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Abstract
This study was focused on a specific blue‒green pigment applied on the edges of the green blocks of wall paintings in the Kizil Grottoes, the earliest Buddhist cave complex in China containing many wall paintings. Based on in situ portable XRF analyses, μ-Raman spectroscope, elemental analysis (SEM–EDS and EPMA-WDS) and μ-XRPD analyses, the pigment was proven to be lavendulan [NaCaCu5(AsO4)4Cl·5H2O], which has not been reported in ancient wall painting studies before. Lavendulan was found to coexist with atacamite [Cu2(OH)3Cl] in some of the samples in the study and showed a nanoneedle-like morphology. Further investigations of lavendulan revealed that it was probably not originally used as a pigment but was generated by the transformation of atacamite under the influence of arsenates [As(V)] and Na+. This phenomenon and the related mechanism were discovered in this study and are discussed in this paper. As an important cultural heritage site in the Silk Road, the Route Network of the Chang’an-Tianshan Corridor and the Kizil Grottoes are listed as UNESCO World and Natural Heritage sites. The pigment types and preservation conditions of wall paintings are similar to those of many wall paintings found along the Silk Road, and further attention should be given to this discolouration mechanism for heritage site conservation.
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Introduction
Ancient paintings, in which a range of media and techniques are used to depict the subjects of production, art, and spirituality, demonstrate the remarkable artistic talent of ancient civilizations. Paintings have the potential to reveal a great deal about historical techniques since the colours employed are derived from a range of natural sources, including plants, animals, mineral ores and also synthetic pigments such as Egyptian/Chinese blue. However, numerous types of pigments have tarnished or faded, yielding colours that differ from those of the original pigments [1–3]. In this investigation, we hope to learn more about the type, source, and manufacturing method of the unidentified material that was used to create the murals at the Kizil Grottoes ([image: ]) in the Xinjiang region.
The Kizil Grottoes (3rd–8th century AD), which have numerous, scattered ancient Buddha temples and cave sites, are situated in the ancient Kucha ([image: ]) region, which is on the main road of the ancient Silk Road (Fig. 1(a)). They also constitute the first major Buddhist cave complex in China, and the Mogao Grottoes ([image: ]) and other grottoes in the Hexi Corridor ([image: ]) greatly benefited from their artistic style, construction techniques, and painting methods. The Kizil Grottoes were included in the Chang’an–Tianshan Corridor’s Silk Road ([image: ]), the Route Network of World Heritage, in 2014. Large expanses of green and blue colours are typical of the murals in the grottoes (Fig. 1(b) and (c)), and green is consistently the dominant colour. Ernst Waldschmidt stated that the use of brilliant green to provide a startling contrast with alternate tones was a hallmark of the first style (characterized by Grünwedel [4]). Blue was only used as a contrasting colour in the images in the second style [5]. Therefore, since the initial construction of the grottoes, the blue lapis lazuli pigment was used frequently in murals, and cold blue–green tones became an important artistic feature of the caves and influenced the artistic expression of the Buddhist grottoes in ancient China.[image: ]
Fig. 1Map of the key sites of the Buddha grottoes in ancient Kucha. a Inset map: map.tianditu.gov.cn, with additions by Ling Shen. b Roof of Kizil Cave 171 and c anterior wall of the main chamber of Kizil Cave 38


The composition of the blue and green pigments found via analytical studies of the Kizil caves were limited to lapis lazuli (lazurite, (Na,Ca)4-8Al6Si6O24(S,SO4)1–2)) and atacamite [6, 7]. The vivid blue mineral chrysocolla [(Cu, Al)2H2Si2O5(OH)4 n(H2O)], which is occasionally present as gangue in the oxidation zone of copper deposits [8], was reportedly employed in the Kizil cave murals, according to some previous surveys. A study by Gettens revealed that when examined under a microscope, a sample from Kizil displayed certain optical properties of chrysocolla [9]. Riederer also described the use of chrysocolla in Cave 207 of the Kizil grottoes and Kumtura (库木吐喇石窟) South Monastery Cave 2 [10, 11]. However, the in situ examination revealed a watery blue–green colour in many caves, including in the Simsim (森木塞姆石窟) and Kizil Gaha (克孜尔尕哈石窟) grottoes, which was typically observed near the green borders as well as at the hooked edges of the paintings (Fig. 2). This hue is distinct from that of popular mural pigments consisting of atacamite, malachite, azurite, and lapis lazuli. Thus, we presume that this blue–green colour may have resulted from a combination of techniques; it might be the chrysocolla described by Riederer, it could be a pigment that has not been identified or studied, or it could be a degradation product.[image: ]
Fig. 2The blue–green hues found around the edges of green regions in various caves


Portable X-ray fluorescence (p-XRF) analysis was used for non-invasive confirmation. Then samples of green and blue–green pigments were collected, and the first step in the identification process was optical microscopy, which was followed by multispectral analysis, morphological and chemical composition analyses. Micro X-ray absorption near edge structure (μ-XANES) based on synchrotron radiation (SR) was used to determine the chemical state of the blue-green pigments.
Our goal was to learn more about the composition of this blue–green pigment. The findings we uncovered may explain rare local minerals, ancient chemical synthetic techniques, and the extraordinary craftsmanship of Central Asian mural paintings. In addition to aiding in restoration and conservation efforts, this study provides new information on archaeology, the history of pigment and murals technological innovations.

Methods
Mural painting samples
Five representative blue‒green micro-samples were collected for precise characterization and to attain an understanding of the pigment types and production processes. Figure 3 shows the collection locations and the optical micro-images of the samples. Table 1 provides comprehensive textural information on the locations and appearances of the samples.[image: ]
Fig. 3Upper row: Orange points indicate where sampling was performed in the photographs. Bottom: images of the samples collected from the corresponding caves

Table 1Detailed information on the samples and sampling locations. The grottoes were dated based on a previous study [12]


	No
	Cave info. (Date) and German Name
	Sampling location
	Sample type and colour

	1
	No. 69 (7th CE AD)
	The East wall of the main chamber
	Blue–green pigment layer on the base plaster layer without a white ground layer

	2
	No. 80 (7th CE AD) Höllentopfhöhle
	The vaulted ceiling of the west corridor
	Blue–green pigment layer without a white layer

	3
	No. 110 (6th CE AD) Treppenhöhle
	The East wall of the main chamber and the frame of the frame border
	The pigment shows an obvious blue hue with a thick white ground and base plaster layers

	4
	No. 207 (7th CE AD) Höhle der Maler
	The East wall of the main chamber
	Blue–green pigment layer with a ground layer

	5
	No. 227 (9th CE AD) Pretahöhle
	The main wall next to the Buddha niche
	Greenish pigment layer with a white ground layer





In situ investigations with portable X-ray fluorescence (p-XRF)
                        
A Niton XL3t 950 portable XRF analyser (Thermo Scientific™, USA) equipped with an X-ray tube (Ag anode) and a high-performance semiconductor detector was used for in situ experimental analyses. Soil analysis mode is settled with a voltage of 50 kV and a 200 μA current were applied for 60 s to acquire the XRF spectra.

Micro-Raman (μ-Raman) spectroscopy
The embedded samples were examined using μ-Raman spectroscopy before they were embedded to qualitatively assess the blue‒green pigment composition. The tests were conducted using a 532 nm laser on a Thermo Fisher Scientific DXR 2xi μ-Raman Spectrometer with an EM-CCD detector. The laser spot size ranged from 1 to 10 μm. The resolution was 2 cm−1. The Raman shift range was 100–3300 cm−1, the acquisition time was 2–10 s, the laser power was 0.1–2 mW, and the number of accumulations was 3–5 cycles.

Micro-X-ray powder diffraction (μ-XRPD)
An X-ray diffractometer (SmartLab 9 KW, Rigaku, X-ray diffractometer Japan) was used to identify the mineral phases using Cu Kα radiation (λ = 1.54059 Å) at room temperature at 45 kV and 100 mA with a scan rate of 2/min. The scanning range was 5–90 2theta. A mirror optic was employed to focus the beam, achieving a diameter of 0.5 mm. Ni beta-filters were used to reduce efflorescence. The angle of the parallel slit at the emission end was 5 degrees, and that of the parallel slit at the reception end was also 5 degrees. The emission end had a slit width of 0.25 mm, the first segment at the reception end had a slit width of 20 mm, and the second segment had a slit width of 10 mm. Identification of the crystalline phases was performed with the PDF database of the International Centre for Diffraction Data Powder Diffraction Files and Jade 6.5 software.

Scanning electron microscopy combined with energy dispersive spectrometry (SEM–EDS)
The samples were embedded in cold inlay epoxy resin, polished to form a cross-sectional surface, ground with 1000# to 7000# Si–C papers and polished with Micromesh® polishing cloths to a final mesh size of 12,000# mesh. The final polishing was performed using a 0.06 μm SiO2 suspension (liquid).
SEM and energy-dispersive X-ray analyses were used to observe the cross-sectional surfaces. A Phenom XL (Thermo Fisher Scientific, Eindhoven, The Netherlands) system with an EDS system (Amptek Fast SDD X123) was used, and the analysis was carried out in low vacuum mode (60 Pa). Cross-sectional backscattered electron (BSE) images were obtained with a 15 kV accelerating voltage.


                           Electron probe microanalysis with wavelength-dispersive X-ray spectroscopy (EPMA-WDS)
A JEOL JXA-iHP200F field emission electron probe microanalyzer (EPMA) equipped with wavelength-dispersive X-ray spectroscopy (WDS) was used for more accurate elemental mapping of the surface of the cross section, especially to determine the distribution and quantity of As, Pb, and S. Samples were pretreated with a gold sputter coating to increase conductivity. Elemental mapping of nine elements, i.e., O, Si, Cu, Ba, and Pb, was carried out under a voltage of 15 kV, a probe interval of 20 na, and a beam diameter of 0.3 μm.

Micro-X-ray absorption near edge structure (SR-μ-XANES)
The embedded cross-section samples were used for μ-XANES studies, which were conducted at the SSRF beamline BL15U1. The energy range of the X-ray absorption spectra around the As-K edge was 11.817–12.017 keV. Sodium arsenate dibasic heptahydrate (Na2HAsO4·7H2O) from Amadas (98%, China) was used as a reference. The Athena software package was used for the μ-XANES spectra.


Results
p-XRF study of the blue‒green pigment
We first investigated several caves where the blue–green hue was very pronounced. Cave 69 had a distinct blue‒green colouration at the edge of the main wall (Fig. 3a). Kα lines for Cu at 8.04 keV, Kβ lines for As at 11.73 keV, and Lβ lines for Pb at 12.61 keV were detected in the blue‒green region (Fig. 4b). These results suggested that Cu, As, and Pb were present in the area. The same results were obtained for the blue‒green pigments in several other caves, and the test locations and spectra are summarized in Fig. S1. Pb probably originated from the ground layer of the lead white. The well-known pigments containing both Cu and As, namely, Scheele’s Green [Cu(AsO2)OH] and emerald green (3Cu(AsO2)2Cu(CH3COO)2)), were invented in the nineteenth century [13, 14]. However, modern pigments were not used in the restoration of murals in the Kizil caves, and thus, the pigment compositions need to be confirmed by analyses.[image: ]
Fig. 4p-XRF results for the blue‒green pigment in Cave 69; a the test points and b the corresponding spectra.



μ-Raman spectra of the green–blue pigments
Micro-Raman spectroscopy was performed on the blue‒green pigments before the samples were embedded. Figure 5 displays the Raman spectra of the blue‒green pigments. Strong peaks centred at 856 cm−1 and 546 cm−1 were observed for all the blue‒green pigment samples taken from Caves 69, 80, 110, 207, and 227. These peaks were assigned to the symmetric stretching and bending vibrations of (AsO4)3− [15, 16]. The peaks at 209 cm−1 and 173 cm−1 are attributed to Cu–O stretching vibrations and O–Cu–O bending vibrations, respectively [13]. The comparison illustrated in Fig. 5(a) and (c) suggested that these blue–greenish samples were probably lavendulan [NaCaCu5(AsO4)4Cl·5H2O]. The peaks at 510 cm–1, attributed to Cu–O stretching vibrations, and those at 973 cm–1 and 910 cm–1, attributed to hydroxyl deformation modes, were also observed for the samples in Caves 110, 227, and 207, respectively [18]. Copper chloride was identified from Cu–Cl vibrations that generated bands below 140 cm–1, such as those at 120 cm–1 and 106 cm–1 [19]. Moreover, the peaks at 117 cm−1 in the spectra of the samples taken from Caves 69 and 80, which were attributed to Cu–Cl vibrations, displayed lower relative intensities than those of the samples from Caves 227, 207, and 110. This suggested that the intensity of the band at 120 cm−1 was connected to the reduced intensity of the Cu–Cl mode at 136 cm−1 for atacamite in the pigment mixtures. Other low-frequency bands associated with Cu–Cl stretching vibrations were observed at 172 cm−1 and 221 cm−1 for the other collected samples [15]. The presence of atacamite was indicated by bands at 510 cm−1, 973 cm−1, 910 cm−1, and 345 cm−1 (Fig. 5b). Atacamite [Cu2(OH)3Cl], a structural polymorph of copper trihydroxy chloride, was found in the Kizil grottoes [20] and Kumutura grottoes [21], indicating its widespread usage in the ancient Kucha region dating back to the fourth century AD. The findings showed that in the samples collected from caves 227, 207, and 110, lavendulan and atacamite were mixed. A strong peak was detected at approximately 1000 cm−1 for certain samples. This peak was attributed to the (SO4)2− symmetric stretching vibrations of calcium sulfate dihydrate [22], which is the primary constituent of the white ground layer. The peaks of the five samples taken from the Kizil grottoes differed from those of Scheele's green and emerald green [23, 24].[image: ]
Fig. 5Raman spectra of the collected samples. a Raman spectra of blue‒green samples collected from five caves of the Kizil grottoes. b Comparison of the spectra of the samples with atacamite used as a reference. c Comparison of the sample spectra and the spectrum of lavendulan (reference data from https://​rruff.​info/​)



μ-XRPD analysis of the green–blue pigment
Due to their relatively large sizes, the samples from Kizil Caves 69 and 227 were selected for μ-XRPD assessments, and Fig. 6 shows the results. Based on the μ-XRPD results, the samples from Cave 69 mainly consisted of lavendulan, quartz, and calcite. The samples from Cave 227 included gypsum (calcium sulfate (CaSO4·2H2O)), which likely originated from the ground layer, as many studies have mentioned that the ground layer of the Kizil Caves is made of gypsum [7, 20]. In addition, the identification of atacamite in Cave 227 is consistent with the Raman spectroscopy results. However, the detected phases did not include iron (Fe) or lead (Pb), possibly due to their low concentrations. Based on the appearance of the blue–greenish colour and the Raman spectra, we determined that the blue–green particles in the pigment were likely lavendulan and atacamite.[image: ]
Fig. 6μ-XRPD patterns for samples collected from Caves 69, Cave 207 and Cave 227



SEM–EDS/EPMA-WDS analysis
SEM was used to observe the internal morphology of the paint layers of the cross-sectioned samples. The results of the elemental distribution by SEM‒EDS (Fig. S2) showed that Cu, As, and Cl were mainly present in the pigment layer and did not overlap with Pb or S. The Fe content was not obvious and was located in some of the particles in the plaster layer. Since the energy of the Pb L alpha line is 10.55 keV and the energy of the As K alpha line is 10.53 keV, overlapping lines in the EDS spectra were likely present. To avoid misinterpretation, EPMA-WDS was applied in the elemental mapping analysis to further confirm the distribution of As, Pb and S. The WDS elemental mapping results for the sample of Cave 69 are illustrated in Fig. 7 and the others and shown in the Fig. S3. Cu, As, and Cl were present at the same positions in all the samples, where Na and Ca were also present, showing results similar to those of EDS (Fig. S2). Pb and S were also detected but their locations did not coincide with areas containing mainly Cu, As, and Cl. Pb was present in the form of small dots in samples taken from Cave 69 and Cave 227 or as layers attached to the base of the blue‒green layer of Cave 80. However, due to the low concentration of Pb, the type of lead-containing material could not be identified through μ-Raman spectroscopy and μ-XRPD. S and Ca were concentrated in the ground layer of samples from Cave 110, Cave 207, and Cave 227. Based on the μ-XRPD results, the ground layer in these three caves mainly consists of gypsum, which is also consistent with previously reported analyses [7, 16]. In addition, it is obvious that the distributions of Cu, As, and Cl in the surface particles were not uniform. For example, Cl levels were high in the sample from Cave 227, and As was located on the periphery of some particles in the sample from Cave 207. This suggests that there may have been a mixing of pigments or a migration of elements during the ageing process.[image: ]
Fig. 7The (a) OM image, b BSE image, and EPMA elemental distribution images of c Cu, d Na, e As, f Cl, g Ca, h Pb, and (i) S maps


EPMA-WDS and SEM‒EDS elemental analyses clearly showed that the surface pigments contain mainly Cu, As, Cl, Na and Ca, which, in combination with the μ-Raman and μ-XRPD analyses, indicates that the blue–green pigment layer contains lavendulan [NaCaCu5(AsO4)4Cl·5H2O].
This was the first discovery of lavendulan in early nineteenth century murals. Lavendulan has also been found in murals and polychrome paintings as degradation product of emerald green [25, 26]. We verified that there was no pigment applied to the murals after the nineteenth century. Therefore, both natural and artificial lavendulan may have been utilized as a blue‒green pigment in the Kizil grottoes. Natural lavendulan is a secondary mineral in the oxidized zone of some copper deposits, and its sources are very rare [27], only being reported in Chile [28, 29], Australia, and Greece [30]. It is difficult to determine whether the mineral originated in the ancient Tang Dynasty or from a Central Asian source.
Morphological observations are powerful tools for distinguishing whether a blue–green pigment is natural or synthetic. Figure 8 displays the observed and morphology in BSE of the pigment, with enlarged details displayed in the right column. These blue‒green pigments feature unique morphological properties, primarily nanosized needle-like and radial shapes, as seen in the magnified images. The needle-like particles (Fig. S4) were tested by EDS and found to contain mainly Cu, As, Na, Ca, and Cl (Table S1), indicating that these needles are likely lavendulan. The reference form of the mineral lavendulan consists of rectangular particles [15, 30], which first ruled out the idea of a natural mineral origin for lavendulan due to the needle-like shapes of the collected samples. This is, however, similar to the particle shapes of the synthetic lavendulan analogue [31].[image: ]
Fig. 8Images showing the morphology of the blue–green pigment collected from the Kizil grottoes. (a) (c) (e) (g) (i) Low-magnification BSE images of samples from Caves 69, 80, 110, 207, and 227; (b) (d) (f) (h) (j) enlarged BSE images of the blue-frame boxed sections of (a) (c) (e) (g)


Further observations revealed that in the sample from Cave 207, external intrusion of arsenic into the atacamite pigment particles clearly occurred, and the high As, Na and Ca contents around the particles are demonstrated in Fig. 9. In particular, Fig. 9b shows a magnification of the dotted line area of Fig. 9a, with the left side area and the edges of the particles exhibiting a needle-like shape, similar to the shape that Fig. 7 illustrates. The elemental mapping results of the enlarged area (Fig. 9b) are shown in Fig. S5. From Fig. 9 and Fig. S5, it can be speculated that the edge of the particle contains more Na, As and Ca. Combined with the Raman analysis and μ-XRPD results, these results may lead to the conclusion that lavendulan is present. The middle-layer particles with relatively high Cu and Cl contents are likely atacamite. This elemental distribution is more akin to the natural formation of lavendulan around the grains rather than artificial mixing, indicating the transformation of atacamite to lavendulan from the outer edge.[image: ]
Fig. 9a BSE image and elemental maps of the blue–green pigment sampled from Cave 207. b Enlarged image of the dotted line area in (a); (c) distribution of Cu and As and (d) Cl map, (e) Cu map, (f) As map, (g) Na map, (h) Ca map and (i) S map


EPMA-WDS elemental distribution analysis was conducted to obtain more accurate information on the distribution of elements and to exclude the possibility that As overlapped with S and Pb, and the results are shown in Fig. 10. Shows that the obtained distribution results were close to those from SEM‒EDS analysis. Although S was present at the particle edge, the content was very low, ruling out the possibility that the surrounding material was CaSO4. EPMA confirmed that the As content in the surrounding region was greater than that in the central region of the blue‒green particles. Compared to the central region, the Cl content decreased at the particle edges. Table 2 displays the corresponding element concentrations obtained from WDS analyses of specific spots of this particle. The scatter plot of the data points shows that the composition of this part was not uniform, and it showed a linear change. Na and As clearly showed a positive correlation (Fig. 10k), while Cl and As showed a negative correlation (Fig. 10j). It can be inferred that if atacamite was the original green pigment used, under the influence of arsenic-containing species and Na ions, Cl was consistently lost. The EDS test points (Fig. S6), elemental data (Table S2), and the atomic concentration plots also showed the same correlation and relatively close slopes (Fig. S7). The chemical reaction began in the areas surrounding atacamite, and during the process, As and Na species reacted with atacamite. The process may have been accompanied by a loss of Cl. The chloride concentration indicated a loss of chloride ions during the reaction. In the chemical structure of lavendulan, Cl is located at the vertices of the CuO4Cl tetrahedra, and Cl likely reacted with F and O [30, 32, 33].[image: ]
Fig. 10EPMA elemental maps of the blue–green pigment sampled from Cave 207 and the test point. a BEC image and test point. b Cu map, c Cl map, d Na map, e As map, f Ca map, g P map, h Pb map and i S map. j As vs. Cl and (k) As vs. Na atomic concentration plots and fitting lines

Table 2Chemical composition (Atom. Conc. %) analysis of the selected regions in Fig. 10(a) with WDS


	No
	Na
	Si
	Cu
	S
	P
	Al
	As
	Mg
	Ca
	Cl
	Pb
	K

	1
	6.50
	1.86
	45.74
	0.61
	0.40
	1.78
	17.24
	0.40
	8.30
	16.54
	0.13
	0.48

	2
	8.53
	5.18
	34.67
	1.14
	0.40
	0.11
	13.86
	0.30
	22.16
	12.87
	0.12
	0.65

	3
	10.55
	2.45
	35.46
	7.99
	0.52
	0.27
	21.33
	0.37
	15.24
	5.27
	0.14
	0.41

	4
	10.12
	1.57
	41.57
	1.04
	0.50
	0.24
	26.16
	0.33
	11.18
	6.22
	0.15
	0.92

	5
	4.25
	0.93
	60.42
	1.54
	0.86
	0.10
	10.71
	1.24
	6.76
	12.76
	0.21
	0.22

	6
	1.89
	1.57
	59.69
	0.86
	0.86
	1.43
	7.11
	3.28
	2.99
	19.61
	0.50
	0.21

	7
	1.28
	0.68
	54.00
	0.95
	0.77
	0.06
	3.72
	4.52
	1.25
	31.98
	0.54
	0.25

	8
	1.42
	0.57
	56.53
	0.85
	0.60
	0.06
	4.81
	1.96
	3.42
	29.32
	0.35
	0.10

	9
	1.86
	1.38
	65.11
	0.61
	0.69
	0.28
	3.42
	2.33
	2.93
	21.00
	0.27
	0.14

	10
	0.48
	0.26
	70.30
	0.41
	0.42
	0.08
	5.76
	1.39
	1.38
	17.88
	1.56
	0.09

	11
	0.45
	0.23
	69.44
	0.59
	0.43
	0.03
	3.96
	1.72
	0.63
	20.59
	1.83
	0.09

	12
	5.46
	5.54
	41.90
	0.51
	0.77
	0.79
	21.49
	1.00
	6.63
	14.65
	0.13
	1.14




The element concentrations of the blue‒green pigments in each sample were determined by averaging the WDS measurements from five points in the particles. Table 3 shows that Cu, As, Ca, Na, Ca and Cl constituted the majority of the blue‒green pigments. The WDS analysis had better resolution because the pigment sample had many micron holes and gaps that caused severe absorption and scattering effects with excited X-rays [34], resulting in high standard deviation. We also conducted semiquantitative analysis with SEM‒EDS, and the results are summarized in Table S3. Tests revealed that the Cu/As and Cu/Cl ratios varied from sample to sample. However, both the EDS and WDS data indicated relatively high As/Cu ratios and low Cl/Cu ratios in Cave 69, while the samples from caves 207 and 227 have relatively high Cl contents, which may have occurred due to the presence of atacamite. The samples from Cave 69 were all acicular in shape and no atacamite was detected by μ-XRPD, suggested that this sample had fully reacted, but the presence of atacamite alongside lavendulan in both Caves 227 and Cave 207 suggested that only a part of the pigment had reacted or that the reaction was ongoing.Table 3Elemental composition (Atom. Conc. %) of the blue‒green pigments from WDS analysis


	 	Cave 69
	Cave 80
	Cave 110
	Cave 207
	Cave 227

	AVE
	stv
	AVE
	stv
	AVE
	stv
	AVE
	stv
	AVE
	stv

	Na
	9.74
	1.60
	5.38
	2.88
	6.73
	3.65
	4.00
	3.41
	3.55
	2.07

	Si
	0.94
	0.04
	1.26
	0.94
	4.08
	4.83
	1.76
	1.72
	1.05
	0.77

	Cu
	40.78
	5.47
	70.43
	16.30
	41.77
	16.96
	53.89
	11.43
	38.11
	9.94

	S
	0.37
	0.04
	0.73
	0.50
	6.30
	10.47
	1.28
	1.81
	4.22
	7.57

	P
	0.34
	0.06
	0.30
	0.07
	0.57
	0.18
	0.63
	0.16
	0.26
	0.08

	Al
	0.36
	0.27
	0.32
	0.14
	0.17
	0.32
	0.39
	0.52
	0.06
	0.04

	As
	23.54
	1.78
	15.43
	9.54
	15.15
	10.73
	10.61
	8.57
	12.22
	4.00

	Mg
	1.90
	0.92
	0.25
	0.16
	0.25
	0.17
	1.92
	1.39
	0.74
	0.38

	Ca
	14.06
	0.69
	1.67
	0.62
	20.38
	18.15
	6.12
	5.95
	23.89
	7.83

	Cl
	6.79
	0.53
	3.30
	2.01
	4.01
	2.65
	18.74
	8.51
	14.14
	8.99

	Pb
	1.06
	0.52
	0.64
	0.30
	0.02
	0.01
	0.26
	0.15
	1.35
	1.74

	K
	0.12
	0.07
	0.29
	0.22
	0.56
	0.19
	0.38
	0.34
	0.41
	0.17





μ-XANES
The edge energy, which is an indicator of the As oxidation state, was determined via μ-XANES experiments. Samples from Cave 69 and Cave 227 were selected for this analysis. The measurements performed on a cross section of the blue‒greenish pigment layer confirmed that lavendulan [NaCaCu5(AsO4)4Cl] formed at the top. The μ-XANES experiments established the edge energy, which indicated the oxidation state of As. The arsenate (V) white line energy is displayed in Fig. 11 for the reference sample. The associated energy was 11.874 keV, which is similar to the findings in reference [35]. According to these results, As(V) was present in the majority of the blue‒green pigment samples. The samples from Cave 227 underwent incomplete reactions, but no sulphides, arsenite, or arsenic oxides were found via μ-Raman analysis or μ-XRPD, which also suggests that there may be no intermediates. This implied that pentavalent As(V) ions, such as (HAsO4)2− and (AsO4)3−, were present between the atacamite particles.[image: ]
Fig. 11Arsenic K-edge XANES spectra for an arsenic reference and samples and their corresponding white-line energies




Discussion
Most copper-containing pigments exhibit instability and susceptibility to environmental factors [36]. Therefore, copper-based green and blue pigments have been widely investigated and reviewed [37, 38]. As with the blackening of copper carbonate due to alkaline environments and heat [39]. Azurite (Cu3(CO3)3(OH)2) degrades into basic copper chloride when there is a source of chloride ions in outdoors environment [40, 41]. In addition, various degradation mechanisms for copper-based green pigments are strictly associated with the media in which they occur, and the influence of oxalic acid [42], which is excreted by some microorganisms, has also been studied [31]. Marc Vermeulen examined the relationship between orpiment and darkening verdigris (Cu(OH)2·(CH3COO)2·5H2O) and reported that darkening occurred due to the release of volatile sulphides or volatile sulfide or related species by the natural orpiment, which generated dark sulphide species such as chalcocite (Cu2S) [43]. Copper chloride biodegradation mechanisms that result in the production of copper oxalate on the surface have been reported [45, 46]. However, the secondary generation of lavendulan from As(V) ions (arsenate) or As(III) ions (arsenites) has not been reported.
The present study, however, revealed that the formation of blue‒green lavendulan occurred through the transformation of atacamite with the involvement of arsenic (As(V)). The presence of blue‒green lavendulan at the interface between green and the adjacent colour blocks suggested that the As within it likely originated from the neighbouring colour blocks including white (Fig. S8a, c, j, m), red (Fig. S8g) and yellow (Fig. S8c). To identify the source of the As ions, we investigated the elemental compositions of the pigments in the areas near the blue‒green pigments in Caves 69, 80, and 110 of the Kizil grottoes with a non-invasive p-XRF method to investigate the elemental compositions of the materials adjacent to the blue‒green samples (the findings are summarized in Fig. S8). Some grey‒white areas contain As (Fig. S8(l)), or red areas and black areas contain Pb and As (Fig. S8(i)), suggesting that As(V) may have a different pigment origin. Orpiment and realgar are inherently unstable, and their decomposition products often include white grey arsenolite (As2O3) [47–50], which closely matches the colouration of the surrounding pigment block (Fig. S8(l)). In addition, some rare arsenate minerals, such as mimetite (Pb5(AsO4)3Cl) and pyromorphite (Pb5(PO4,AsO4)3Cl), contain As in the + 5 oxidation state; these minerals were used in wall paintings found in northwestern China [51, 52] and also possibly represent the origins of As(V). The specific mineral source was preliminarily determined based on the Raman spectra of samples obtained from Cave 110 of the Kizil Grottoes. In Fig. 12, the peak at 819 cm−1 was attributed to (AsO4)3− stretching vibrations, strongly suggesting the presence of mimetite or hedyphane (Pb3Ca2(AsO4)3Cl) [53, 54].[image: ]
Fig. 12The location and measurement of the blue‒green pigment in Cave 110. a The sampling location adjacent to the blue‒green pigment. b XRF spectrum and c Raman spectrum


Under conditions ranging from neutral to weakly alkaline, the transition of mimetite or hedyphane occurs as shown in Eq. 1, and under acidic conditions, it proceeds via Eq. 2. Additionally, at pH values above 9, [AsO43− (aq)] emerges as a significant species [55].[image: $$2{Pb}_{5}{(As{O}_{4})}_{3}Cl+6{H}_{2}O\leftrightarrow 3Pb{(OH)}_{2}+7{Pb}^{2+}+6{HAs{O}_{4}}^{2-}+2{Cl}^{-}$$]

 (1)


[image: $${Pb}_{5}{(As{O}_{4})}_{3}Cl+6{H}^{+}\leftrightarrow 5{Pb}^{2+}{3{H}_{3}As{O}_{4}}^{-}+{Cl}^{-}$$]

 (2)



These interactions are expected to take place in aqueous environments that also contain Na and Ca ions, such as those found in the presence of alkaline copper chloride and arsenate (V) species. This reaction yields lavendulan (NaCaCu5(AsO4)4Cl·5H2O), as shown in Eq. 3[image: $$5Cu_{2} \left( {OH} \right)_{3} Cl + Na^{ + } + Ca^{{2 + }} + 4AsO_{4} ^{{3 - }} \to NaCaCu_{5} \left( {AsO_{4} } \right)_{4} Cl + 4Cl^{ - } + H_{2} O$$]

 (3)



This discolouration of atacamite by arsenate has not been previously reported. Figure 13 shows the overall process. The arsenic-containing pigments produced arsenate ions, and in the presence of Na and Ca ions, atacamite gradually transformed into needle-like lavendulan. The Kizil Grottoes may have provided environments with groundwater containing high contents of sodium salts such as NaSO4 and NaCl. Therefore, this is probably the source of the Na+ ions.[image: ]
Fig. 13Schematic representation of atacamite discolouration after reaction with arsenates



Conclusions
This investigation was focused on the blue–green pigment located at the edges of the green regions on the murals of the Kizil grottoes. We aimed to clarify whether the colour resulted from the painting technique or an unidentified pigment.
The blue‒green pigments were investigated with multiple analyses, such as Raman spectroscopy, μ-XRPD and elemental analyses, as well as field investigations, and were identified as lavendulan.
Furthermore, lavendulan was confirmed to be a product of the original atacamite. The discolouration probably occurred as atacamite was affected by the diffusion of arsenate [As(V)] and sodium and calcium ions from the surrounding aqueous environment, after which nanosized, aggregated needle-like lavendulan crystals were produced. This mechanism was explored via micromorphological observations, regional elemental analyses and μ-XANES. In the case of Cave 110 of the Kizil grottoes, the lavendulan samples were collected at the edges between the atacamite and the As-containing pigments, which was confirmed to be mimetite and was considered the source of arsenate [As (V)]. These transformations could occur with other copper-containing pigments. The factors that cause the formation of lavendulan, such as the pH and the salinity of the environment, remain unknown.
This work also highlights the range of As-containing pigments found in Chinese cave paintings and presents the possibility that arsenic ions can discolour Cu-containing pigments. This tendency has been documented in Chinese wall paintings and polychrome artefacts from around the world. Therefore, all conservators and conservation scientists should have access to this information.
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