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Abstract

:

Spinodal decomposition is an important mechanism of exsolution. However, spinodal decomposition has not been observed in natural sulfide intergrowths. We utilized focused ion beam (FIB) and transmission electron microscopy (TEM) techniques to confirm spinodal decomposition in natural sulfide intergrowths (chalcopyrite and bornite). According to FIB and TEM analyses, spinodal decomposition occurred as small and curving alternating dark and bright fluctuations in natural bornite–chalcopyrite intergrowths. Due to the low temperature that drove the exsolution mechanism, fluctuations ~10 nm wide and 20–200 nm long contained non-stoichiometric and tetragonal bornite and chalcopyrite. The corresponding electron diffraction of spinodal decomposition displayed a satellite spot in the [−210] direction for bornite, and the (200)* and (224)* of chalcopyrite paralleled the (24−2)* and (242)* of bornite, respectively. These observations all agreed with spinodal decomposition, two coexisting phases formed with a crystallographic orientation relationship, which indicated the first observation of spinodal decomposition in natural sulfide intergrowths. These findings confirmed that spinodal decomposition is a mechanism for natural crystal growth. As spinodal decomposition is larger in extent and faster than nucleation and growth, other Cu ore deposits may also form via this mechanism.
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1. Introduction


The formation of many minerals involves exsolution. If a solution phase, which is chemically homogeneous at high temperature, becomes a polyphase equilibrium (by cooling, for instance), it may be viewed as unmixed. Two different mechanisms of exsolution were first introduced by Gibbs [1] and verified by subsequent mineralogical research [2,3,4]. During nucleation and growth, compositional fluctuations are large in degree but small in extent, while in spinodal decomposition, the compositional fluctuations are small in degree but large in extent [5]. The latter serves as the kinetic pathway for exsolution when the originally homogeneous phase is unstable relative to small compositional fluctuations. Spinodal decomposition occurs by interdiffusion of chemical constituents, without nucleation barriers or spontaneously growing compositional fluctuations, and it occurs faster than nucleation and growth. Therefore, spinodal decomposition readily occurs in rapidly cooled rocks and cases where nucleation kinetics are sluggish. The two phases decomposed by spinodal decomposition always maintain a coherent relationship, and the two phases only differ in chemical composition; the crystal structure is the same [5]. Therefore, the two phases formed by spinodal decomposition have a coherent lattice and a crystallographic orientation relationship. Thus, the two phases formed by spinodal decomposition can show satellite spots of electron diffraction. In addition, the stress and strain generated during spinodal decomposition are relatively small, and the coherent relationship is not easily destroyed. However, in order to reduce the coherent strain energy, spinodal decomposition always grows along the crystal direction with the lowest coherent strain energy, resulting in a certain periodic pattern in its structure, such as alternating dark and bright fluctuations [5].



Spinodal decomposition is well-known, and exsolution has been reported often in rapidly cooled minerals [2]. For examples, Champness and Lorimer [6] found that minerals can form during the mechanism of spinodal decomposition. Piers et al. [7] revealed spinodal decomposition in a titanomagnetite examined by transmission electron microscopy. Weinbruch and Wolfgang [8] reported spinodal decomposition occurring in clinopyroxene and plagioclase, and Golla-Schindler et al. [2] directly observed spinodal decomposition in a magnetite–hercynite system. However, spinodal decomposition has not been reported in natural sulfide intergrowths, although this phenomenon has been demonstrated in bulk alloys and minerals using theoretical, computational, and experimental techniques [9]. In addition, the occurrence of sinusoidal compositional fluctuations formed during spinodal decomposition has not yet been found by microanalytical techniques [8].



Chalcopyrite (CuFeS2, cp) and bornite (Cu5FeS4, bn) are the most abundant primary Cu-bearing sulfides across a wide range of mineral deposit types, both of which are members of the same broad sulfide structural family with cubic or tetragonal structures based on the formation temperature [10]. In nature, the majority of chalcopyrite and bornite intergrowths, such as bornite intergrown with a maze of minute chalcopyrite needles, have been interpreted in terms of solid-state exsolution or unmixing processes [11,12]. Therefore, chalcopyrite and bornite intergrowths serve as representative samples to study exsolution mechanisms.



The focused ion beam (FIB) and transmission electron microscopy (TEM) methods are now well established [13,14,15] and are powerful petrographic tools for the analyses of silicate minerals [16,17,18]. In addition, they are also applied to sulfide minerals (such as in Deditius et al. (2011) [19], Liu et al. (2021) [20], and so on). FIB and TEM examine the textures, compositions, and structures at any location of a sample on the sub-nanometer (atomic) scale [21]. As spinodal decomposition occurs on the nanoscale level, FIB and TEM excel in studying this phenomenon in chalcopyrite and bornite intergrowths.



In this contribution, we report the use of FIB cross-section imaging and use TEM to observe spinodal decomposition that occurred in natural chalcopyrite and bornite solutions. Selected area electron diffraction (SAED) and energy-dispersive X-ray spectrometry (EDS) confirmed the lattice parameters and the metal compositions. We confirm a new exsolution mechanism of natural sulfide minerals.




2. Materials and Methods


2.1. Samples


Natural chalcopyrite and bornite intergrowths samples were collected from the 109 porphyry copper ore deposit located in the western Awulale metallogenic belt in northwestern China. The samples were polished and observed by optical microscopy. The chemical compositions of the micro-chalcopyrite and -bornite solid solutions (~μm) were investigated using an electron microprobe analyzer (EMPA). Having selected an area, the dual beam instrument used an ion beam to cut a slice and prepare site-specific specimens for TEM study.




2.2. Analytical Methods


2.2.1. EMPA


Major and trace elemental compositions of the chalcopyrite and bornite solutions were obtained by electron microprobe analysis (EMPA, JEOL JXA-8230) at the Key Laboratory of Mineralogy and Metallogeny of the Chinese Academy of Sciences. Peak calibrations for each element were conducted using reference materials, a beam current of 20 nA, an acceleration voltage of 20 kV, and a 1 μm spot size. Chalcopyrite and bornite were measured for Cu, S, Fe, Ag, Au, As, Co, and Ni with the peak counting time scaled from 10 to 60 s and reduced by half for background counting depending on the element. The following mineral and synthetic metal standards were used: FeS2 (Fe, S), Cu (Cu), FeAsS (As), Au (Au), Ag (Ag), Co (Co), and Ni (Ni).




2.2.2. FIB and TEM


TEM was used complementarily to obtain highly magnified images and structural/chemical information of both the sulfide matrix and the contained mineral nanoparticles. In situ determination of morphologies and crystal structures was conducted using selected area electron diffraction (SAED) of high-resolution images, and the major elemental distribution was qualitatively determined by energy-dispersive X-ray spectrometry (EDS). Cross-section images and TEM samples were prepared on an FEI-Helios NanoLab dual focused ion beam and scanning electron microscope (FIB-SEM) (FEI Talos F200X, Thermo Fisher Scientific, Waltham, MA, USA). After milling the samples with Au, the TEM foils, attached to Cu grids via Pt welding, were extracted and then thinned to 50–70 nm. Images were taken in immersion mode to maximize resolution.



The selected samples were observed using an FEI Tecnai G2 F20 TEM operated at 200 kV, equipped with an EDS detector (~0.5–1 wt.% detection limit), at the Sinoma New Materials Research Institute (Guangzhou, China) Co., Ltd. High-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) imaging was performed using an ultra-high-resolution and probe-corrected FEI Titan Themis STEM. Probe correction delivered sub-Angstrom spatial resolution, and an inner collection angle greater than 50 mrad was used for HAADF experiments using a Fischione HAADF detector.






3. Results


3.1. Composition of Bornite–Chalcopyrite Intergrowths


In bornite–chalcopyrite intergrowths, bornite has a distinct “amaranth” color, and submicron lamellar sets of chalcopyrite are commonly “yellow” (Figure 1a), as shown by reflected light under natural light. Chalcopyrite and bornite in solution primarily contain Fe, Cu, and S (Table 1). However, they are both non-stoichiometric, i.e., the ratios of (Cu + Fe)/S (<1.5) and Cu/Fe (<5) of bornite are lower than the ideal bornite composition (Cu5FeS4), and the ratios of (Cu + Fe)/S (>1) and Cu/Fe (>1) of chalcopyrite are higher than the ideal composition of chalcopyrite (CuFeS2, Table 1).




3.2. Nanoscale (FIB and TEM) Characterization of Bornite–Chalcopyrite Intergrowths


To ensure that the small-scale samples of bornite–chalcopyrite intergrowths included chalcopyrite and bornite, we cut a slice through the chalcopyrite and bornite as show in Figure 1a. The slice was excavated from the mineral surface to the interior, forming a 4 μm × 5 μm slice (Figure 1b). In this slice, chalcopyrite appeared relatively blue to dark in the EDS mapping (Figure 1b), and bornite appeared relatively red in the EDS mapping (Figure 1b) were intergrowth. The compositions of chalcopyrite and bornite were also confirmed by TEM-EDS (Figure 2). The chalcopyrite lamellae were thinner (1–2 nm) and shorter, mainly growing along two orientations. In addition, the sub-micrometer-sized lamellae of chalcopyrite were parallel to one another (Figure 1b), which is consistent with the characteristics of chalcopyrite at larger scales (Figure 1a). In addition, there are numerous small, alternating dark and bright fluctuations, ~10 nm wide and 20–200 nm long, occurring in the HR-TEM image of bornite–chalcopyrite intergrowths (Figure 3). In the enlarged HR-TEM image, one growing orientation of chalcopyrite is (200)*Cp, which runs parallel to (24−2)Bn, and the other is (224)*Cp, which runs parallel to (242)*Bn (Figure 4). SAED of the high-resolution image in Figure 5 shows that there are numerous satellite spots of electron diffraction occurring along the [−210] direction for bornite (Figure 5).





4. Discussion


4.1. Genesis of the Bornite–Chalcopyrite Intergrowths


According to the EMPA results, both chalcopyrite and bornite occur in non-stoichiometric ratios, indicating that chalcopyrite–bornite assemblages with a tetragonal crystal structure form at a lower temperature (<228 °C) [10]. As the chalcopyrite-forming exsolutions drove the formation mechanism [22], the (Cu + Fe)/S and Cu/Fe ratios for bornite were lower, but they were higher for chalcopyrite. In addition, deviation from these values is considered non-stoichiometric due to the cooling of higher-temperature bornites [22]. In the FIB cross-section imaging (Figure 1b), chalcopyrite displays intergrowth with bornite, and chalcopyrite forms in the bornite interior, which indicated that chalcopyrite formed via exsolution [22]. Overall, we confirmed two mineral phases, chalcopyrite and bornite, occurred in the exsolution texture, and the chalcopyrite–bornite assemblages were the primary mineral, not the secondary replacement.




4.2. Spinodal Decomposition in Natural Bornite–Chalcopyrite Intergrowths


Previous studies have proven that minerals formed by spinodal decomposition always has a certain periodic pattern in their structures which has the lowest coherent strain energy [2]. In this study, TEM imaging revealed many small, alternating dark and bright fluctuations in the bornite–chalcopyrite intergrowths (Figure 3), which is consistent with the periodic pattern. In addition, these fluctuations all curve, which indicates that they formed via spinodal decomposition [23]. In addition, due to the strain energy being lowest in a coherent lattice, the two phases formed by spinodal decomposition have a coherent lattice and a crystallographic orientation relationship. Therefore, the two phases always show satellite spots of electron diffraction. The satellite spots of electron diffraction along the [−210] direction for bornite (Figure 5) in this study also demonstrated the occurrence of spinodal decomposition. Although a Moiré fringe, which is a periodicity fringe formed by the superposition of two identical atomic layers, can also form the satellite spot of electron diffraction, it usually appears as a straight stripe and obviously differs from the fluctuations occurring in our samples. In addition, a Moiré fringe forms via the movement of two lamellae with identical compositions which are continuous and cover a wide scope (~micrometer scale). Therefore, lamellae forming a Moiré fringe are usually n × 103 nm in size, large enough that the contrast is obvious. However, in our samples, we observed neither large lamellae (>n × 103 nm) nor an obvious contrast. Instead, we found many small lamellae and two mineral phases with different compositions. Therefore, these fluctuations likely occurred in bornite–chalcopyrite intergrowths formed by spinodal decomposition.



In addition, as two coexisting phases formed by spinodal decomposition have a crystallographic orientation relationship, they should share parallel crystal faces. HR-TEM images of the bornite–chalcopyrite intergrowths showed the (200)* and (224)* of chalcopyrite were parallel to the (24−2)* and (242)* of bornite (Figure 4), respectively, which agrees with formation via spinodal decomposition. As spinodal decomposition is one mechanism of exsolution [5], crystal structures of two coexisting phases formed by spinodal decomposition are similar, e.g., magnetite and hercynite [2], pigeonite and diopside [24], and tetragonal Zr1-cYcO2-c/2 and cubic Zr1-cYcO2-c/2 [4]. Chalcopyrite and bornite formed at lower temperatures were both tetragonal, which agrees with spinodal decomposition. Therefore, we concluded that spinodal decomposition occurred in natural bornite–chalcopyrite intergrowths.




4.3. Implication of Spinodal Decomposition in Mineralogy


Spinodal decomposition is an important mechanism of exsolution [2] whose study has theoretical significance and practical applications. In materials science, alloys formed through spinodal decomposition may have greater strength and toughness, e.g., Zr-Nb alloys [25] and Cu-Ni-Cr alloys [26]. Almost all permanent magnetic alloys form via spinodal decomposition [27]. In earth science, many natural minerals form solid solutions, e.g., the pigeonite/diopside exsolution in the Allende granular olivine pyroxene [28] and the hematite/ilmenite exsolution in the Panxi region [29]. However, the mechanisms of natural mineral exsolution were thought to occur through nucleation and growth [30]. This work provides strong evidence that natural minerals can also form via spinodal decomposition. Our findings indicate that elemental segregation in natural solutions not only occurs as downhill diffusion but also as uphill or negative diffusion. This mechanism for mineral formation is larger in extent and faster than nucleation and growth. Therefore, it is important for natural mineral formation.





5. Conclusions


FIB and TEM revealed spinodal decomposition in natural bornite–chalcopyrite intergrowths via high-resolution examination of textures, compositions, and structures at specific locations on a sample in unprecedented detail. Many small, alternating dark and bright fluctuations occurred in natural bornite–chalcopyrite intergrowths. Furthermore, the data showed satellite spots of electron diffraction and two coexisting phases with similar crystallographic orientations and different compositions. This new mechanism of mineral growth may have important significance for natural minerals formed in the Earth.
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Figure 1. (a) Exsolution texture of Cu-(Fe)-sulfides from the 109 Cu deposit, showing the submicron yellow lamellar sets of chalcopyrite exsolution in the “amaranth” bornite. The black label is the location for FIB; (b) EDS mapping for FIB cross-section imaging of bornite–chalcopyrite intergrowths, showing that a set of sub-micrometer-sized lamellae of chalcopyrite in bornite are parallel with one another. Cp: chalcopyrite, Bn: bornite. The white square is the location of HR-TEM of the bornite–chalcopyrite intergrowths. The white circles are the locations of EDS spot analysis. 
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Figure 2. (a) TEM-EDS spectra for bornite; (b) TEM-EDS spectra for chalcopyrite. 
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Figure 3. (a) HR-TEM imaging of the bornite–chalcopyrite intergrowths, showing that many small alternately dark and bright fluctuations occur in the chalcopyrite and bornite solid solutions (red arrow). (b) High-magnification transmission electron microscopy image obtained from the yellow square in Figure 3a. 
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Figure 4. Enlarged HR-TEM imaging of the bornite–chalcopyrite intergrowths, showing that the (200)* and (224)* of chalcopyrite paralleled the (24−2)* and (242)* of bornite, respectively. The red line is the boundary of chalcopyrite and bornite. 
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Figure 5. The electron diffraction of spinodal decomposition, showing satellite spots along the [−210] direction for bornite. 
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Table 1. EMPA data of sulfides in the 109 Cu deposit (impurities total less than 3%).
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Samples

	
S (wt.%)

	
Cu (wt.%)

	
Fe (wt.%)

	
(Cu+Fe)/S

	
Cu/Fe






	
chalcopyrite

	
34.66

	
37.31

	
28.26

	
1.00

	
1.14




	
32.33

	
38.00

	
26.89

	
1.05

	
1.22




	
32.17

	
38.64

	
26.27

	
1.06

	
1.27




	
31.54

	
39.72

	
25.74

	
1.09

	
1.33




	
32.88

	
41.21

	
25.32

	
1.06

	
1.40




	
32.52

	
40.81

	
24.96

	
1.06

	
1.41




	
32.61

	
43.37

	
24.63

	
1.09

	
1.52




	
bornite

	
26.17

	
62.80

	
11.41

	
1.43

	
4.74




	
26.·09

	
61.82

	
11.18

	
1.41

	
4.76




	
24.98

	
63.80

	
11.29

	
1.52

	
4.87




	
25.02

	
62.93

	
11.48

	
1.50

	
4.72




	
25.76

	
61.00

	
11.02

	
1.41

	
4.77




	
26.33

	
62.51

	
11.25

	
1.41

	
4.79




	
26.47

	
62.16

	
11.35

	
1.40

	
4.72




	
26.08

	
62.92

	
11.49

	
1.44

	
4.72




	
25.93

	
62.03

	
10.97

	
1.42

	
4.87
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