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Abstract
X-ray fluorescence spectroscopy, scanning electron microscopy energy spectrum, excitation-emission matrix spectroscopy, and Fourier transform infrared spectroscopy was applied to the unearthed jade with multilayered corrosion, to reveal the microstructure, composition structure, and distribution of organic matters. Our results showed that the interior of the jade was mainly composed of layered serpentine with a regular structure, while the white layer structure on the surface is scattered and irregular, and the content of calcite formed by elements Ca and C increases significantly; between the green matrix and the white layer on the surface, there are brown corrosion zones with obvious fluorescence effect and mainly composed of humic acid, which continuously extends inward along the corrosion cracks for accelerating the internal corrosion. This article, for the first time, argued for the corrosive and fluorescent humic acid bands that appear inside serpentine jade and cautions its role in investigating the corrosion of jade.
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Introduction
 In China, jade is highly valued for its practical uses (as ornaments and tools) and crucial role in religion, etiquette, and other occasions [1]. The earliest jade in China was found at Xiaonanshan Site (小南山) in Raohe County, Heilongjiang Province (9200–8600 BP ). Jade, as defined by modern geology and gemology, refers to two extremely tough, essentially monomin-eralic rocks that are used for fashioning ornamental carvings and gems, jade with narrow sense includes the nephrite [Ca2(Mg,Fe)5[Si4O11]2(OH)2] and jadeite[NaAlSi2O6] [2], although their compositions and textures differ, both types of jade are typically associated with serpentinite, which is a general term for a hydrated magnesia-rich silicate mineral. Serpentinite is replaced by Ca metasomatism to form nephrite in contacts with more siliceous rocks (plagiogranite, graywacke, argillite) [3]. At the same time, jadeite is formed as fluid crystallization-to-metasomatic product in the channel-wedge boundary of fossil subduction system of serpentine matrix [4]. Unearthed jade artifacts will change in different types and degrees in terms of color, transparency, luster, hardness and other characteristics. Among them, the whitened jade is a common phenomenon, and some results believe that it is due to the color change caused by burning, and the color change of jade varies according to the burning temperature [5, 6].
As a silicate mineral, serpentine will also undergo corrosion during burial, such as surface hydroxylation of silicate minerals, that is, dissociated water molecules are adsorbed on the surface cation –O pair, the hydroxyl group binds to the surface cation, and the H atom binds to the surface O atom [7–9]. Subsequently, alkaline earth cations such as Ca2+ and Mg2+ are rapidly released from the surface of hydroxylated silicate minerals through proton exchange for H+ [7, 10], making silicate minerals susceptible to surface corrosion in acidic conditions and aqueous solutions [10–12]. In the natural environment, carbonate and silicate biomineralization is also a common phenomenon, and bacteria such as cyanobacteria and sulfate reducing bacteria attach to the surface of various mineral substrates, inducing carbonate precipitation, micron-sized crystals of low-Mg calcite are the most common products [13–16]. Extracellular polymeric substances (EPS), all organic molecules secreted by microorganisms [17], play a key role in accumulating cations and providing mineralization nucleation sites [18–22]. Some scholars have found that viruses may also cause mineralization [15, 23], and as the pathway of mineralization induced by microorganisms is very complex, the whole process has not been fully defined.
In 2021, the Shaanxi Academy of Archeology excavated the tomb of the nobleman Daye Zhen (大野贞) during the Northern Zhou Dynasty (557–581 AD) during the third phase of the reconstruction and expansion project of Xi’an Xianyang International Airport. The shape and structure of the tomb were fully preserved, with rich funerary objects. Furthermore, a large number of painted pottery figurines, gold and silver wares, and other precious cultural relics were unearthed. Among them, a set of jade ornaments, including a Jade Heng pendant, Jade Huang arc-shaped pendant, Jade Chongya and some jade fragments, was found on the waist of the owner of the tomb. These are typical representative burial objects of the Northern Dynasties (386–581 AD). The unearthed jade (Fig. 1a) has a three-layer or multi-layer structure, with a light green interior and a white spongy surface featuring various thicknesses. At the same time, there is a brown transition layer between the green inner layer and the white surface layer. Thus, optical microscopic analysis, X-ray diffraction analysis, scanning-energy spectrum analysis, microscopic three-dimensional imaging microscopic analysis, and organic matter analysis were carried out for the corrosion changes of the jade, so as to determine the cause of the corrosion, build a corresponding corrosion model, and provide new research ideas for the corrosion mechanism and protection of the unearthed jade.[image: ]
Fig. 1a Unearthed jade; b OM images of the selected jade surface; c OM images of jade cross-section



Experiments
Sample
In order to systematically study the formation reason of the three-layer structure of the jade article, a jade fragment (Fig. 1b) was selected for experiment. The length, width and height of jade fragment was about 2 cm, 1.5 cm and 6 mm. The fragmentation of jade is formed by natural disintegration, and the excavated samples have not undergone all pretreatment including cutting. The PH of the soil around the sample burial is 8.3, the volume moisture content is 26.45%.


Methods
Optical microscopic analysis (OM)
The 4K digital microscope (Tianzhu Shanghai optical instrument factory XTZ-4KHD) was used to observe the microscopic morphology of the sample surface and cross-section formed by natural disintegration, and observations were made at 0.7 and 1.5 magnifications.

X-ray fluorescence spectroscopy analysis (XRF)
A German Bruker M4 Tornado plus microzone X-ray fluorescence imaging spectrometer was used to observe the corrosion layer on the sample surface and test its composition and distribution. XRF is a nondestructive test that only needs a plane without sample preparation and uses an X-ray tube; the target material is Rh, the FP method and type-calibration method are used, and a national standard ore sample is used to establish a quantitative method [24]. The accelerating voltage and beam currents were 50 kV and 600 µA, respectively.

Scanning electron microscopy equipped with energy-dispersive X-ray spectroscopy analysis (SEM-EDX)
The FEI Verios G4 field emission scanning electron microscope/energy spectrum was used to observe the microscopic morphologies of the corroded areas and cross sections of the sample fragments after platinum plating with ion sputtering and to perform compositional tests. Because the sample was fragile, the corrosion layer and cross-section of the sample surface was not polished. The voltage was set to 10 kV, and the working distance varied from 4.0 to 6.4 mm under vacuum conditions. The test results included secondary electron images and backscattered electron images.

X-ray diffraction analysis (XRD)
A Bruker D8 Advance X-ray diffractometer (Germany) was used to directly detect the three layers of the sample without preprocessing. The maximum voltage of the instrument was 60 kV, the maximum tube current was 80 mA, the optical tube power was 2.2 kW (Cu target), and the angle reproducibility was ± 0.0001°. A Vantec 500 two-dimensional surface detector with a test spot diameter of 0.5 mm and an integration time of 300 s was used.

Micron 3D stereo imaging microscope analysis (CT)
Zeiss MicroXCT-400 μm three-dimensional imaging microscope was used for three-dimensional non-destructive imaging of the sample and to study the microstructure and defects of the sample, including morphology, pores, cracks, and so on. The results are processed using Dragonfly Pro software. The maximum power of the light source is 10 W, and the maximum voltage is 140 kV. Additionally, the theoretical maximum resolution is 1 μm, and the maximum resolution of the CCD is 2048 * 2048.

Excitation-emission matrix spectroscopy analysis (EEMs)
HORIBA FluoroMax Plus steady state and lifetime benchtop spectrofluorometer was used to test the EEMs of the sample. The excitation wavelength range of 240–300 nm and the emission wavelength range of 330–700 nm were chosen to directly scan the luminous region of the sample without preprocessing. The scan sampling was set to 1 nm, and both excitation and emission slits were set to 5 nm. Subsequently, the raw measured spectral data were processed using FluorEssence software and result was drawn after deducting Rayleigh scattering.

Attenuated total reflectance-fourier transform infrared spectroscopy analysis (ATR-FTIR)
An American PerkinElmer Spotlight400 Fourier infrared spectrometer was used to test the corrosion layer of the sample, analyze the functional groups of the corrosion material, and determine the presence of organic matter in the sample. Infrared absorption spectroscopy was used to directly test the corrosion area on the surface of the sample without preprocessing. The test range was 500–4000 cm−1 with a spectral resolution better than 0.09 cm−1, and the wavenumber accuracy was better than 0.01 cm−1.


Results and discussion
Microscopic morphology and composition analysis
One of the jade fragments was taken for detailed analysis and it can be seen that there are three layers of distribution from OM at the cross-section of sample (Fig. 1c), including the surface white layer with thickness of about 1.5 mm, the brown intermediate layer with thickness of about 0.5 mm, and the inner matrix with thickness of about 3 mm. The elemental distribution on the cross-section of the sample was tested using the XRF surface scan mode, the test area was shown in Fig. 2a. It was observed, by comparing the distribution of elements in the sample, that the three layers all contain Ca, Mg and Si elements, and the enrichment of Mg, Si, Fe, and Ti elements was formed in the white layer on the surface of the sample, in which the Ca element was uniformly distributed in the inner matrix and surface white layer of the sample, while its content was relatively low in the brown intermediate layer. Furthermore, it could also be detected that obvious accumulation zones of S, P, and Al elements took shape in the brown intermediate layer region.

[image: ]
Fig. 2XRF surface scan test results, a OM image of test area (the brighter the color is, the higher the element content, the same as below)


SEM-EDX and micro-area XRD were adopted to test and analyze the microscopic morphology of different regions, as well as the composition and structure of micro-area elements. Figure 3a–c indicate the microscopic morphology and distribution of constituent elements of the inner matrix, surface white layer, and the brown intermediate layer, respectively. Based on the element content and XRD spectrum, it was detectable that the jade matrix and the brown intermediate layer contained lizardite (Mg3Si2(OH)4O5) and calcite (CaCO3) (Fig. 4a, c). Apart from that, the surface white layer was composed of not only calcite, but also antigorite (Mg6[Si4O10](OH)8) (Fig. 4b).
It is noticed, by comparing the microscopic morphology of different regions, that the lizardite and calcite inside the jade were lamellar with regular structure, while the structural composition of the brown intermediate layer and the surface white layer became scattered and irregular. Among them, the most obvious was that particles in the brown area were small and compact, and contained 1.74% of P element and 0.38% of S element, forming an obvious element aggregation zone. What is more, it was particularly evident from comparing the topographical regions of the inner and outer layers of the jade that the increase of Ca element mainly started from the junction area of the lamellar structure, with Mg and Si elements as the core, the surrounding elements gradually replaced by Ca elements, and the content of adsorbed C elements gradually increasing (Fig. 3a, b; Table 1).[image: ]
Fig. 3SEM-EDX surface scanning test results of jade, a inner matrix; b surface white layer; c brown intermediate layer

[image: ]
Fig. 4XRD test results of different areas of jade, a inner matrix is lizardite and calcite; b surface white layer is antigorite and calcite; c brown middle layer is lizardite and calcite



Table 1SEM-EDX test element composition of jade in different regions (wt%)


	Element
	C
	O
	Mg
	Si
	Ca
	Fe
	P
	S

	Inner matrix
	9.32
	52.29
	14.73
	11.32
	11.88
	0.46
	 	 
	Surface white layer
	11.38
	52.97
	10.42
	7.80
	17.10
	0.33
	 	 
	Brown intermediate layer
	8.47
	52.44
	14.33
	11.59
	11.05
	 	1.74
	0.38




Further, SEM-EDX was utilized to analyze the microscopic morphology and composition of different regions of the sample section. The results in Fig. 5; Table 2 manifested that the white layer on the surface of the jade included lamellar morphology structure, single-layer zigzag structure (Fig. 5a), and multi-layer zigzag structure (Fig. 5b). Among them, the single-layer (area P2 in Fig. 5a) and multi-layer (area P3 in Fig. 5b) serrated structures mainly composed of Ca and C were attached to the lamellar surface (P1) and contained a high content of C, i.e., 18.41% and 10.67%, respectively. From the comparison of the element content and the morphology in the figures, it could be deduced that calcium carbonate with a monolayer serrated structure was first formed on the lamellar layered surface; with the continuous increase of the content, the single-layer zigzag range gradually expanded and connected to each other, accumulating to form a multi-layer sawtooth structure such as that shown in Fig. 5b.[image: ]
Fig. 5SEM test images of jade, a sawtooth appearance of surface white layer; b multi-layer sawtooth appearance of surface white layer; c lamellar, vermicular and reticular appearances of brown intermediate layer


In the brown intermediate layer region (Fig. 5c), three different morphological structures appeared on the surface of the large plate-like matrix, including lamellar (area P4 in Fig. 5c), vermicular (area P5 in Fig. 5c), and reticular (area P6 in Fig. 5c) with high P element content. It was speculated, by comparing the change process and calculated the porosity by processing the images of different regions in Fig. 5 and estimating their scales, that the surface of the layered matrix of the large plate was firstly piled up with spherical nanoparticles of about 3 nm to form pores of 0.58%, and then the size of the spherical nanoparticles continued to increase, and the pores in the same area increased to 4.47%, while the surface pores forming a reticular structure can be increased to 14.42%.

Table 2SEM-EDX test element composition of jade in different regions (wt%)


	Element
	C
	O
	Mg
	Si
	P
	Ca
	Fe

	P1
	7.05
	45.72
	8.33
	8.00
	 	30.48
	0.42

	P2
	18.41
	60.65
	4.51
	2.81
	 	13.62
	 
	P3
	10.67
	48.85
	5.43
	3.87
	 	31.18
	 
	P4
	5.44
	46.84
	2.34
	1.05
	13.35
	30.72
	0.26

	P5
	2.80
	41.37
	1.75
	0.88
	11.80
	41.39
	 
	P6
	6.55
	46.21
	2.41
	1.03
	9.54
	33.83
	0.42




Following the above tests, it was found that the structure of each layer of the jade sample was quite different, and an obvious crack was formed between the brown intermediate layer and the inner matrix (Fig. 6). With the purpose of further determining the internal structure of the sample, CT was used to scan the sample internally, and the test results were shown in Fig. 7. In the white layer on the surface of the sample, there were many cracks that connected the brown intermediate layer with the outside and contained corrosion (shown by the arrow in Fig. 7). The 3D image information obtained from CT was imported into Dragonfly Pro software for image processing, it was calculated that the average porosity of the outermost white area was about 15.01%, and the distribution was uneven. The internal matrix was dense and uniformly distributed, but there were also cracks extending inward along the corrosion cracks.

[image: ]
Fig. 6SEM image of the transitional area between the inner matrix and the brown intermediate layer on the surface of jade



[image: ]
Fig. 72D images of the cross-section of the jade CT test



Organic matter analysis
When comparing with the inner matrix of the uncorroded green jade, we noticed that the white layer on the surface and the brown intermediate layer contained elements such as C, S, and P. When the sample was irradiated with ultraviolet light, it was found that the brown intermediate layer showed an obvious fluorescence reaction at 365 nm purple light (shown by the arrow in Fig. 8). The experiment further used EEMs and ATR-FTIR to test the fluorescence effect and infrared spectrum curve of the surface.

[image: ]
Fig. 8Fluorescence reaction of the brown intermediate layer of jade under the irradiation of 365 nm purple light, a, c 365 nm purple light; b, d natural light (the white layer in a and c are fluorescent areas)


Sample’s EEMs was tested under the condition of excitation wavelength 240–300 nm and emission wavelength 340–700 nm, the experimental results is shown in Fig. 9, which demonstrated the intensity excitation of the fluorescence spectrum, the exact position of the emission wavelength, and the relative intensity. There are three strong spikes in the fluorescence spectra of the specific brown interlayer, and their excitation/emission bands were located at 240–245 nm/400–450 nm, 242–247 nm/510–570 nm, and 242–247 nm/670–700 nm respectively. Through the characterization of fluorescence spectra, it was determined that the broad and strong peak at 240–245 nm/400–450 nm was mainly produced by microorganisms, and UV humic acids with various fluorescent chromophores [25, 26]. The region of Em = 2 * Ex nm in the picture was a second-order Rayleigh signal (Em represents the emission spectrum and Ex represents excitation spectrum). The FluorEssence software was used to deduct Rayleigh scattering when drawing.

[image: ]
Fig. 9EEMs of jade at an excitation wavelength of 240–300 nm, and emission wavelength of 340–700 nm


The soil where the cultural relics were buried contained organic matter that forms complex and stable macromolecular organic compounds under the action of microorganisms. Humus was the main component of soil organic matter, including carbon, hydrogen, oxygen, sulfur, phosphorus, and other elements. Humus serves as not a single organic compound, but a mixture of a series of organic compounds with similarities and differences in composition, structure, and properties, which plays an essential role in promoting the decomposition of minerals and the release of compositions. Furthermore, it can exist in the state of free humic acid and humate in the soil, or it can combine closely with mineral clay in the form of gel to become an important colloid material [27–29].
In order to further determine the existence of organic matter in the humus, the infrared spectra of the brown intermediate layer and surface white layer of the sample were measured by ATR-FTIR, results are shown in Fig. 10. Among them, in the region of 400–1200 cm−1, the infrared absorption bands were located at 1080 cm−1, 995 cm−1, 623 cm−1, 565 cm−1 and 448 cm−1. The 1080 cm−1 absorption band belongs to the SiO4 tetrahedral Si–Onb anti-symmetric stretching vibration, the 995 cm−1 strong absorption band belong to the symmetrical stretching vibration of the parallel structure layer of Si-O, the strong absorption band near 623 cm−1 and the absorption shoulder near 565 cm−1 belong to OH–Mg–OH translational motion, and the strong absorption band near 448 cm−1 belongs to Mg–OH translational motion. Meanwhile, in the region of 3620–3735 cm−1 in the spectral curve, 3715 cm−1 belong to the internal hydroxyl stretching vibration, and 3676 cm−1 belong to the external hydroxyl vertical stretching vibration, and 3655 cm−1 belong to the oblique stretching vibration of the outer hydroxyl [30, 31]. And three characteristic peaks at 1428 cm−1, 876 cm−1 and 713 cm−1, which are all related to CO32− [32].

[image: ]
Fig. 10ATR-FTIR test results of brown intermediate layer of jade


Different from the infrared spectrum curve of the white layer serpentine on the surface, the brown intermediate layer saw a wide –OH absorption peak at 3410 cm−1 [33], a characteristic symmetric and asymmetric stretching peaks of –CH2– and –CH3 species at 2982 cm−1, 2921 cm−1, and 2852 cm−1 [34], a ν(C=O) carboxylic acid or amide absorption peak at 1630 cm−1 [35], a stretching vibration of P–O and C–S or the stretching vibration of carboxyl C–O at 1228 cm−1 [36].
According to the distribution of elements on the surface of the sample, EEMs image, and infrared spectrum curve, it was determined that the brown intermediate layer of the sample had humic acid substances of microbial products, resulting in a strong fluorescence effect.

Corrosion mechanism
The lizardite that made up the jade contained OH magnesia layered silicate, with the structural unit layer composed of the silicon-oxygen tetrahedron and magnesia octahedron at 1:1. The internal connection of silicon-oxygen tetrahedron was a covalent bond, and that of magnesia octahedron was a weak ionic bond, in which Mg was connected with a hydroxyl group and reactive oxygen species in a silicon-oxygen tetrahedron, and the unit layers were connected by weak hydrogen bond or Van der Waals’ force [37, 38].
Humus was randomly produced from plant tissue decay or microbial metabolism-catabolism or a mixture of both [39]. Microorganisms played a vital role in the formation of humic acid, as soil-humic acid-microorganisms were inseparable, and most of the biologically essential elements required to maintain microbial growth and metabolism are originally derived from minerals [40].
The corrosion process of jade was presented in Fig. 11. When serpentine jade was buried in the soil and closely integrated with the gel-like humic acid produced by soil microorganisms, humic acid promoted the decomposition of minerals, the release of components, and had strong permeability. The OH-containing magnesium silicate crystal structure that was made up of jade was decomposed and destroyed layer by layer from the surface to the inside. First of all, after the magnesium hydroxide layer of serpentine became in contact with humic acid, the local microenvironment was formed leading to the rapid dissolution and release of Si, Mg and Fe ions of the network skeleton, especially the Mg ion groups, and the dissolution of soluble magnesium. Afterward, the [SiO4] layer that is difficult to decompose would also produce soluble silicon to dissolve and exchange with H+ in the solution, resulting in the Si–O–Si bond fracture of the network structure [41]. Iron oxide would also dissolve and precipitate slowly under local acidic conditions, and Si, Mg, Fe, and other elements that are easy to dissolve under acidic conditions penetrate upward to the dissolved part of the jade and accumulate on the corroded surface (Fig. 11b).[image: ]
Fig. 11Schematic diagram of jade corrosion


The vacancy region produced by the dissolution of Si and Mg ions was replaced by Ca ions, with Mg and Si elements as the core, the surrounding elements gradually replaced by Ca elements, and the content of adsorbed C element increased gradually (Fig. 11c). This part of the change was presumed to be due to the adsorption of humic acid on the surface of jade, constructing a micro-reaction environment, which determined the nucleation site of mineralized inorganic substances and the function of mineral formation. Subsequently, the inorganic ions nucleated, grew, and aggregated at the inorganic–organic interface through electrostatic force, chelation, hydrogen bond, VDW, etc. in the generated acidic solution, forming unevenly distributed calcified products [18–20]. Humic acid would continuously infiltrate into the jade along the cracks of the loose outer layer, dissociate and enrich at the corrosion interface to form brown bands (Fig. 11d). Meanwhile, there were certain P and S elements in microorganisms and extracellular polymers (EPS) or organic components of the medium in humic acid [42–45], and amphoteric oxides containing Al were also affected and enriched in the corrosion zone [46]. Obvious aggregation bands of P, S, and Al elements were formed at the brown corrosion interface (Fig. 11e). As a matter of fact, there were a large number of micro-and nano-pores in this area, and the corrosion interface had a more ordered mesoporous structure, and the larger specific surface area also showed faster reaction activity, which promoted the continuous occurrence of corrosion.
Since the structure of the corrosion area was disorderly and non-directional, the bonding between different phases deteriorated and the distribution became scattered; the interface with the original jade matrix was apparent, and this part was more susceptible to corrosion by external corrosive solutions such as humic acid, which further resulted in corrosion and biomineralization. In a word, the corrosion of magnesium-silicon serpentine with a lamellar structure was closely related to the fluorescent humic acid contained in the buried microenvironment.


Conclusion
In this paper, analyses regarding the microscopic morphology, composition and structure of the jade fragment of unearthed aristocratic Daye Zhen Tomb of the Northern Zhou Dynasty were conducted, in which the structure of the surface white layer was more scattered and irregular than that of the inner matrix, and the content of calcite increased significantly. Meanwhile, there was an obvious gap between the corroded area and the uncorroded area. Furthermore, there was an accumulation zone of P, S, and Al elements with a significant fluorescence effect between the inner matrix and the surface white layer. After testing, it was determined that the accumulation zone was humus, and the humus continuously infiltrated into the jade along the cracks of the loose outer layer, dissociated and enriched at the corrosion interface, forming a macroscopically visible brown intermediate layer band.
The main cause of the formation of a white corrosion layer on the surface of the jade could be attributed to the change of structure and the increase of calcite content, which was speculated to be formed by ion exchange and biomineralization of microorganisms in humus, as humic acid infiltrated into the internal corrosion interface of jade and accelerated the corrosion of magnesite-silicon serpentine with lamellar structure. In this paper, the humic acid zone with corrosion and fluorescence effect in serpentine was identified for the first time, which plays a rather crucial role in jade corrosion. This study also prompts to the attention on the microbial corrosion in jade, which needs further investigation in the future.
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