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Abstract

:

The Xuebaoding deposit, which is located 14.5 km northwest of Huya Town, Pingwu County, Mianyang City, Sichuan Province, China, produces a kind of yellow-orange-hued scheelite with ideal crystal shapes, large-grain crystals, and high market value which is favored by gem and mineral crystal collectors. In this article, five Xuebaoding scheelite samples are used as research objects. The infrared absorption in the fingerprint region (2000 to 400 cm−1) of scheelite is at 440 cm−1 and 800 to 900 cm−1, which shows the out-of-plane bending vibration and asymmetric stretching vibration attributed to the [WO4]2− tetrahedral group, respectively. The Raman shift at 911 cm−1 is assigned to the ν1 symmetric stretching vibration of [WO4]2−; the Raman spectra scattering peak at 797 cm−1 belongs to the ν3 asymmetric stretching vibration of [WO4]2−; the Raman shift at 332 cm−1 and the low-intensity Raman scattering peak near 400 cm−1 belong to the ν2 out-of-plane bending vibration of [WO4]2−. Furthermore, the low-intensity Raman shift around 211 cm−1 is caused by the transitional mode of (Ca–O). The UV-Vis-NIR absorption is attributed to the existence of “didymium”, a mixture of the rare earth elements Pr and Nd, and the absorption at 584 and 803 nm is assigned to Nd, which may be related to origin of the color of scheelite. The 3D fluorescence spectra show that the colorless and colored scheelite samples produce the same number of main fluorescence peaks with similar positions. Those 3D fluorescence peaks are located near λex235 nm/λem455 nm, λex250 nm/λem490 nm, and λex265 nm/λem523 nm. In addition to the above-mentioned main fluorescence peaks, the pale-yellow-colored samples also produced fluorescence peaks near λex250 nm/λem425 nm, which may be associated with the rare earth elements in scheelite. Combined with the test results of LA-ICP-MS, the yellow-orange hue of Xuebaoding scheelite is caused by the isomorphic rare earth elements, such as La, Ce, Pr and Nd ions that replace Ca2+.
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1. Introduction


Scheelite is a calcium-containing tungstate with an ideal chemical component of CaWO4 belonging to a tetragonal crystal system, with a space group of C6 4h-I41/a. The crystal structures contain irregular W–O tetrahedrons that share edges with the Ca–O octahedrons [1]. The calcium in the scheelite structure is usually replaced by various rare earth elements (REEs), and the tungsten is usually replaced by molybdenum [2,3]. Scheelite and scheelite-type crystal materials have important applications in many fields, such as nano-scale scheelite crystals prepared by doping with different REEs can be used as nuclear radiation detection materials due to their strong ability to block high-energy particles and rays; in addition, scheelite-type molybdate thin films can be used as photoelectric functional materials, etc. [4,5,6,7,8,9,10,11,12]. Deposits of scheelite are widely distributed around the world. They can be found in Nevada, California, and New Mexico in America; Kalgoorlie-Norseman in Australia; Nui Phao in northeastern Vietnam; Seoul in South Korea; Colombage-Ara in Sri Lanka; and so on [13,14,15,16]. In addition, scheelite is produced in Nanni Lake in Henan Province; Persimmon Bamboo Garden in Hunan Province; Nanyang Tian in Yunnan Province; Chahansen in Qinghai Province; Xuebaoding in Sichuan Province; and other regions in China [17,18,19].



The Xuebaoding mineral deposit in Pingwu County, Mianyang City, Sichuan Province, China, is a high-temperature, hydrothermal, greisen vein-type, giant crystal gem-quality deposit with high alkali metal content. Scheelite produced in the Xuebaoding deposit has large grain sizes, perfect crystal shape, a rare color (yellow-orange hue), and is accompanied by tourmaline, muscovite, beryl, feldspar, quartz, cassiterite, etc. According to previous studies, the color and brightness of scheelite usually depend on the composition and content of the REEs inside and have no obvious relationship with the major chemical composition and crystal structure of scheelite [2]. There is a diversity of REEs in Xuebaoding scheelite, in which their contents are in abundance [3]. There is little research into the origin of the color of Xuebaoding scheelite; hence, this article takes five faceted scheelite samples from the Xuebaoding deposit as the research objects and discusses their color genesis through Fourier infrared spectroscopy, micro-Raman spectroscopy, ultraviolet-visible spectroscopy, fluorescence spectroscopy, and laser ablation inductively coupled plasma mass spectrometry.




2. Geology


The Xuebaoding deposit is located 14.5 km northwest of Huya Town, Pingwu County, Mianyang City, Sichuan Province. In the 1990s, a plentiful supply of beryl, scheelite, cassiterite, apatite, fluorite, muscovite, and other coarse-grained crystals were discovered in the Xuebaoding deposit. The deposit is located between the Pankou and Pukouling granite bodies. In addition, the gem-grade scheelite is from the Xuebaoding W-Sn-Be deposit, located in the Songpan–Ganzi orogenic belt in southwest China and the secondary structure of the Moziping–Shangnami syncline core in the southeast complex structural belt of the Motianling Zibaishan dome structure. The granite group is obviously controlled by the core of the dome structure and intrudes into the Triassic stratum. The single rock mass is relatively small (the largest Pankou rock mass is about 550 m wide from east to west and 600 m long from south to north) [20,21,22]. The ore veins mainly developed between the Pankou and Pukouling granite bodies, and there is marble around them (Figure 1).



The ore vein includes the core, mainly composed of quartz, and the edge, mainly composed of coarse-grained beryl, cassiterite, scheelite, feldspar, albite, muscovite, fluorite, and apatite. According to the spatial distribution, wall rock characteristics, and mineral associations, the vein can be roughly divided into three types: (I) the main minerals are mica and beryl, and the wall rock is granite; (II) the main minerals are mica, beryl, and calcite, whereas the wall rock is transitional, from granite to marble; (III) the main minerals are mica, beryl, calcite, scheelite, cassiterite, fluorite, apatite, needle-like tourmaline, and a small amount of quartz, and the wall rock is marble; And type (III) is the main metallogenic type found in the Xuebaoding deposit [20,21,22].




3. Market Value


The scheelite produced in the crystal cavity of the W-Sn-Be ore vein in Pingwu is famous for its large crystals, color, strong luster, high transparency, and rich combinations, and it is one of the best-known species in the mineral world. The rare biconical orange scheelite can co-exist or be associated with light blue hexagonal tabular aquamarine, black and shiny cassiterite, large-crystal white feldspar, colorless or opalescent quartz, scale muscovite, and mushistonite covering kesterite. The mineral crystal cluster formed by these combinations displays bright colors, strong contrasts, and beautiful shapes. It has high ornamental and scientific research value and is loved by collectors all over the world. In addition to the scheelite crystals, there is an increasing amount of faceted scheelite on the market, which is sought after by consumers and mineral collectors.




4. Materials and Methods


The samples to be tested were collected by the authors in the Xuebaoding mining area, and all samples were processed—4 facets and 1 cabochon (Figure 2). The sample numbers are BWK1–5, in order. The five samples were divided into three groups according to color: (I) colorless scheelite sample—BWK1; (II) pale-yellow scheelite samples—BWK2-3; (III) orange scheelite samples—BWK4-5. The sample BWK2 features parallel color bands (Figure 3), which plays an important role in studying the color origin of Xuebaoding scheelite.



All the experiments recorded in this article were carried out in the laboratory at the School of Jewelry, Shanghai Jianqiao University (Shanghai, China), with the exception of the LA-ICP-MS test.



FTIR spectra were acquired from 1500 to 400 cm−1 using a Bruker Tensor-27 Fourier transform infrared spectrometer (Billerica, MA, USA) in reflection mode with the resolution set at 6 cm−1.



UV-Vis-NIR spectra were recorded on a GEM-3000 spectrophotometer (made by Guangzhou Biaoqi Optoelectronic Technology Development Co., Ltd., Guangzhou, China) in the range of 200 to 1100 nm, with a 26 ms integral time, an average number of 100 times, and a smooth width of 6.



Raman spectra were recorded on a Renishaw inVia laser confocal Raman spectrometer in the range of 200 to 1000 cm−1 with an excitation laser wavelength 532 nm, grating 1200 l/mm, laser power 0.05%, micro-aberration objective lens 50×, spectral resolution 1 cm−1, and exposure time 10 s.



Three dimensional fluorescence spectra were recorded on a PerkinElmer fl6500 fluorescence spectrometer (Waltham, MA, USA). The test conditions were prepared as follows: an excitation wavelength of 230 to 290 nm, an emission wavelength of 400 to 650 nm, an excitation slit width of 20 nm, an emission slit width of 2.5 nm, scanning mode with a scanning speed of 1200 nm/min and a photomultiplier voltage of 250 V.



In rare earth elements, measurements were performed using an Aglient 7900ICP-MS (Santa Clara, CA, USA) fitted with an ESL NWR193UC laser ablation system, housed at Shanghai Chemlab Instrument Co., Ltd. (Shanghai, China) In mapping analysis, we use a laser repetition rate of 20 Hz at 3 J/cm2 and beam diameters of ~35 µm. In micro-area analysis, we use a laser repetition rate of 15 Hz at 4 J/cm2 and beam diameters of ~50 µm.




5. Results and Discussion


5.1. Spectroscopic Methods


The [WO4]2− pentatom tetrahedron in the scheelite structure is a nonlinear complex anion group. Under ideal conditions, its vibration degrees of freedom are 3 × 5 − 6 = 9. There are four vibrational forms as a result of degeneracy—the ν1 symmetric stretching vibration, the ν2 out-of-plane bending vibration, the ν3 asymmetric stretching vibration, and the ν4 in-plane bending vibration. In the crystal structure of scheelite, the structure along the L4 direction (C axis) is squashed and distorted (Figure 4).



5.1.1. Infrared


Figure 5 and Table 1 show the absorption peaks of the Xuebaoding scheelite samples in the fingerprint region (1500–400 cm−1). The results indicate that the absorption range from 900 to 800 cm−1 is attributed to the ν3 asymmetric stretching vibration (806, 817, 856, 867 cm−1) of the [WO4]2− tetrahedral group, and the absorption peak at 440 cm−1 is attributed to the ν2 out-of-plane bending vibration of the [WO4]2− tetrahedral group.




5.1.2. Raman


Figure 6 and Table 2 show the detailed Raman spectra of the scheelite samples. The weak Raman shift near 211 cm−1 is caused by the translation mode of (Ca–O) in the crystal structure. The Raman shifts at 332 cm−1 and near 400 cm−1, which correspond to the Ag and Bg Raman vibration modes, respectively, are attributed to the ν2 out-of-plane bending vibration of [WO4]2−. As the color deepens, the Raman shift near 400 cm−1 shifts gradually from 400 to 394 cm−1, which may be due to the change in the bond length of the tungsten–oxygen tetrahedron as the chromogenic-related REEs are more involved in the lattice. The main peak located at 911 cm−1 is assigned to the ν1 symmetric stretching vibration of [WO4]2− (Ag Raman vibration mode); the peak located at 797 cm−1 is assigned to the ν3 asymmetric stretching vibration of [WO4]2− (Bg Raman vibration mode) [2].




5.1.3. UV-Vis-NIR


The representative UV-Vis-NIR spectra from the scheelite samples with favorable transparency and clarity are shown in Figure 7.



The colorless sample BWK1 only presented an absorption peak at 317 nm. The colored samples BWK2–5 showed many peaks and complex characteristics in the spectra: the absorption peak intensities of the orange-tone samples BWK4 and BWK5 at 584, 588, 682, 743, 750, 803, and 874 nm were significantly higher than those of the pale-yellow-tone samples BWK2 and BWK3; it is a preliminary inference that these absorption peaks may be related to the origin of the yellow-orange hue of scheelite.



The narrow peaks around 584 and 803 nm indicate the presence of the rare earth element Nd [29]. Through comparisons and combinations with previous studies, the absorption spectra of scheelite are attributed to the existence of “didymium”, a mixture of the rare earth elements Pr and Nd. Scheelite from other places also has similar spectral characteristics [30].




5.1.4. Three-Dimensional Fluorescence


The three-dimensional fluorescence spectra show (Figure 8) that the number and position of the main fluorescence peaks of the colorless sample BWK1 and the orange scheelite samples BWK4 and BWK5 are similar, and they are all located around λex235 nm/λem455 nm, λex250 nm/λem490 nm, and λex265 nm/λem523 nm. In addition to the above-mentioned main fluorescence peaks, the pale yellow scheelite samples BWK2 and BWK3 also display fluorescence peaks around λex250 nm/λem425 nm. These differences may be related to the varying content and types of REEs in the scheelite structure. The isomorphic substitution of Ca2+ by REEs in the scheelite crystal structure can easily form a luminescent center, but the emission of other intrinsic [WO4]2− and the isomorphically doped [MnO4]2− is broad and strong, which masks the excitation of REEs in the crystal structure, and this makes the fluorescence spectra of REEs such as Tm, Er, and Ho difficult to observe [31].




5.1.5. LA-ICP-MS


The LA-ICP-MS test results (Table 3) show that the concentrations of REEs are extremely low in colorless scheelite sample BWK1; relatively high in the pale yellow scheelite sample BWK3; and high in the orange scheelite samples BWK4–5. Based on these results, it is preliminarily speculated that the concentrations of these fifteen REEs in the Xuebaoding scheelite samples positively correlate with the concentration of color.



LA-ICP-MS mapping analysis was performed on the pale yellow scheelite sample BWK2 with parallel color bands. The REE enrichment images are shown in Figure 9. The enrichment degrees of rare earth elements Y, La, Ce, Pr, Nd, Sm, Eu, Gd, and Ho are positively correlated with the degrees of color saturation in the samples.



Based on the results of micro-area analysis and mapping analysis, it is speculated that the yellow-orange hue of Xuebaoding scheelite may be related to the contribution of eight rare earth elements: La, Ce, Pr, Nd, Sm, Eu, Gd, and Ho.






6. Conclusions


This article provides direct evidence relating to the color origins of scheelite from the Xuebaoding deposit, Huya County, Mianyang City, Sichuan Province. The rare earth elements (by LA-ICP-MS) of the Xuebaoding scheelite samples were determined, which provided improved data to support the color origins of scheelite.



The infrared and Raman spectra characteristics of Xuebaoding scheelite are similar to those of the scheelite from other places, such as Colombage-Ara, Sri Lanka. The characteristic absorption peaks related to Nd in the UV-Vis-NIR spectra confirm that the color of Xuebaoding scheelite is related to the isomorphous substitution of Nd ions for Ca ions.



Combined with previous studies and comparative examples of hypersensitive transitions caused by f–f electrons of REE ions (converting the wavelength of absorption light measured by an ultraviolet-visible spectrophotometer into the J-level of REE ion transitions), it can be reasonably inferred that the origin of the yellow-orange hue of Xuebaoding scheelite is closely related to light REEs within its crystal structure, such as La, Ce, Pr, and Nd. The chromogenic mechanisms of other REEs that may contribute to the color of scheelite, such as Sm, EU, Gd, and Ho, require further clarification.
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Figure 1. Geological sketch map of the Xuebaoding W-Sn-Be deposit. Modified from [23,24]. Reproduced with permission from Zhou K.C.; Qi L.J.; Xiang C.J.; Feng Q.M.; Wan J.S.; Journal of Mineralogy and Petrology; published by Chengdu University of Technology, 2002 and Zhu X.X.; Liu Y.; Rock and Mineral Analysis; published by Science Press, 2021. 
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Figure 2. Samples of scheelite from Pingwu, Sichuan. 
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Figure 3. Parallel color bands in sample BWK2 observed from the pavilion (observed by MoticGM-168 gemstone microscopes, Hongkong, China). 
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Figure 4. Diagram of scheelite structure [25] (drawn by VESTA [26]). 
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Figure 5. Infrared reflectance absorption spectra of scheelite samples BWK1−5. 
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Figure 6. Raman spectra of scheelite samples BWK1−5. 
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Figure 7. UV-Vis spectra of scheelite samples BWK1–5. 
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Figure 8. Three-dimensional fluorescence spectra of scheelite samples BWK1–5: (a) BWK1; (b) BWK2; (c) BWK3; (d) BWK4; (e) BWK5. 
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Figure 9. REE image in scheelite sample BWK2, obtained by LA-ICP-MS. 
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Table 1. Infrared reflectance absorption analysis of scheelite samples BWK1−5.
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Samples

	
Infrared Absorption (cm−1)

	
Reference




	
ν2 Out-of-Plane Bending Vibration

	
ν3 Asymmetric Stretching Vibration






	
BWK1

	
440

	
817,856

	
This article




	
BWK2

	
440

	
806

	
This article




	
BWK3

	
-

	
817,867

	
This article




	
BWK4

	
440

	
817,856

	
This article




	
BWK5

	
440

	
817,856

	
This article




	
Scheelite

	
440

	
855,805

	
Zhou P.L.; ect. 1984 [27]




	
Scheelite

	
440

	
804,860

	
Peng W.S.; ect. 1982 [28]
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Table 2. Raman analysis of scheelite samples BWK1−5.






Table 2. Raman analysis of scheelite samples BWK1−5.





	
Sample

	
Raman Shift (cm−1)

	
Reference




	
Translational Mode of

(Ca–O) in Crystal Structure

	
ν2 Out-Of-Plane

Bending

Vibration

	
ν3 Asymmetric

Stretching

Vibration

	
ν1 Symmetric Stretching

Vibration






	
BWK1

	
211

	
332,400

	
797

	
911

	
This article




	
BWK2

	
211

	
332,398

	
797

	
911

	
This article




	
BWK3

	
211

	
332

	
797

	
911

	
This article




	
BWK4

	
211

	
-

	
797

	
911

	
This article




	
BWK5

	
211

	
-

	
797

	
911

	
This article




	
Scheelite

	
211

	
332,400

	
797

	
911

	
Liu Y. 2008 [2]
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Table 3. REEs of Xuebaoding scheelites obtained by LA-ICP-MS (in ppm).






Table 3. REEs of Xuebaoding scheelites obtained by LA-ICP-MS (in ppm).





	Sample
	BWK1
	BWK3
	BWK4
	BWK5





	Color
	Colorless
	Pale Yellow
	Orange
	Orange



	Element

La
	0.799
	10.04
	144.2
	105.4



	Ce
	0.955
	45.72
	618.4
	471.4



	Pr
	0.137
	9.98
	103.1
	85.06



	Nd
	0.545
	63.42
	504
	475.8



	Sm
	0.083
	47.42
	211.6
	218.8



	Eu
	0.0076
	9.24
	24.68
	20.24



	Gd
	0.080
	87.8
	203.34
	220.6



	Tb
	0.0083
	20.61
	34.02
	37.56



	Dy
	0.0457
	146.24
	192.4
	226.8



	Ho
	0.0077
	21.35
	24.65
	30.7



	Er
	0.017
	56.28
	60.12
	77.14



	Tm
	0.00136
	6.35
	6.58
	8.47



	Yb
	0.0066
	360.4
	35.5
	46.74



	Lu
	0.00172
	3.56
	3.16
	4.32



	Y
	0.331
	656
	597
	730
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