping conservators get the distribution “map” of different bronze corrosion quickly and com- 

prehensively, and making appropriate treatment proposals accordingly. 

© 2021 Elsevier Masson SAS. All rights reserved. 
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esearch aims 

This study aims at developing Fiber optics reflection spec- 

roscopy (FORS) in visible, near-infrared (VNIR) and short-wave in- 

rared (SWIR) spectral regions (350-2400 nm), as a non-destructive 

n-situ method for identifying the corrosion products on bronze 

rtefacts. This new application of FORS allows conservators to 

uickly assess the preservation condition of artefacts and make a 

roper treatment proposal. 

. Introduction 

The ancient bronzes are often found being covered with layers 

f corrosion. Various types of the corrosion products with different 

hemical composition, stability and physical characteristics, could 

e formed depending on the burial or storage environment [1–

] . Generally, the typical corrosion products appearing on bronzes 

n museum environment include copper oxides (cuprite Cu O and 
2 
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enorite CuO), basic copper carbonate (malachite CuCO 3 • Cu(OH) 2 , 

zurite 2CuCO 3 • Cu(OH) 2 , chalconatronite Na 2 Cu(CO 3 ) 2 • 3H 2 O,) cop- 

er chlorides and basic copper chlorides (nantokite CuCl, at- 

camite Cu 2 (OH) 3 Cl, clinoatacamite, paratacamite, botallackite), 

opper phosphates (liberthenite Cu 2 (PO 4 )(OH)), copper nitrates 

gerhardtite, Cu 2 (NO 3 )(OH) 3 ) and the organic salts of copper (cop- 

er formates and acetates) [5] . Among those corrosion products, 

he copper chlorides and basic copper chlorides are mostly con- 

erned by conservators, because their formation are closely related 

o “bronze disease”. 

The bronze disease is well-known as the major threat of bronze 

reservation due to severe damage on metallic body and its high 

eveloping rate [ 1 , 3 , 5 , 6 , 9–18 ]. The corrosion products formed in

his process mainly involve cuprous chloride (CuCl, nantokite) and 

opper trihydroxychloride (2Cu 2 (OH) 3 Cl, atacamite, clinoatacamite, 

aratacamite and botallackite) ( Table 1 ). Thus, the presence of 

hese chloride-containing corrosion products was usually taken as 

he major indicator of bronze disease. 

The accurate identification of these bronze corrosion prod- 

cts is important for conservators to make treatment proposals. 

he common methods for identifying bronze disease-related cor- 

https://doi.org/10.1016/j.culher.2021.03.007
http://www.ScienceDirect.com
http://www.elsevier.com/locate/culher
http://crossmark.crossref.org/dialog/?doi=10.1016/j.culher.2021.03.007&domain=pdf
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Table 1 

Characteristics of bronze disease induced corrosion products [ 5 , 13 ]. 

Corrosion products’ name Formula Crystal system color 

Nantokite CuCl Cubic Pale green 

Atacamite Cu 2 (OH) 3 Cl Orthorhombic Dark green 

Clinoatacamite Cu 2 (OH) 3 Cl Monoclinic Pale green 

Paratacamite (Cu,Zn) 2 (OH) 3 Cl Rhombohedral Pale green 

Botallackite Cu 2 (OH) 3 Cl Monoclinic Pale green 
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Fig. 1. The gilded bronze statue “Vajrasattva Bodhisattva” from the collections of 

National Museum of China. Left: Frontal view, Right: Side view. 
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f

osion products include various laboratory-based analytical tech- 

iques, such as scanning electron microscope coupled with energy- 

ispersive X-ray detection (SEM-EDX), X-ray Florescence (XRF), 

aman spectroscopy, Infrared spectroscopy and X-ray diffraction 

XRD). In particular, XRD is a well-developed method for phase 

dentification of the mixed bronze corrosion products qualitatively 

nd quantitatively, and often used to verify the results acquired 

y other techniques [ 5 , 19 ]. Raman spectroscopy has been widely 

pplied in recent decades and proved to be particularly suitable 

or the identification of minor Cl-bearing mineral components in 

orrosion products [20–23] . However, the corrosion samples could 

nly be selected based on their color, morphology and texture with 

ittle instrumental aid. The representativeness of these samples is 

sually questionable and could be influenced by the complex na- 

ure of corrosion products and the experience of conservators. Due 

o these problems, it is difficult to acquire an accurate picture of 

bjects corrosion state only based on aforementioned analytical 

echniques, which may then lead to an uncomprehensive assess- 

ent of their preservation conditions and inappropriate conserva- 

ion proposal. 

Fiber optics reflection spectroscopy (FORS) is a well-established 

on-invasive method used in the field of cultural heritage. It has 

een widely used for the identification of pigments [24–36] , dyes 

37–40] , binders [ 41 , 42 ], iron-gall ink [43] , textile [44] , and mod-

rn restoration materials [45] . It was also used to investigate the 

egradation of the glass [46] and plastic materials used in 20th 

entury artworks [47] . Furthermore, the imaging version of re- 

ectance spectroscopy (hyperspectral imaging) has been used for 

estoring the covered pattern and distinguishing the pigments on 

he surface of the bronze chariot [48] , and investigating the distri- 

ution of different corrosion phases on iron artifacts [49] . 

A number of organizations including Institute for Applied 

hysics “Nello Carrara” of the Italian National Research Council 

IFAC-CNR) and the United States Geological Survey (USGS) have 

stablished the FORS databases for natural pigments or minerals. 

ome research groups have also built their own in-house spectral 

atabases [ 34 , 50 ]. Among these databased pigment spectra, we no- 

iced that some copper-bearing minerals such as malachite, azu- 

ite, are also the major corrosion products of bronze. Moreover, 

he bronze disease induced corrosion products such as atacamite, 

aratacamite and botallackite have also been reported to be used 

s pigments on paintings, manuscripts and polychrome sculptures, 

lthough it is doubted by scholars if the minerals are original pig- 

ents themselves or alteration products from the transformation 

f original pigments [ 5 , 51 ]. It was, however, found that atacamite

nd malachite present a very similar spectral features in VIS-NIR 

pectral region (350-10 0 0 nm) and not easily distinguished in this 

avelength range. The hope of separating these two minerals by 

ORS lays on the range of 10 0 0-250 0 nm. The atacamite spec- 

rum in the range of 10 0 0-250 0 nm is not easily accessible to the

est of the authors’ knowledge. Li [52] mentioned that malachite 

nd atacamite could be differentiated in the wavelength range of 

0 0-250 0 nm, but did not introduce the spectral difference in de- 

ail. Catelli [53] studied the spectral features of atacamite as cor- 
20 
osion products firstly in the NIR-MIR region, but did not com- 

are the spectrum of atacamite with that of other corrosion prod- 

cts including malachite. Given this background, we attempted to 

uild our own standard spectra of malachite, atacamite as well as 

ther corrosion products commonly found on bronzes, and estab- 

ish FORS as a technique to differentiate various types of bronze 

orrosion products. This method was then applied to a gilded 

ronze statue “Vajrasattva Bodhisattva”, mapping the spatial dis- 

ribution of different corrosion products with special attention to 

opper trihydroxychloride. 

. Description of the object and the conservative problem 

The gilded bronze statue “Vajrasattva Bodhisattva” is dated to 

ing dynasty (A. D. 1368-1644) and collected in National Mu- 

eum of China since 2001 ( Fig. 1 ). The statue was gilded and de-

ails of the crown, belt, arms and legs were highlighted with inlaid 

urquoise blue semi-precious stones, though some of these insets 

ave fallen off. A small amount of blue pigments could be observed 

n the back side of the head. 

The bronze statue was transferred to the Conservation Center 

n National Museum of China for condition assessment and treat- 

ent after a preliminary investigation. It is 30 cm in height and 

he widest part is 19 cm. In general, the object is intact but disfig- 

red by some patches of light green corrosion products. The frontal 

nd left-hand side was deteriorated more severely than the back. 

he green corrosion products could be observed on the statue’s 

rown, head, face, hands, legs and the lotus throne. In some areas, 

he original gilded layer was destroyed by the chalky patches of 

orrosion products ( Fig. 2 ). Most of the corrosion products present 

 light green powdery look, voluminous in texture which easily 

all off, which was commonly taken as a sign of bronze disease. In 

rder to distinguish copper chloride or copper trihydroxychloride, 

nd get a distribution “map” of different corrosion products, in-situ 

ORS measurement combined with laboratory methods were per- 

ormed. 
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Fig. 2. Light green powdery corrosion products observed on different areas on the surface of the gilded bronze statue. a. The head of the bronze statue, part of gilding 

surface was destroyed; b. The beads on lotus throne covered with light green corrosion products; c. The hands of the bronze statue, patches of light green products were 

found on the back and fingers of the hands as well as the wrist; d. The left leg of the statue, the engravings were covered by corrosion products. 
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. Experimental 

.1. Samples 

Thirty six spots of green powdery corrosion on the bronze 

tatue were measured by FORS non-invasively. Among them, ten 

ositions were also invasively sampled in order to verify the results 

btained by FORS. Eight samples are about 0.01 grams in weight 

nd the other two are about 0.1 grams, which are selected for XRD 

nalysis. Samples were removed by a scalpel from the exterior and 

nterior surfaces of the crown, forehead, finger, back of hand, leg 

nd lotus throne. Sampling principle is mainly based on the ap- 

earance, such as color and texture. 

Some pigments on historical paintings such as malachite and 

zurite, has been identified by FORS successfully. Pigments made 

y Kremer Pigment GmbH & Co (Aichstetten, Germany) were of- 

en used as reference samples in FORS analysis. Since the chemical 

omposition of natural pigments and chemical reagents is identi- 

al with the corresponding corrosion products, three kinds of pig- 

ents including malachite (4 4 40 0), azurite (1020 0) and atacamite 

103901) from Kremer, and six kinds of chemical or analytical pure 

eagents including cuprous oxide, cupric oxide, cuprous chloride, 

asic copper sulphate, copper sulphate pentahydrate and copper 

ydroxide phosphate were selected as reference samples for cor- 

osion identification in this study ( Table 2 ). The chemical reagents 

ere bought from Sinopharm Chemical Reagent Co., Ltd, Shanghai 

acklin Biochemical Co., Ltd and Chengdu XiYa Chemical Technol- 

gy Co., Ltd. The selected chemicals represent the most commonly 

ound corrosion products on bronzes as well as those hardly dis- 

inguishable from appearance. 
b

21 
.2. Methods 

Fiber optic reflection spectroscopy measurements were carried 

ut in situ on the bronze object. The analysis was performed with 

n Avantes AvaSpec-DUAL/ NIR DUAL spectrometer equipped with 

 10W Tungsten halogen light source (AvaLight-HAL-S-Mini) and a 

IS-NIR fiber (FCR-19UVIR200-2-ME). The optical fibers bundle is 

 meters in length, consisting of 19 single fibers. The single fiber 

s made of pure fused silica core, which is cladded with a fluorine 

oped fused silica and polyimide buffers. The core diameter of a 

ingle fiber is 200 μm. The probe end is jacketed with chrome- 

lated brass. The optical fibers bundle was applied to convey the 

adiation from the light source to the sample surface, and send 

he signal back to the spectrometers. A reflection stage was used 

o hold the fiber probe for measurements. The diffuse light is col- 

ected at the same angle of the incident light. The spectral reso- 

ution for VNIR (350-1100 nm) and SWIR (1060-2400 nm) is 4.8 

m and 16 nm respectively and the spectrum sampling interval is 

.6 nm and 5 nm respectively. The equipment was calibrated with 

 WS-2 white reference made out of PTEE, a diffuse based mate- 

ial provided by Avantes before each measurement. The material 

eflects light from 350 -1800 nm at circa 98% and from 250-2500 

m at more than 92%. The working distance is approximately 2 

m. The light spot size is about 5 mm in diameter. The software 

sed to collect the spectra data is AvaSoft 8.0. Three spectra were 

cquired on each sample for statistical purposes. 

Micro-Raman spectrometer Renishaw inVia (UK) with an air 

ooled DPSS laser operating at 50 mW and 532 nm was used for 

aman analysis. A Leica microscope with magnification x50 LWD 

as used to allow the confocal measurements of the samples. The 

ackscattered light was dispersed using 1800 l/mm grating. The 
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Table 2 

Details of natural pigments and chemical reagents used as reference samples. 

Sample name Formula Purity Item No. CAS No. Company 

1 malachite CuCO 3 • Cu(OH) 2 44400 Kremer 

2 azurite 2CuCO 3 • Cu(OH) 2 10200 Kremer 

3 atacamite Cu 2 (OH) 3 Cl 103901 Kremer 

4 cuprous oxide Cu 2 O 99% 20016796 1317-39-1 Sinopharm 

5 cupric oxide CuO AR ≥99.0% 10008018 1317-38-0 Sinopharm 

6 cuprous chloride CuCl AR ≥97.0% 10007718 7758-89-6 Sinopharm 

7 basic copper sulphate CuSO 4 • 3Cu(OH) 2 98% C860758 1344- 73- 6 Macklin 

8 copper sulphate pentahydrate CuSO 4 • 5H 2 O AR,99% C805353 7758- 99- 8 Macklin 

9 copper hydroxide phosphate Cu 2 (PO 4 )(OH) ≥97.0% A35160 12158-74-6 XiYa 

Fig 3. Reflectance spectra of nine reference samples 
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pectral resolution is 1-2 cm 

−1 . The laser power varied from 1-5%, 

he exposure time is 10 s. The accumulations are 2-4 times. The 

pectra were recorded in the range of 100 to 3800 cm 

−1 . The Ren-

shaw WiRE 4.1 software was used for data acquisition and analy- 

is. 

X-ray diffraction (XRD) was used to determine the chemical 

omposition of corrosion products and verify the identification re- 

ults by FORS. Two samples of corrosion products (about 0.1 grams 

or each) were examined by XRD, Bruker axs (Germany) D8 Ad- 

ance model, equipped with a CuK α radiation with LYNXEYE XE 

 detector. The XRD data were acquired in the 2 θ range 4-70 °in 

.02 ° steps and counting for 0.15s per step with scan speed of 

 °/min. The voltage and current are 40 kV and 40 mA respec- 

ively. The qualitative assignment of the samples was based on 

he database of the Joint Committee Powder Diffraction Standards- 

nternational Center for Diffraction Data (JCPSD-ICDD) using the 

ade software (version 6.5). Quantitative XRD analysis was carried 

ut using matrix-flushing theory [54] . The percentage composition 

f a mixture of corrosion products was acquired. 

. Results 

.1. FORS 

FORS spectra in the region from 350 to 2400nm were first ac- 

uired from 9 reference samples, in order to get reference spec- 

ra of copper-containing corrosion products commonly found on 

ronzes. The result shows a quite different spectral features for 

ach spectrum of the 9 samples, especially in the SWIR region 

10 0 0-240 0nm) ( Fig. 3 ). Malachite shows a broad absorbance band

etween 600 nm and 900 nm [34] and two characteristic minima 
22 
t 1930 nm, 2020nm and a strong, sharp one at 2270 nm. Azurite 

hows a reflectance maximum at about 450 nm [ 34 , 55 ] and a dou-

let strong and sharp minima at 2280 nm, 2350 nm respectively. 

opper hydroxide phosphate presents a maximum at 568 nm and 

oublet sharp minima at 2286 nm and 2340 nm. Basic copper sul- 

hate is characterized by the presence of a reflectance maximum 

t 520 nm and six absorption bands (three broad ones in the range 

f 650-10 0 0 nm and 1850-2040 nm, and three sharp ones at 1430 

m, 1475nm, 2340 nm). The spectrum of copper sulphate pen- 

ahydrate is characterized by three broad absorbance bands in the 

ange of 140 0-220 0 nm. FORS spectra of cuprous oxide and cupric 

xide are quite different from that of other copper salts. Cupric 

xide shows a broad absorption band in the 400-640 nm region, 

hile cuprous oxide presents a narrower absorption band between 

00 nm and 850 nm, followed by another one centered at 1930 

m. 

The spectral characteristics of chloride-containing compounds is 

articularly complex, as will be illustrated below. Cuprous chloride 

resents a weak reflectance minimum at 1990 nm and a strong 

arrow one at 2350 nm. The spectral features of atacamite are 

entered at approximately 1465, 1855, 1987, 2159, 2339 nm, show- 

ng two minima between 1400 nm and 1600 nm, and three strong 

harp absorbance band between 1800 nm and 2400 nm. The cor- 

ect assignments of bands to specific chemical structure are diffi- 

ult due to the lack of the spectroscopic studies in near infrared 

egion for bronze corrosion products. However, the band at 1465 

m could be tentatively assigned to the first overtone of the OH 

tretching mode, and the band at 2339 nm to the combination 

ands of OH stretching and bending mode based on the previ- 

us spectroscopic studies [ 53 , 56 ]. It is worth mentioning that cli- 

oatacamite showed very similar reflectance spectra characteris- 

ic features compared with atacamite [53] . The analysis of refer- 

nce samples preliminarily demonstrated that FORS can differenti- 

te chloride-containing compounds from other corrosion products. 

In-situ FORS measurement was then conducted on 36 spots on 

he object surface. The reflectance spectra obtained were compared 

ith those of references. It was found that all spots can be clas- 

ified into two groups according to the spectra features. The first 

roup including 17 sample spots could be identified as atacamite 

 Fig. 4 ). The results match well with the reflectance spectrum of 

tacamite reference sample used in our study as well as that of 

tacamite synthesized in other laboratory [53] . Another 19 detec- 

ion points showed different spectral characteristics which does 

ot match any of the reference spectrum. A doublet band at 1918, 

950 nm and two weak bands at 1422 and 1472 nm were identi- 

ed. Several weak broad bands appeared in the region 150 0-190 0 

m ( Fig. 5 ). According to the results of Raman and XRD, shown in

he next section, these 19 samples can be identified as chalcona- 

ronite. It is difficult to assign the bands due to little studies on 

halconatronite by near infrared spectroscopy. It is indeed the first 

ime chalconatronite is identified on cultural heritage materials by 

ORS. 

http://www.macklin.cn/search/1344-73-6
http://www.macklin.cn/search/7758-99-8
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Fig. 4. Reflectance spectra of 17 samples of corrosion products on the surface of 

the gilded bronze statue Vajrasattva Bodhisattva. The spectrum of Kremer atacamite 

used as a reference is also presented for comparative analysis 

Fig. 5. Reflectance spectra of 19 samples of corrosion products on the surface of 

the gilded bronze statue Vajrasattva Bodhisattva. The spectra can be assigned to 

chalconatronite based on the XRD results of sample 317-s-2. 
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.2. Raman and XRD 

In order to verify the results obtained from FORS, 10 of 36 

oints analyzed by FORS were selected where samples were taken 

rom the surface of the bronze statue for Raman and XRD analysis. 

ive of the ten samples were identified as atacamite by FORS, while 

or the rest five samples, the spectra did not match the reference 

pectra and need further confirmation. 

Regarding the 5 potential atacamite samples, the Raman spec- 

ra of 3 samples (317-a-06-01, 317-a-07-03, 317-a-09-02) display 

ands at 118, 142, 362, 511, 820, 909, 972, 3351, 3436 cm 

−1 ( Fig. 6 ).

nother 3 spots from 2 samples (317-a-07-02, 317-a-08-02, 317- 

-4) show similar characteristic peaks except a slight difference 

n the region 80 0-10 0 0 cm 

−1 and 30 0 0-350 0 cm 

−1 ( Fig. 6 ). They

ere identified as atacamite and clinoatacamite respectively by 

eature assignments based on the previous studies [ 20–23 , 57 , 58 ].

oth atacamite and clinoatacamite were found in sample 317-a- 

7. In the region 80 0-10 0 0 cm 

−1 , the spectrum of atacamite has

hree major bands (820, 909, 972 cm 

−1 ), while clinoatacamite has 
23 
our bands (818, 894, 928, 971 cm 

−1 ). In the region 320 0-350 0

m 

−1 , the spectrum of atacamite has two major peaks at 3351, 

436 cm 

−1 and one very weak and board peak from 3310 to 3330 

m 

−1 , while clinoatacamite has three major bands at 3310, 3353, 

440 cm 

−1 . The bands, present at 909 cm 

−1 for atacamite and 

94, 928, 3310 cm 

−1 for clinoatacamite, are usually used to dis- 

inguish the two copper trihydroxychlorides [ 57 , 58 ]. Bands at high 

avenumbers between 30 0 0 to 350 0 cm 

−1 can be assigned to the 

H stretching vibrations. The region between 800 to 10 0 0 cm 

−1 

an be assigned to OH deformation modes [57] or Cu-O-OH bend- 

ng modes [59] . The main peak at 511 cm 

−1 for both two com- 

ounds is attributed to O-Cu-O symmetric stretching. Other bands 

n low wavenumber region (below 600 cm 

−1 ) contain Cl-Cu-Cl 

ending vibration mode and O-Cu-O mode [ 23 , 57 ]. 

The rest 5 unknown samples (317-a-05-04, 317-a-10-02, 317- 

-11-02, 317-a-12-01, 317-s-2) show major Raman bands at 144, 

61, 328, 696, 763, 1053, 1071, 1328, 1529, 1598, 3222, 3439, 3568 

m 

−1 ( Fig. 7 ). The identified peaks are attributable to the pres- 

nce of chalconatronite (Na 2 Cu(CO 3 ) 2 • 3H 2 O), which are in agree- 

ent with the literature [ 60 , 61 ]. The strong band at 327 cm 

−1 can

e assigned to Cu-O stretching vibration and two very strong dis- 

inctive bands at 1053 and 1071 cm 

−1 can be attributed to carbon- 

te symmetric stretching [61] . 

Two samples (317-s-2, 317-s-4) of light green corrosion prod- 

cts were selected for XRD analysis. The results showed sample 

17-s-4 is a mixture containing 46% atacamite and 54% clinoat- 

camite, and sample 317-s-2 contains 100% chalconatronite. The 

RD results is in good accordance with Raman, and more impor- 

antly confirm the results obtained by FORS. 

Chalconatronite has been identified by XRD on many archaeo- 

ogical bronze objects and the reference ICDD 22-1458 was often 

sed [ 4 , 19 ]. Nevertheless according to Eggert’s study [62] , the XRD

dentification of chalconatronite should be based on data derived 

rom the crystal structures covering a larger range with truly quan- 

itative values for intensities. The reference ICDD 01-71-1490 is 

ecommended to use, instead of ICDD 22-1458 with limited qual- 

ty. Therefore, in this study, ICDD 01-71-1490 is used for identifi- 

ation of chalconatronite. The charts of the X-ray diffractogram for 

he two samples are shown in Figs. 8 and 9 . The Debye-Scherrer 

owder diffraction data is given in the supplementary material. 

. Discussion 

.1. The distribution "map" of bronze disease induced corrosion 

roducts 

A distribution “map” containing 36 points of corrosion products 

n the outer and inner surface of the bronze statue was drawn, 

ased on the results obtained by FORS. The “map” clearly showed 

he accurate position of two types of corrosion products includ- 

ng copper trihydroxychloride (atacamite and clinoatacamite) and 

halconatronite. The numbers arrowed to different locations on the 

ronze statue refer to all samples analyzed in the study. It is easily 

ound from the “map” that all the copper trihydroxychlorides (17 

pots) analyzed are located in the frontal side, in particular on the 

rown, forehead, eyes, forefinger and little finger of the left hand, 

ack and wrist of the right hand and the beading pattern on the 

otus base. Most of the chalconatronite is located on left hand side, 

ith small amount found on the back and interior of the statue 

 Fig. 10 ). This regionalized distribution pattern of two corrosion 

roducts might indicate a variation in micro-environment during 

he burial and storage stage, and will also greatly affect the con- 

ervation treatment strategy. 
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Fig. 6. Raman spectra for 6 spots from 5 corrosion products samples from the gilded bronze statue, identified as atacamite and clinoatacamite. Left: spectra at wavenumbers 

between 100 to1200 cm 

−1 ; Right: spectra at wavenumbers between 30 0 0 to 380 0 cm 

−1 

Fig. 7. Raman spectra for five corrosion products samples from the gilded bronze statue, identified as chalconatronite. Left: spectra at wavenumbers between 100 to 20 0 0 

cm 

−1 ; Right: spectra at wavenumbers between 280 0 to 380 0 cm 

−1 

Fig. 8. The XRD diagram of the light green corrosion products identified as ata- 

camite and clinoatacamite (sample 317-s-4) 

5

a

Fig. 9. The XRD diagram of the light green corrosion products identified as chal- 

conatronite (sample 317-s-2) 

c

a  

t

c

.2. The precise detection of bronze disease with FORS 

Bronze disease is considered as the worst type of deterioration 

nd most severe threat to artefact preservation. The term was first 
24 
oined in 1893 and has been widely studied later by many schol- 

rs [ 1 , 3 , 15–18 , 5 , 6 , 9–14 ]. Generally, bronze disease is a destructive

ype of corrosion defined as the process of copper interacting with 

hloride-containing species, moisture and oxygen, resulting in the 
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Fig. 10. The distribution “map” of the corrosion products on the gilded bronze statue “Vajrasattva Bodhisattva”. The red spots show the location of the copper trihydroxy- 

chloride and the blue spots present the location of chalconatronite. 
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Fig. 11. The reflectance spectra of the copper trihydroxychloride and chalconatron- 

ite in the range of 380 to 800 nm. 
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orrosion of underlying alloy. The corrosion mechanism of bronze 

isease has been under investigation since its first discovery. It is 

ow widely accepted that a self-perpetuating reaction occurs in 

he developing process of bronze disease. The products of the reac- 

ion are powdery and voluminous which may disrupt the original 

urface and disfigure the object. Objects suffering bronze disease 

ight be perforated, or totally mineralized, and turned into a pile 

f powder. The general method of treating artefacts with bronze 

isease is to remove all chloride-bearing corrosion products and 

tabilize the artefacts with corrosion inhibitor. 

The biggest challenge for a bronze conservator was, however, 

o decide whether bronze disease exist on objects and where it is 

ocated. The light green colour and powdery texture of corrosion 

roducts were previously taken as the most important indicators 

f bronze disease in pre-sampling stage. However, the colour and 

exture are affected by multiple factors including types of corro- 

ion products, particle size and uniformity. For example, a mixture 

f malachite and tin oxide looks very much like the copper tri- 

ydroxychloride, and often sampled mistakenly as bronze disease 

nduced corrosion products. This may lead to an unrepresentative- 

ess of samples and incomplete assessment of conservation condi- 

ion of objects. 

The gilded bronze statue investigated in this work is covered 

y a large area of chalky light green corrosion products, show- 

ng typical characteristics of the copper trihydroxychloride. In reg- 

lar treatment procedure, all corrosion of this type is to be re- 

oved since it might potentially trigger the self-perpetuating re- 

ction when in contact with oxygen and moisture. Nevertheless, a 

omplete removal of light green corrosion products would greatly 

lter the appearance of this artefacts and cause unreversible dam- 

ge to its original morphology in certain parts. A more cautious 

onservation work might involve sampling several areas with light 

reen corrosion and test them with Raman and XRD. However, 

s it has been demonstrated by the current study, this methodol- 

gy does not guarantee a thorough assessment about the corrosion 

ondition of artefacts. 

The chance of hitting a real copper trihydroxychloride corrosion 

s only 50% in this case. There is little hope that the experience 

f conservator would help since the reflectance spectra of cop- 

er trihydroxychloride and chalconatronite present similar features 

n visible region (40 0-60 0 nm) ( Fig. 11 ), rendering the discrimi-

ation by eye-balling examination not trustful. If a biased assess- 
25 
ent had been achieved, it would cause either overtreatment by 

emoving both unstable copper trihydroxychloride and stable chal- 

onatronite or undertreatment by leaving chlorine-bearing miner- 

ls and threatening the longevity of the artefact. 

A comprehensive FORS scan offer a new solution to this old 

roblem. It takes less than 2 seconds to finish one analysis and 

 general scan for all corrosion area of an artefact of this size can 

e finished in less than 30 min. Its result, as it has been show- 

ased in this study, is enough differentiative and can correctly dis- 

inguish the copper trihydroxychloride from other green corrosion 

roducts such as malachite and chalconatronite. Furthermore, FORS 

oes not have any limitation for the size and shape of the ob- 

ects, due to its working mode based on fiber. This facilitates de- 

ecting areas not easily accessible, such as the interior surface and 

orners. It is therefore possible to create a distribution “map” of 

opper trihydroxychloride with relatively high spatial resolution. 

n the basis of this information, a more condition-based precise 

reatment proposal can be generated. In this case, a regionalized 
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orrosion removal on the trihydroxychloride-dominated right hand 

ide is recommended. After the treatment, another round of FORS 

can would be conducted to confirm the complete clearance of Cl- 

earing minerals. 

Additionally, as FORS instrument is portable, it could be used 

or periodically measuring the artefact and monitoring the chemi- 

al change of corrosion products in museum environment, without 

ven removing the artefacts from exhibition. In combination with 

eneral environmental data (e.g. Temperature, Relative humidity, 

OC), it can greatly enhance our understanding about the mecha- 

ism of environment-induced corrosion growth on bronze artefacts 

nd provide a key new facet on the preventive conservation. 

. Conclusions 

In this study, FORS was employed to analyze the corrosion 

roducts on a gilded bronze statue “Vajrasattva Bodhisattva” dated 

o the Ming dynasty (A. D. 1368-1644) collected in National Mu- 

eum of China. Raman and XRD were applied to confirm the re- 

ults obtained by FORS. The results indicated the effectiveness of 

ORS for the characterization of bronze corrosion products, espe- 

ially the copper trihydrochloride. It is the first time for the iden- 

ification of chalconatronite by FORS. The distribution “map” of 

he corrosion products showing the precise position of the cop- 

er trihydroxychloride and chalconatronite, was drawn based on 

he FORS results, allowing for the first time to get a relatively com- 

rehensive assessment of corrosion products on this artefact. 

This is a pilot study to explore the possibility of FORS for the 

dentification of complex and highly varied bronze corrosion prod- 

cts. The application of FORS on corrosion products would change 

he traditional way of condition assessment of bronze objects, and 

elp conservators make condition-based precise conservation pro- 

osals. 

Admittedly, there are some limitations in using FORS to identify 

he corrosion products, in terms of spatial resolution and identi- 

cation of minerals from mixtures. In order to resolve these is- 

ues, we are establishing a database comprising various types of 

ronze corrosion products formed in different burial and storing 

onditions. On the basis of extensive corrosion products database, 

 machine learning algorithm could be developed to differentiate 

orrosion products from complex mixtures, in particular identify- 

ng chloride-containing corrosion products. Facilitated by this algo- 

ithm, the hyperspectral imaging would be used to map the distri- 

ution of different bronze corrosion products on the surface. 
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