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a b s t r a c t 

The present research study focuses on the archaeometric investigation of a delicate silver object. The 

artefact may be stylistically attributed to the Chinese Liao dynasty (907–1125 AD) and exhibits some pe- 

culiar aspects. It is made up of five overlapping and untied silver foil components, which may have been 

taken from unrelated artefacts and reassembled in ancient times. However, very little provenance infor- 

mation is available, and its manufacturing process is unknown. In addition, the reliquary was found in 

a highly fragmentary state, with advanced corrosion, extensive yellowing of the silver foils and severe 

embrittlement, which highly compromised its structural integrity and the legibility of its decorative fea- 

tures. Thus, a non-destructive and multi-analytical approach, based on surface spectroscopic techniques 

and structural characterization, was carried out on micro-fragments detached spontaneously from the 

reliquary. This study investigates the materials and manufacturing techniques, the conservation history, 

and the coherence of the five assembled components of this unique reliquary. Moreover, the investiga- 

tion allowed us to gain insight into the silver microstructure and the possible causes of the observed 

alteration phenomena The results provide new knowledge on the metalworking practices of the Liao dy- 

nasty and might be valuable for developing and optimising strategies to restore the structural integrity 

of brittle ancient silver artefacts. 

© 2025 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC 

BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ntroduction and research aims 

Buddhism was introduced to China from India and Central Asia 

nd flourished during the Tang dynasty (AD 618–907). However, in 

he mid-9th century, temples were dismantled, and holy artefacts 

ere smashed during a violent repression. Soon after, Buddhism 

as restored, and, under the Liao dynasty (AD 907–1125), reliquar- 

es still played an important role [ 1 ]. Since the 1950s, nearly 100
Abbreviations: XPS, X-ray photoelectron spectroscopy; SEM-EDS, Scanning elec- 

ron microscopy coupled with energy-dispersive X-ray spectroscopy; SEM-BSE, 

canning electron microscopy - Back-scattered electrons; XRPD, X-ray powder 

iffraction; XRF, XRay Fluorescence spectroscopy; UV, Ultraviolet photography; FTIR, 

ourier transform infrared spectroscopy. 
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ites containing Buddhist relics from the Northern Song dynasty 

AD 960–1127) and the Liao dynasty have been excavated in China. 

any reliquaries have been preserved in relatively good condition 

nd often bear inscriptions relating to the dates and occasions of 

he burial [ 2 , 3 ]. In particular, Buddhist reliquaries from the late 

ang and Liao dynasties appeared as miniature pagodas, usually 

laced in several nested boxes, wrapped in thin silk, and decorated 

ith Buddhist images on the lids [ 4 , 5 ]. 

The present study focuses on a delicate Chinese silver reli- 

uary 1 preserved in the Museum of Oriental Art, Museo d’Arte Ori- 
1 We refer to the examined artefact as a ‘reliquary’ because it has been handed 

own with this term and because of its aesthetic features. However, in its current 

tate, it is not a proper relics container; rather, it resembles a model pagoda, likely 

f a votive type. 
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ntale (MAO) , in Turin, Italy. Allegedly, it has been attributed to the 

iao period [ 6 ]. The reliquary has little information on provenance, 

urial conditions, context of the discovery, and previous restora- 

ions. It was in a poor conservation state, with severe embrittle- 

ent, loss of structural integrity, and yellow-brown appearance of 

he foils. 

In ancient silver artefacts, copper was deliberately added for 

conomic reasons and to increase strength and wear resistance [ 7 ]. 

owever, copper precipitation in silver alloy can be one of the 

auses of corrosion and embrittlement. Specifically, different em- 

rittlement mechanisms have been reported in the literature: i. in- 

ergranular corrosion in mechanically worked and annealed finds; 

i. synergistic corrosion-induced (transgranular) and microstruc- 

ural (intergranular) embrittlement, in case of a significant amount 

f retained cold work [ 8 , 9 ]. 

Although several sophisticated Tang and Liao gold and silver 

rtefacts were excavated, technical characteristics of ancient East 

sian silver reliquaries have rarely been discussed [ 10 , 11 ]. As a

esult, there is a knowledge gap in material composition and 

xecution techniques. Understanding the type of alloy, manufac- 

ure, nature, and extent of the embrittlement is essential not only 

or retrieving information on the original alloy and the burial 

nd conservation environments, but also for optimizing restoration 

ethodologies. 

The present work investigates the composition, structure, and 

tate of conservation by non-destructive complementary meth- 

ds. Surface-sensitive spectroscopic techniques, such as X-ray pho- 

oelectron spectroscopy (XPS) and Scanning Electron Microscopy 

SEM), and structural characterization by X-ray powder diffraction 

XRPD) were carried out on micro-fragments, which spontaneously 

etached from the highly brittle reliquary. The results could be 

xtremely valuable for establishing the most appropriate restora- 

ion treatments and enhancing the understanding of metalwork- 

ng practices in the Liao dynasty. In addition, some preliminary 

lues about the possible coherence of the five assembled have been 

ighlighted. 

aterials and methods 

escription of the reliquary 

The present reliquary is a miniature octagonal pagoda (h x w: 

3 × 22 cm) stylistically attributed to the Liao dynasty. It was ac- 

uired in 1997 by the Fondazione Giovanni Agnelli (Turin, Italy) 

rom an antique shop in Hong Kong (called “Ngai Yuen” or “Yu Fa 

o Ngai Yuen”). Then, it was acquired by Fondazione per l’Arte e 

a Cultura della Compagnia di San Paolo (a banking foundation in 

urin) to increase the collections of the Museum of Oriental Art 

MAO) of Turin, opened to the public in 2008. Since 2008, it has 

een conserved in the museum storerooms at 19/24 °C and about 

5 % RH. No previous conservation treatments were recorded [ 12 ]. 

n 2019, the reliquary was chosen as an object of interest for a 

aster’s thesis in conservation and restoration of cultural heritage 

t the University of Turin and the La Venaria Reale Conservation 

nd Restoration Centre. 

The reliquary consists of five overlapping and untied compo- 

ents: three elements on the base, the central body as the fourth 

iece, the roof with a pole holding a parasol and a globe as the 

fth component ( Fig. 1 ). 

The first component shows a horror vacui vegetable motif stand- 

ng out from the punched background, which was common in Tang 

etalwork [ 13 ]. At the edges, there are two mirrored “S” motifs 

ith side-punched circles, vertical repoussé lines and chisel marks. 

The rise of the first tier shows a fretworked cloud with two lat- 

ral repoussé clouds. The same motif was identified on the Liao 

ilded silver set found in the Qingzhou White Pagoda [ 14 ] ( Fig. S2 ).
24
The ridge of the second tier shows continuous wavy phytomor- 

hic motifs, also found on the silver reliquary excavated from a 

agoda of the Jingzhong Monastery (Northern Song dynasty) [ 4 ]. 

he treads of the first and second tiers show floral decoration and 

hytomorphic motifs. The chisel marks were observed under lat- 

ral grazing light ( Fig. S3 ) 

The second component consists of three horizontal tiers with 

lants and lotus leaf decorations, also found in a silver box exca- 

ated from the Buddhist Famen Temple [ 15 ]. A repoussé winged 

nimal motif was identified on the third level, probably depicting 

xotic parakeets, animals used as tribute gifts in the Tang times 

 Fig. S4 ) [ 16 ]. 

The third component has a lower octagonal base with cham- 

ered edges; each side shows a stylized lotus leaf and floral or- 

aments, which were not observed in the other reliquary com- 

onents. The upper part consists of two embossed levels of lotus 

etals ( Fig. S5 ). 

The central body (the fourth reliquary component) is a repoussé

rchitectural system framing the eight faces of the pagoda: one 

epicting a slightly opened door, the two faces flanking the door 

howing armed guardians amid plants, the remaining five faces 

ith five different figures wearing long robes that were not identi- 

ed. Moreover, the central body does not show depictions of Bud- 

hist deities, which is quite unusual for this type of reliquary [ 4 ]

 Fig. S6 ). 

A connecting element with simple geometric decorative motifs 

oins the body to the roof. The ends of this piece were joined by 

ilver stitching ( Fig. S6 ). 

The roof has a grooved profile with five sloping levels and a 

pherical cap with lotus petals arranged in a sunburst pattern. On 

he top, a pole holds a parasol and a deep-drawn metal globe fixed 

ith silver threads. The pole appears to be unrelated to the other 

omponents because of its colour and diameter, which is larger 

han those of the lower and upper inserted fragments ( Fig. S7 ). 

Eight dragon-shaped gutters were probably attached to the 

nds of the roof with silver thread. Traces of small rings are in 

he holes representing the dragon’s eyes ( Fig. S8 ). Considering sim- 

lar reliquaries, one could deduce that small chains supported bud- 

haped bells [ 2 ]. 

Regarding the execution techniques, the tool marks suggest that 

he central body was cold-forged to form an octagonal prism and 

he ends were stitched together with silver threads. The base and 

oof were hammered from a single foil sheet, since fine engravings 

elated to the hammering process were observed on the edges of 

he first and second elements. The engraving was probably made 

n the parent sheet to mark the edge positions, which were later 

roduced during the shaping and hammering tiers. More specifi- 

ally, the slightly curved shapes of the foils, the localization of the 

racks at the edges, and the greater thickness of the outer zones 

ay be distinctive of a process similar to the deep drawing [ 17 ]

 Fig. S9 ). 

amples 

Six micro-fragments (s1, s2, s3, s4, s5, s6) and six fragments (a, 

, c, d, e, f) spontaneously detached were analysed. s4 is from the 

rst component; a and b are from the second piece; s5, s6, c, d, 

nd e are from the third element; s1, s2, s3, and f are from the

ourth component (the central body) ( Fig. 1 , Table S1). 

haracterization techniques 

• Optical microscopy: Leica MZFLII microscope with a digital 

camera was used to examine the tool marks, textile traces, and 

cracking profile. 
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Fig. 1. The reliquary studied in the present work (h x w: 43 × 22 cm) and the five untied components. First and second pieces: the two components of the base; third 

component: the lotus-leaf-motif piece; fourth component: the central body; fifth component: the roof with the pole bearing the parasol and the globe. 
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• Ultraviolet photography (UV) was employed to identify restora- 

tion materials. The lighting was achieved using two 5-W Ma- 

datec LED UV (emission peak at 368 nm), four Labino UV light 

MPXL and UV Floodlight spot lamps (emission peak at 365 nm). 

Images were acquired in the 380–780-nm range with a Nikon 

D810 DSLR Full Spectrum camera, modified to extend its sen- 

sitivity in the 350–10 0 0-nm range, providing a resolution of 

7360 × 4912 pixels, equipped with a metal oxide semiconduc- 

tor silicon sensor, Madatec UV-IR Cut, BG40 filters, and a polar- 

izer. Image processing was performed on PTGui software. 
• X-Ray Fluorescence (XRF): qualitatively analyse of the alloy was 

conducted with a micro-XRF Bruker Artax 200 spectrometer 

(Mo anode, Si(Li) detector, 8- μm Be window), 50 kV, and max- 

imum 1500 μA. 
• Fourier transform infrared spectroscopy (FTIR): it was per- 

formed to characterize yellowing substances, tissue remains, 

corrosion products and fillers, with a Bruker Vertex 70 FTIR 

spectrometer, equipped with Hyperion 30 0 0 microscope and 

MCT detector (40 0 0–650 cm-1 range, 4 cm−1 resolution, 64 

scans for each spectrum). Scrapings were analysed as bulk in 

transmission, upon compression in a diamond anvil cell. 
• Field Emission Scanning Electron Microscopy coupled with Ox- 

ford Energy Dispersive X-ray Spectroscopy (FE-SEM-EDS) was 

used for the morphological and elemental analysis of the frag- 

ments (working distance: 5 mm; acceleration voltages: 5 and 

20 kV). SEM images in Fig. 3 were acquired by Zeiss EVO60 

(LaB6 cathode), with an Oxford Ultim Max EDS probe. 
• X-ray Powder Diffraction (XRPD): the crystalline phases on 

the micro-fragments were characterized by the PANalytical 

X’Pert Pro X-ray instrument Cu-K α ( λ= 1.5418 Å) in the Bragg- 

Brentano geometry (accumulation time: 75–150 s; angular 

range: 2 θ = 10 °- 90 °; step: 0.026 °), using the associated soft- 

ware for the phase identification. 
• X-ray Photoelectron Spectroscopy (XPS): areas of interest were 

analysed with PHI 50 0 0 Versa Probe spectrometer (Al K α ex- 

citation source, 1486.6 eV, scan area: 100 × 100 μm2 ). After 

survey scans, High-Resolution (HR) scans were collected for rel- 

evant Au, Ag, and Pb peaks. 

esults and discussion 

haracterization of previous restoration materials 

UV light examination revealed bluish-fluorescent materials, 

articularly at the pole extremities ( Fig. S10 ), identified as 

oly-ethyl cyanoacrylates by FTIR (−3490 cm-1 : OH stretching; 

970, 2940, 2880 cm-1 :CH2 - stretching; 2250 cm-1 :CN stretching; 

460, 1380 cm-1: CH - bending; 1250, 1170 cm-1 :COO- stretching; 
2 

25
040 cm-1: C-O- stretching; 980 cm-1 :CH2 - bending (spectrum j in 

ig. S12, Table S2 ) [ 18 ]. The presence of poly-ethyl cyanoacrylates 

uggests that they were likely applied in modern times as adhe- 

ive agents to bond the pole to the roof and globe. 

Some areas of the silver foil show extensive yellowing and 

mber-coloured deposits, identified as terpenoid resins by FTIR 

3400 cm-1 : OH stretching; 2960, 2890 cm-1 :CH2 - stretching; 

740 cm-1 :C= O stretching; 1400, 1380, 1250 cm-1 :CH2 - and OH 

ending, C–O stretching in phenols; 1170 cm-1 :COO- stretching in 

sters; 1100 cm-1 : aromatic C–H bending ( Fig. S13 and spectrum f 

n Fig. S12, Table S2 ) [ 19 ]. Therefore, the yellowing of the silver foil

s due to the photo-oxidative degradation of resins applied as pro- 

ective coatings. However, under UV light, the surface shows only 

mall residues and lacks the expected general fluorescence emis- 

ion, likely because cupper compounds absorb the emitted fluores- 

ence [ 20 ]. 

The amber resin on the micro-fragments (s1-s6) was investi- 

ated by SEM-EDS and XPS. SEM images show non-uniform resin 

istributions, with atomic C/O ratios of ∼4. On s1 chloride traces 

ere detected by microanalysis, but not by XPS. The analytical vol- 

me of EDS is thicker than the ten-nanometre depth probed by 

PS. Thus, chloride-bearing degradation products may be under 

he resin, probably applied as protective coatings where the cor- 

osion process had already started ( Fig. S13 ). 

extile traces 

Mineralized textile remains were found on the body, first, third, 

nd connecting pieces ( Fig. S14a ). They show a plain weave with 

2–24 wefts/cm and 34–36 warps/cm, resembling canvas or taffeta, 

onsistent with the Liao custom of wrapping reliquaries in thin silk 

 21 ]. Instead, the first component displays a different plant tissue 

han that of the other pieces, with 30 warps and 30 wefts/cm. 

The textile remains were analysed by FTIR to determine the 

riginal composition of the tissue and detect any possible inor- 

anic compounds present as contaminants or pigments ( Fig. S14a ). 

he resulting spectra show only the diagnostic signals of ba- 

ic lead carbonate ((PbCO3 )2 ·Pb(OH)2 ), suggesting that the textile 

nderwent complete mineralization (3400 cm-1 : OH stretching; 

740 cm-1 : C= O stretching; 1450 cm-1 : CO3 
2- asymmetric stretch- 

ng; 1050 cm-1 : CO3 
2- symmetric stretching; 850 cm-1 : CO3 

2- -out- 

f-plane bending; 690 cm-1 : CO3 
2- in-plane bending (spectrum i 

n Fig. S12, Table S2 ) [ 22 ]. This finding indicates the possible migra-

ion of Pb2 + ions from the reliquary alloy into the tissue, combined 

ith the organic decomposition of the textile, resulting in the nu- 

leation of inorganic phases, such as lead carbonates. Basic lead 

arbonates may also form through interactions with environmen- 

al factors, like humidity and carbonate-rich soil [ 23 ]. 
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Fig. 2. High-resolution Au 4f XPS spectrum (on the left) and Pb 4f XPS spectrum (on the right) of the micro-fragment s2 (front side) after the laser cleaning. 
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lloy composition and microstructure 

XRF results are reported in Fig. S15 and Table S3 : the reliquary 

omponents mainly consist of Ag/Cu alloy. Only the pole and its 

xtremities are composed of Cu alloy. 

The micro-fragments (s1-s6) were further characterized by SEM 

nd XPS. SEM images of s1 , s2, and s3 reveal coarse, patchy 

urfaces, with submicrometric rounded particles agglomerated to 

orm small clumps. In contrast, s4 and s5 exhibit compact and 

mooth surfaces ( Fig. S16 ). 

The average Cu content detected by SEM-EDS ranges from 0.4 % 

o 2.4 % at., except s3 , which exhibits higher Cu contents ( ∼4 % at.).

g ranges between 14 and 34 % at. 

As shown by standard deviations in Table 1 , there are signifi- 

antly large content variations in the measurement points within 

ach fragment, indicating the high heterogeneity and complex- 

ty of the surfaces. Indeed, SEM-EDS is a non-destructive tech- 

ique that allows for the examination of elemental composition 

ith good spatial resolution. Cross-section preparation and de- 

tructive techniques were not allowed due to museum constraints. 

hen analyzing degraded Ag-Cu fragments, significant variations 

n elemental concentrations- and consequently very high standard 

eviations- can be attributed to the intrinsic heterogeneity of the 

orroded samples. This results from the selective corrosion pro- 

ess, which leads to an uneven distribution of Ag and Cu. Addi- 

ionally, surface roughness and corrosion layers can distort the EDS 

ignal and hinder accurate quantification of the underlying metals 

 24–26 ]. 

HR Au-4f XPS reveals approximately 0.3 % at. of metallic Au, 

ith two sharp peaks at 83.6 and 87.3 eV corresponding to 

he Au4f7/2 and Au4f5/2 components of metallic gold, respectively 

 Fig. 2 ) [ 27 ]. 

XPS detected low Pb contents (0.2–0.4 % at.). The Pb-4f doublet 

n the HR-XPS spectrum is ascribed to Pb(II) compounds (galena, 

bS, or litharge, PbO) ( Fig. 2 ), which can be related to the refining

rocess [ 28 ]. Indeed, the primary silver ore in ancient China was 

rgentiferous lead ore. The cupellation process resulted in the con- 

ersion of most lead to litharge and other impurities, leading to 

he production of over 95 wt% silver [ 29 ]. 

ilver embrittlement 

The reliquary is in a highly brittle state with several missing 

ieces and deformation ( Fig. S6 ). To investigate possible relations 

etween the brittle condition and the microstructure, SEM analy- 

is was conducted on the fragments, with the need of totally non- 

estructive techniques. 
26
The back-scattered electron (SEM-BSE) images show the crack 

attern along the tool mark profile, pitting and micrometric crack- 

ng both along and through the grain boundaries, the latter having 

 meandering and wiggly appearance ( Fig. S17 ). 

Fig. 3 . SEM-BSE images of the section of the second component: 

he microcracks extend through the entire inner thickness of the 

oil; the back and front sides show a layered structure. 

The embrittlement appears to likely result from a combination 

f intergranular and transgranular corrosion. As the present met- 

lwork consists of Ag-Cu alloy foils, selective corrosion may have 

een facilitated by localized galvanic effects between the silver- 

nriched matrix ( α-phase) and copper-enriched grain boundaries 

 β-phase) [ 8 ]. Furthermore, the cracks are preferentially located 

n the overworked zones, and the accumulation forms a mechani- 

ally weakened and corrosion-prone region. Therefore, the cracks 

ould be mainly related to the previous intensive cold working, 

hich left residual stresses and induced structural modification, 

ccording to the so-called stress corrosion cracking (SCC) [ 9 ]. In- 

eed, the indented decorations obtained by chasing and stamping 

ight cause high residual strain hardening and give a meander- 

ng appearance to the grain boundaries. This created stress dur- 

ng cold working that was not removed by annealing. The residual 

tress, combined with soil pressure and the aggressive burial en- 

ironment, resulted in severe cracking and subsequent embrittle- 

ent of the silver artefact. However, while SEM imaging provides 

orphological evidence, it may not be sufficient to fully elucidate 

he underlying mechanism of embrittlement. Additional metallur- 

ical analyses – although destructive and thus not permitted in 

his study due to conservation constrains – could offer more con- 

lusive insights into the causes of the embrittlement. 

orrosion products 

Malachite, CuCO3 •Cu(OH)2 , and mixed copper-zinc carbon- 

tes were identified by FTIR on the connecting component, 

ase, parasol, and pole (330 0–340 0 cm-1 :OH stretching; 140 0, 

550 cm-1 :CO3 
2- asymmetric stretching; 1040 cm-1 : coupled 

CO3 
2- bending/asymmetric stretching; 960 cm-1 :OH bending; 

80 cm-1 :CO3 
2- out-of-plane bending; 780 cm-1 :CO3 

2- in-plane 

ending). Additional bands in the mixed copper-zinc carbonates 

re at 830 cm-1 (-CO3 
2- out-of-plane bending), 1100 cm-1 , (-CO3 

2- 

ymmetric stretching), and 730 cm-1 (-CO3 
2- in-plane bending); 

ands at 1400 and 1550 cm-1 are shifted to 1395 and 1500 cm-1 in 

he mixed copper-zinc carbonates ( Fig. S18 , spectra g and h in Fig. 

12 ) [ 30 , 31 ]. The identification of Cu and Cu-Zn carbonates aligns

ith the alloy composition and the corrosion processes occurring 

n humid, carbonate-rich environments, resulting in differential re- 
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Table 1 

Results of the characterization carried out on the front sides of the six micro-fragments (s1-s6). The crystalline phases and elemental compositions are obtained by XRPD 

and SEM-EDS point analysis (% at.), respectively. AgX refers to the mixed silver halide phases (Ag(Cl, Br)). The mean values and the standard deviations (in brackets) are 

reported in bold. 

Sample Location Morphology Crystalline 

phases 

Ag 

(% at.) 

Cu 

(% at.) 

Au 

(% at.) 

Cl 

(% at.) 

Br 

(% at.) 

S 

(% at.) 

Ca 

(% at.) 

s1 Central body Coarse, patchy 

substrate. 

Presence of the 

terpene resin on 

both sides 

Ag, AgX 

0.12 

27.92 

0.36 

18.09 

54.71 

52.09 

31.21 

63.99 

18.56 

24.07 

28.46 

- 

0.88 

- 

0.51 

- 

- 

- 

2.03 

- 

0.80 

- 

– 0.10 

6.81 

0.28 

4.74 

37.58 

44.94 

24.22 

2.94 

16.89 

- 

26.58 

- 

- 

- 

1.01 

- 

- 

5.00 

- 

2.01 

- 

2.68 

– - 

- 

0.10 

0.34 

- 

- 

- 

- 

0.34 

- 

- 

29.1 (20.8) 1.1 (0.7) – 16.5 (16.2) 2.7 (1.7) – 0.3 (0.1) 

s2 Coarse, patchy 

substrate. 

Presence of the 

terpene resin on 

both sides 

Ag, AgX, 

CaCO3 

6.65 

13.74 

7.35 

27.44 

37.4 

0.12 

25.98 

1.61 

27.71 

0.14 

22.03 

0.64 

0.22 

0.80 

- 

0.81 

- 

- 

0.14 

- 

0.04 

- 

- 

- 

- 

- 

0.38 

- 

- 

- 

- 

- 

- 

1.25 

10.11 

0.29 

22.62 

0.69 

0.10 

21.39 

1.09 

22.68 

0.12 

17.79 

0.31 

2.53 

- 

5.12 

- 

- 

2.01 

- 

4.34 

- 

2.03 

0.12 

0.17 

0.14 

- 

- 

- 

- 

0.63 

- 

- 

- 

7.55 

1.47 

7.15 

- 

- 

- 

0.38 

13.06 

- 

- 

- 

15.5 (18.2) 0.4 (0.3) 0.4 (-) 8.9 (10.2) 2.7 (1.7) 0.3 (0.2) 5.9 (5.1) 

s3 Coarse, patchy 

substrate. 

Presence of the 

terpene resin on 

both sides 

Ag, AgX 

28.75 

0.89 

36.15 

1.15 

19.89 

0.43 

20.32 

40.43 

30.15 

19.45 

8.86 

0.49 

14.87 

- 

12.18 

1.75 

1.99 

- 

- 

- 

1.03 

0.56 

- 

- 

- 

- 

- 

0.43 

- 

- 

- 

- 

- 

25.40 

0.70 

27.47 

0.83 

- 

- 

13.18 

24.73 

23.02 

- 

5.56 

3.33 

- 

8.55 

0.27 

- 

- 

3.95 

9.78 

5.47 

- 

1.64 

– - 

- 

- 

- 

- 

- 

0.34 

- 

- 

- 

0.44 

18.7 (14.4) 4.1 (5.9) 0.4 (-) 15.1 (11.5) 4.7 (3.5) – 0.4 (0.1) 

s4 

Base, first 

piece 

Compact and 

smooth. 

Presence of the 

terpene resin on 

both sides 

Ag, AgX 

1.36 

29.96 

26.64 

44.02 

32.58 

21.23 

- 

0.73 

0.69 

6.65 

1.48 

- 

- 

0.33 

0.24 

- 

- 

- 

0.20 

1.09 

1.09 

- 

- 

19.64 

- 

- 

- 

- 

- 

1.74 

– –

26.0 (14.2) 2.4 (2.9) 0.3 (0.1) 5.5 (9.4) 1.7 (-) – –

s5 

Base, third 

piece 

Compact and 

smooth. 

Ag 38.85 

3.23 

11.76 

29.56 

71.42 

4.71 

75.43 

0.54 

0.18 

0.85 

- 

2.75 

0.20 

2.53 

- 

- 

- 

- 

0.55 

- 

- 

0.84 

0.39 

- 

11.59 

- 

- 

- 

- 

0.07 

- 

4.99 

- 

- 

- 

- 

0.14 

0.16 

- 

- 

- 

- 

- 

0.17 

- 

- 

- 

7.38 

- 

33.6 (30.2) 1.2 (1.2) 0.6 (-) 4.3 (6.3) 2.5 (3.5) 0.15 (0.01) 3.8 (5.1) 

s6 

Base, third 

piece 

Coarse, patchy 

substrate. 

Presence of the 

terpene resin on 

both sides 

Ag, AgX, 

CaCO3 

13.28 

14.77 

7.7 

48.64 

0.29 

14.52 

3.68 

1.15 

0.42 

1.02 

- 

- 

- 

- 

– 1.54 

0.23 

2.11 

1.20 

0.16 

7.28 

0.30 

2.12 

0.54 

1.43 

0.64 

- 

3.65 

0.23 

0.26 

- 

- 

- 

- 

- 

- 

4.76 

5.46 

7.66 

1.90 

1.04 

1.75 

17.66 

14.7 (16.0) 0.9 (0.4) – 1.8 (2.5) 1.4 (1.3) 0.3 (-) 5.8 (5.8) 

l

p

t

1

t  

S

a

(

m

p

t

o

p

c

A

ease of Cu2 + and Zn2 + , and subsequent precipitations of carbonate 

hases [ 23 ]. 

Black patinas show high sulfur contents, related to sulphura- 

ion products (Ag2 S) ( Fig. S19 ), and significant halide amounts (Cl: 

6.8 % wt; Br: 8.6 % wt.) ( Fig. S20 ). 

Mixed silver (bromide substituted) halides, Ag(Cl, Br), were de- 

ected by XRPD in s1 , s2 , s3 and s6 ( Fig. S21 and Fig. S22, Table

5 ). Table S6 displays the unit cell parameters calculated for AgCl 

nd AgBr. All the values deviate from the corresponding references 
27
5.54 Å for AgCl and 5.77 Å AgBr), confirming the presence of 

ixed silver (bromide substituted) halides [ 32 ]. No sulphur com- 

ounds were detected by XRPD, likely due to their amorphous na- 

ure or very thin layers . 

XPS on the dark areas detected 1.4 %at. of sulfur and 0.9 % at. 

f chloride. HR-XPS in the silver region displays two characteristic 

eaks of Ag3d. The unresolved peak of Ag 3d5/2 has at least three 

omponents. The spectral feature at 367.2 eV can be assigned to 

gO, AgCl, or Ag2 S. The peaks at 367.9 and 368.6 eV are distinc- 
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Fig. 3. displays the cracks running through the entire inner thickness of the foil and a large-grained substrate with brittle intergranular fracture. In addition, a top layered 

structure of about 20 μm thickness and delamination phenomena were observed on both the back and front sides. 

Fig. 4. Top graphs: survey XPS spectrum of fragment s1 and curve-fitting of the corresponding Ag3d HR-XPS spectrum. Bottom graphs: survey and high-resolution Agd3 XPS 

spectrum of sample s3 (point 7, front side): S was not detected in the dark patina. 

t

s

A

s

t

a

b

p

w

o

v

E

c

e

e

c

w

s

t

ive for Ag2 O and Ag, respectively [ 33 ]. The high-resolution XPS 

pectrum of s3 shows the doublet peak of Ag3d, attributable to 

gBr/AgCl or AgO, consistent with the mixed silver (bromide sub- 

tituted) halides detected by XRPD ( Fig. 4 ) [ 34 ]. 

Thus, the common corrosion product a-Ag2 S (acanthite) is not 

he primary cause of the blackening. Instead, the dark patinas are 

lso due to water-insoluble and photosensitive silver chloride and 

romide [ 35 ]. This observation aligns with the dominant corrosion 

roducts found on ancient silver from marine or buried contexts, 

here halide-rich conditions prevail for extended periods. More- 

ver, the halide-based degradation products may result from pre- 

ious improper surface cleaning [ 36 ]. 
28
xamining the coherence between the five components 

The reliquary consists of five assembled components with a re- 

urring repoussé phytomorphic motif, suggesting a possible delib- 

rate visual and stylistic unity. The examination revealed that ev- 

ry piece exhibits unique decorative elements; some stylistic dis- 

repancies in the decorative execution and material composition 

ere identified, raising questions about their coherence and pos- 

ible differences in the original production and/or restoration his- 

ory. 

The study points to partial coherence among the components: 

Stylistic aspects 
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All five components have similar decorative themes, consistent 

ith the Liao dynasty, but each piece displays distinct ornamental 

lements. 

Material composition 

A key inconsistency is the pole, which is made of brass, unlike 

he rest of the components, combined with modern glues identi- 

ed at its extremities by FTIR. This indicates a later intervention, 

ikely to stabilize or reassemble the structure. 

Corrosion and chemical markers 

The characterization of the micro-fragments, though limited to 

 small sample set and based exclusively on non-destructive tech- 

iques, provides the following evidence concerning the coherence 

uestion: 

• Chloride content is higher in fragments from the central body 

(s1, s2, s3) compared to those from the first (s4) and third com- 

ponents (s5, s6) ( Fig. S23a ), likely reflecting different corrosion 

histories or conservation conditions. 
• S/Ca ratios are similar between s2 (from the central body) and 

s5 and s6 (from the third component) and are higher than 

those of s1 and s3 (from the central body) and s4 (from the first 

component). Sulfur and calcium contents are positively corre- 

lated ( Fig. S23b ). This finding suggests some degree of chemical 

coherence between the third component and part of the body, 

but non uniformly across all body fragments. 
• Fragments from the body (s1, s2, s3) have patchy surfaces, 

whereas s4 and s5 (from the base) show a uniform and smooth 

top layer ( Fig. S16 ). S was not found in the dark patinas of frag-

ments s1, s3, and s4, pointing to different corrosion processes 

or environments. 

Thus, the findings suggest that the components seemed to be 

ssembled to appear stylistically unified, but none of them are fully 

oherent in terms of alloy composition and corrosion products, 

uggesting partially different origins or environmental exposure. 

ome pieces, such as the third component and part of the cen- 

ral body, have similar S/Ca ratios. However, some inconsistencies, 

ike the brass pole and different chloride levels between the central 

ody and the first and third pieces, may indicate diverse steps in 

he reliquary production, conservation history or later restoration 

orks. 

onclusions 

A peculiar Chinese silver reliquary was investigated using a 

on-destructive approach. The early results allowed us to plan fu- 

ure conservation strategies and reveal the following key points: 

• Material coherence: the micro-fragments from the central body 

show higher chloride contents and more alteration phases (sil- 

ver halides and calcium carbonates) than other components. 

The pole is the only brass component, with modern glues at 

its extremities. 
• New knowledge about metal-working of the Liao dynasty: the 

central body was cold-forged to form an octagonal prism and 

the ends were stitched together with silver threads. The base 

and roof were hammered from a single foil sheet. 
• Conservation state: yellowing is due to terpenoid resins, likely 

from past restorations. Both sulphuration products and sil- 

ver halides cause the foil darkening. Silver chloride and bro- 

mide suggest exposure to halide-rich environments, such as 

marine or burial contexts, and/or improper cleaning. The em- 

brittlement appears to result from a combination of inter- 

granular and transgranular corrosion, likely due to the burial 

environment and the intensive cold working involved in the 
manufacture. 
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