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Abstract

:

The podiform chromitite found within the Luobusha ophiolite comprises characteristic nodules and massive chromitites. However, the exact origin of these formations remains a topic of ongoing debate. In this study, the microstructures of olivine and chromite are investigated to unravel their formation processes and shed light on the associated geodynamic mechanisms. EBSD analysis provides insights into chromitite and host peridotite deformation mechanisms. Olivine grains in the host dunite and nodular chromite exhibit crystallographic preferred orientations (CPOs) with D-type fabrics, which show a girdle distribution in the [010] and [001] axes, normal to the foliation plane of the sample. The massive and disseminated chromitite displays B-type and C-type olivine fabric, with a concentration of [001] axes parallel to the lineation of the sample. Crystal plastic deformation can be observed in the Luobusha chromite grains, highlighting intercrystalline deformation processes. Small grains lacking misorientation observed in the massive chromitite are likely attributed to heterogeneous nucleation. Chromite nodules are found to be a patchwork of subgrains with various orientations and high-angle boundary misorientation. The formation of Luobusha chromitite involves deep-seated crystallization, followed by amalgamation, and subsequent deformation within the mantle peridotite. These findings distinguish Luobusha chromitite from other ophiolitic chromite deposits, offering valuable insights into the deformation history and formation processes.
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1. Introduction


Podiform-type chromitites, one of the typical chromite deposits, are commonly hosted in ophiolites and modern oceanic peridotites, underlying the uppermost part of mantle [1]. The term “podiform” refers to the distinct dunite envelope surrounding the chromitite pods, which exhibit varying patterns of chromite grains, including schlieren, orbicular, nodular, and anti-nodular textures [2,3,4]. In addition to the classical pod-like microstructure, other textures, such as massive disseminated layers, have also been observed in ophiolitic podiform chromitites. Ophiolites, considered remnants of ancient oceanic lithosphere, provide valuable insights into the recycling of materials within the lithosphere and are significant for plate tectonic models related to the recycling of oceanic crust [5,6]. Thus, as a unique part of ophiolites, the genesis of ophiolitic podiform chromitites and the associated peridotites is a fundamental aspect of plate tectonic models that are related to the recycling of the oceanic crust. Yet, after the decades-long debate, they remain unclear.



One proposed mechanism suggests that chromitites form through interactions between melts and peridotite, followed by the mixing of tholeiitic or boninitic magmas at shallow depths [7,8]. However, the discovery of high-pressure phases, such as diamonds and coesite, as well as super-reducing phases, like Ni-Mn-Co alloys and nitrides, within podiform chromitites challenges the low-pressure formation hypothesis [9,10]. These observations, coupled with unusual microfabrics, like clinopyroxene exsolution lamellae in chromite, suggest that the formation pressures may exceed 14 GPa, equivalent to the top of the mantle transition zone [10]. Due to its high hardness and high melting point, chromite is relatively resistant to deformation and metamorphic alteration compared to the host rocks. Therefore, podiform chromitites offer valuable insights into understanding the metallogeny of ophiolitic chrome ores and the deep crustal recycling model, providing a pristine record for investigation.



Microstructural information and crystallographic preferred orientations (CPOs) deliver significant perspectives on plastic deformation mechanisms and rheology. The deformation of crystals in chromitites and hosting rocks is primarily governed by dislocation creep, potentially accompanied by nucleation, subgrain rotation, and grain boundary sliding. The characteristics of the CPOs, such as symmetry and intensity, are known to be influenced by the deformation processes imposed on the rocks. These processes are affected by various factors, including temperature, deviatoric stress, strain rate, rheologic regime, and the presence of fluids/melts. They might leave distinct signatures on the microstructures and either enhance or weaken the CPOs. The dominant deformation mechanism is reflected in the final CPOs [11]. Therefore, the evolution of mineral CPOs, such as olivine, pyroxene, and chromite, plays a crucial role in understanding the deformation processes within the ophiolitic mantle. In this study, we investigate the microstructural features, including CPOs, misorientations, grain size, and shape factor, of podiform chromitites from Luobusha, located in the eastern segment of the Neo-Tethyan suture.




2. Materials and Methods


2.1. Geological Setting


The Luobusha ophiolite originated from mid-ocean ridge processes and, subsequently, underwent boninitic magmatism in a suprasubduction zone (SSZ) setting [12,13]. It serves as a key indicator of the evolution of the Tethyan Ocean during the Early to Middle Jurassic, as well as the subduction events that occurred in the Early Cretaceous [14,15]. The ophiolite is oriented approximately in an east–west direction, spanning a length of around 37 km and a width of approximately 3 km, covering an area of 70 km2. It is characterized by overthrusting onto Tertiary conglomerate and sandstone toward the north, as well as thrusting by the Upper Triassic flysch sequence toward the south, separated by south-dipping faults (Figure 1) [16]. The Luobusha ophiolite comprises mantle peridotite, cumulate, and mafic rocks, with the mantle sequence dominated by harzburgite, dunite, and a small amount of lherzolite.



The podiform chromitites within the Luobusha ophiolite are enclosed by dunite and are predominantly found in harzburgite rocks [17,18]. The chromitites display a variety of ore textures, including disseminated, layered, (anti-) nodular, and massive structures (Figure 1). The chromite grains in nodules are euhedral to subhedral in shape, whereas the olivine grains surrounding nodules retain only a few fresh and euhedral shapes, with the majority exhibiting irregular outlines due to serpentinization. Approximately, 5 million tons of chromite ore is estimated to be present in the entirety of the Luobusha ophiolite [19]. In this study, dunite was chosen as the host rock, and the three categories of chromitite studied were nodular, disseminated, and massive.




2.2. Crystal Orientation and Texture Measurements


Mineral fabrics were analyzed using scanning electron microscopy coupled with electron backscatter diffraction (SEM-EBSD) at the Institute of Geology, China Earthquake Administration, China, using a Zeiss Sigma scanning electron microscope (SEM) equipped with an Oxford Nordlys Nano EBSD system. The focus of the analysis was on the microstructures and textures of the primary minerals, specifically olivine and chromite, to gain insights into their deformation history and tectonic processes, serving as indicators for the Luobusha ophiolite in the Neo-Tethyan Ocean. Crystal orientation images were obtained using Oxford Instruments AZtecHKL Acquisition Software, with a step size of 11 μm and a working distance of 25 mm. Automatic indexing was performed during pattern acquisition using AZtec software. The acquired data were processed using CHANNEL 5 software to reduce noise and fill in missing data, ensuring at least 8 neighboring points with similar orientations. The resulting EBSD data is presented in Figure 2.



The J-index is a reliable metric for assessing the strength of CPOs. It is calculated from the volume-averaged integral of the squared orientation densities and is sensitive to any spikes in the orientation distribution function [20]. A J-index of 1 indicates a random distribution, while a J-index of infinity corresponds to a single crystal or a perfect CPO. The BA-index provides information about the axial symmetry in the arrangement of orientations [21]. It is derived from the eigenvalues of the orientation tensors associated with certain crystallographic directions. In the case of analyzing the symmetry of olivine texture, a BA-index can be defined as follows:


  BA-index = 1 / 2   2 −     P 010   G 010 − P 010     −     G 100   G 100 + P 100        



(1)




Here, P010 represents the point maximum and G010 represents the girdle of the [010] directions. The BA-ndex helps classify the symmetry of olivine CPO into three categories: axial-[010], which is marked by a concentrated point of [010] and a dispersed distribution of [100] (BA-index < 0.35); orthorhombic, characterized by concentrated points of both [100] and [010] (0.35 < BA-index < 0.65); and axial-[100], which is marked by a concentrated point of [100] and a dispersed distribution of [010] (BA-index > 0.65).





3. Results


The CPOs data (Figure 2) are presented in pole figures, which are equal-area, upper-hemisphere projections. To ensure a balanced representation, each pixel in the figures corresponds to one grain, preventing undue emphasis on larger crystals. This approach allows for a focused analysis at the individual grain level rather than coarse-grained aggregates. For ease of comparison, we rotated the CPOs data of all samples to a standardized orientation. Since the foliation and lineation of the samples could not be determined, the data were aligned to a common reference frame. In this reference orientation, the highest concentration of olivine main axes aligns with the lineation (X-direction), while the second highest concentration is perpendicular to the foliation plane (X-Y plane). This reorientation is justified based on previous analyses of olivine CPO, which indicate that the stronger concentration of axes corresponds to the dominant slip system, while the weaker concentration of the remaining axis is a consequence of the orientation of the other two axes.



3.1. Peridotite CPO Patterns and Fabric Strength


The olivine fabric pattern in the dunite and massive chromitite sample showed D-type CPO [22], which was identified by a concentration of [100] axes close to the lineation, with [010] and [001] axes aligned in a girdle distribution normal to the foliation. The olivine in these samples exhibited a relatively weak CPO (J-index < 5) and a higher axial-[100] tendency with a BA-index of approximately 0.70, compared to the nodular and disseminated chromitite, which had a BA-index of around 0.37. In the nodular chromitite, the olivine fabric pattern is referred to as B-type CPO [22], with the maximum concentration of olivine [001] occurring in the X-direction and [010] directions concentrated parallel to the Z-directions. The C-type CPO pattern [23], as characterized by a clustering of [001] axes near the lineation and [100] axes concentrated perpendicular to the foliation, was observed in the olivine of disseminated chromitite. The J-index of olivine in the nodular and disseminated chromitite ranged from 5.23 to 6.23, which is less than those analyzed in similar ophiolitic rock, such as the Oman ophiolite and Mayoumu ophiolite in the western Yarlung Zangbo Suture zone [24,25]. The pf-index was employed to determine the fabric strength of the principal crystallographic axes in each sample [26,27]. This index has a value of 1 for randomly oriented crystals and an infinite value for a single crystal. For most natural peridotites, the pf-index values range from 2 to 20 [20]. The olivine crystallographic axes strengths observed in the Luobusha samples were similar to pf-index values ranging from 1.49 to 3.30 (Figure 2).



The M2M index was employed to quantify the intracrystalline orientation gradients through the analysis of the misorientation of individual pixels relative to the mean orientation of the grain [28]. The olivine in the chromitite displayed a significantly lower M2M value (≤ 3°) compared to the olivine in the dunite (7.03°) (Table 1). The shape factor, defined as the ratio of a grain’s perimeter to that of a circle with the equivalent area, is used to assess the sinuosity of grain boundaries. The olivine in the massive and nodular chromitite had similar shape factor values (~1.67), which are relatively lower than those of the olivine in the disseminated chromitite and dunite (~4.50) (Table 1). The recrystallized area fractions for olivine were evaluated as the proportion of the area occupied by grains with a spread in orientation (GOS) of less than 1.5° relative to the total area occupied by olivine grains. The dunite showed minimal recrystallization (5%), whereas the chromitite exhibited some degree of recrystallization, particularly in the nodular chromitite (65%) (Table 1). Significant differences in olivine grain size were observed between the dunite and chromitite, with larger grain sizes observed in the dunite (9.2 × 104) compared to the chromitite (1.9 × 104). Among the three types of chromitites, the olivine in the massive chromitite had the largest grain size (Table 1).




3.2. Orientation Analysis of Chromite


EBSD analysis also revealed that the chromite grains had a weak CPO pattern, characterized by multiple orientation maxima at [100], [110], and [111] (Figure 2). To evaluate the strength of the crystallographic axes, we utilized the pf-index to analyze the CPOs. Our observations indicate that the massive chromitite samples displayed a relatively weak CPO, with pf-index values of 1.09, 1.04, and 1.02 for [100], [110], and [111], respectively. This is slightly different from the coarse grains in nodular chromitite (pf-index values of 1.13, 1.11, and 1.07 for [100], [110], and [111], respectively). However, it is important to note that the small difference in pf-index strength among the samples may be attributed to the number of analyzed points, with only 276 grains being measured in the disseminated chromitite, which showed the strongest strength (pf-index values of 2.26, 1.80, and 1.43 for [100], [110], and [111], respectively).



Our findings suggest that the chromite grains analyzed in this study have a relatively high average internal misorientation per grain (M2M), as compared to similar grains from Turkey and Bushveld, with misorientation angles ranging from 1.76° to 3.98° [29,30]. Among the chromite grains, those from the nodular chromitite exhibited the highest M2M values, with misorientation angles showing a gradual increase from the core to the rim, occasionally accompanied by sudden jumps (Figure 3). These misorientations were mostly located at the rim of the grains, which may be indicative of deformation and “welding” between adjacent grains following a collision event (Figure 3). Moreover, the average orientation of the nodules indicates that they comprised a variety of chromite grains, each having unique orientations in relation to the other grains. There seemed to be no discernible orientation relationship among the chromite grains within the same nodule (Figure 3).




3.3. Grain Boundary Analysis


Subgrain boundaries and continuous crystal bending were common in both the nodular and massive chromitite, resulting in crystal–plastic deformation (Figure 3 and Figure 4). In the nodular and massive chromitite, subgrain boundaries commonly occurred with high angles (> 5° orientation change across the boundary). The misorientation distribution of the subgrain showed a wider range (8°–28°), compared to that of the massive chromitite, which ranged from 10° to 19°. The most prevalent range of misorientation in chromite subgrain boundaries fell between 10° and 14°, accounting for approximately 70% of the samples (Figure 3 and Figure 4). Due to the small grain size and the limited number of grains in the disseminated chromitite, the microstructure and intracrystalline properties observed may not be representative for discussion.



In addition, we calculated the misorientation from the neighboring grain orientations on either side of a boundary to search for a special relationship along olivine–olivine boundaries, olivine–chromite boundaries, and chromite–chromite boundaries. In terms of the results, the orientation of the grain boundaries in the chromite of Luobusha exhibited a correlation, which differs significantly from the random characteristics of the chromite in Oman [31]. In the nodular and massive chromitite, the distribution of the misorientation angle along the chromite–chromite boundary predominantly occurred at 60°, accounting for over 50% of the observations. Similarly, the boundaries between olivine and chromite exhibited a noticeable distribution, with the peak occurring at 45° in massive chromitite and 55° in nodular chromitite (Figure 3 and Figure 4).





4. Discussion


The Luobusha chromitites demonstrate distinctive microstructures, displaying unique features within different domains. The variations observed in microstructural patterns, specifically associated with the different fabric types of the host olivine, may be attributed to the deformation conditions and their respective histories.



4.1. Deformation Processes Constraints from Olivine Grains


The nodular chromitite exhibited a B-type olivine CPO, while the disseminated chromitite displayed a C-type CPO. This observation is in good agreement with the work of Yu [32] on the peridotites from the same locality, which suggests that B- and C-type fabrics form at significant depths (>200 km), with temperatures ranging from 950 to 1080 °C. In contrast, the microstructures of the dunite and massive chromitite revealed a D-type olivine CPO pattern. The D-type olivine pattern has been documented in lithospheric shear zones [20,33], natural peridotite from fore-arc and back-arc settings [24,34], and ophiolite settings [35,36]. A D-type fabric is often associated with [100]-slip systems, where a slip primarily occurs on the [100]{0kl} family [23]. The dominance of [100]-slip olivine in the plastic deformation, as opposed to [001]-slip (e.g., B- and C-type fabric), implies higher temperatures potentially exceeding 1150 °C [37,38,39]. Furthermore, experimental studies on the activity of olivine slip systems have indicated that D-type fabric is commonly observed under high-stress and dry conditions [37,40,41].



The average M2M value, calculated across the entire sample, was employed as an indicator to quantify the level of recrystallization [28]. The recovery and growth of grains with lower dislocation densities, such as newly crystallized or recrystallized grains, contribute to a reduction in the mean M2M value. In the dunite and massive chromitite, olivine exhibiting [100]-slip patterns (D-type) showed a relatively lower degree of recrystallization, as indicated by the higher M2M value, compared to the predominance of the [001]-slip olivine pattern (B- and C-type) in the disseminated and nodular chromitite (Table 1). This variation in CPO patterns might suggest a dependency on the extent of recrystallization and the associated “preferred” slip system. Grains oriented in challenging configurations, such as those with [100] parallel to stress σ1, experience pronounced kinking and serve as preferential sites for recrystallization [11,27]., The [100]-slip CPO varies due to weak fabric intensities during dynamic recrystallization and grain size reduction [27]. These observations imply selective recrystallization occurs in grains with D-type fabric, leading to the development of other CPOs associated with “easy” slip systems [27].




4.2. Formation of Luobusha Chromitite


The Luobusha chromite grains are characterized by crystal plastic deformation, displaying distinct intercrystalline deformation including continuous crystal bending and subgrain boundaries. Grain boundaries exhibit specific crystallographic relationships, suggesting that they are non-random and non-open boundaries that restrict the flow of melts or fluids [31,42]. In the massive chromitite, the presence of D-type olivine fabric suggests the occurrence of high-stress plastic deformation. In such cases, a reduction in grain size is typically accommodated through strain, as evidenced by the smaller grain sizes of chromite compared to nodular chromitite (Table 1). Three primary mechanisms contribute to grain size reduction: (1) bulging (BLG) recrystallization facilitated by grain boundary migration, (2) subgrain rotation recrystallization (SGR), and (3) heterogeneous nucleation and growth of new grains [43,44,45]. At low temperatures, localized BLG recrystallization occurs, characterized by the presence of old grain remnants surrounded by moats of recrystallized grains, forming a core-and-mantle structure [45]. However, it is evidently not applicable in our case. SGR, on the other hand, involves the recrystallization of subgrains through rotational processes, where the continuous accumulation of dislocations along subgrain boundaries transforms their low-angle boundaries into high-angle boundaries [44]. Theoretically, subgrain rotation increases the frequency of intermediate angle boundaries (5°–15°) while reducing the occurrence of low-angle boundaries (<5°) [46], leading to internal deformation features akin to those of the host grains [47]. This aligns with the high frequency of intermediate-angle chromite subgrain boundaries observed in the massive chromitite of Luobusha



In regions experiencing high levels of strain within the grains, the occurrence of heterogeneous nucleation and growth of new grains is expected, as this contributes to a reduction in strain and dislocation density. The migration of grain boundaries, which is triggered by strain, facilitates the formation of new strain-free grains. In the presence of intense deformation, if the nucleus or newly formed grain continues to grow, it encounters a continuous succession of new crystallographic orientations and additional deformation microstructures, such as dense dislocation walls and subgrains. The observation of small grains in the massive chromitite, which lack significant misorientation but exhibit different mean orientations, suggests that the processes of heterogeneous nucleation and grain growth remain latent within the deformed state. However, these processes do not give rise to the formation of additional deformation microstructures, such as subgrains (Figure 4).



A detailed EBSD analysis of chromite nodules revealed a wide range of crystallographic orientations within the nodules, indicating that they are predominantly composed of randomly oriented chromite grains. Most nodules primarily consist of amalgamated crystals without a distinct core structure (Figure 3). The formation mechanism of ophiolitic nodular chromitite has been interpreted as a process involving nucleation and growth through skeletal crystals [31,48]. According to this hypothesis, it is anticipated that a rim of small chromite grains would be observed, having precipitated around the skeletal core and subsequently becoming embedded in magma, thereby resulting in the smooth surface of the nodules. The rim grains surrounding the skeletal crystal within the nodules share a common [110] crystallographic axis. In contrast, the chromite grains within the Luobusha nodules are interconnected at different angles (Figure 3). Each nodule contains multiple individual chromite grains, a majority of which present significant lattice distortion (>10° misorientation). This observation implies that the deformation record within the grains predates the assembly of the nodules and potentially captures the history subsequent to crystallization. Following the formation of the nodules, minor deformation also occurred, primarily at the points of contact with neighboring grains.



The misorientation of subgrain boundaries in nodule chromite primarily ranges from 10° to 14°, with approximately 20% of subgrains exhibiting relatively high angles (≥15°). The movement and interaction of dislocations contribute to the formation of subgrain walls, reducing the internal strain energy of the crystals and promoting recovery. The progressive deformation of nodule chromite leads to an increased influx of dislocations into the subgrain walls, resulting in the development of high-angle subgrain boundaries [43,44,45]. Conversely, massive chromite predominantly exhibits subgrain boundary misorientations lower than 15°, indicating that deformation is accommodated through subgrain rotation or the nucleation of new grains [46,49]. Through olivine fabric analysis, we have determined that nodular chromitite exhibits a higher degree of recrystallization compared to both massive chromitite and the host dunite. This finding implies that nodular chromite grains, in response to deformation and the subsequent release of strain, underwent recrystallization and grain growth. As a result, the interior of these growing grains retains deformation microstructures, documenting the complex history of their formation. In contrast, the internal structure of massive chromite grains appears cleaner, suggesting that, under higher stress conditions, there is limited grain growth. This observation highlights the distinct deformation characteristics between nodular chromitite and massive chromitite, shedding light on the intricate processes of strain release and grain evolution.





5. Conclusions


Based on the analysis of olivine fabric and its strength in Luobusha peridotite and chromitites, it can be inferred that the host dunite or harzburgite underwent deformation in a high-stress, hot, and dry environment prior to the ophiolite outcrop. The olivine fabric manifests three distinct types, which can be roughly categorized into two temperature regimes. In the higher-temperature regime (> 1150 °C), the olivine derived from the dunite and massive chromitite displays a D-type fabric characterized by a low degree of recrystallization. Conversely, in the lower-temperature regime, the olivine within the nodular and disseminated chromitite displays B- and C-type fabric with a high degree of recrystallization. Previous research suggests that the lower-temperature regime corresponds to approximately 1050 °C and a depth of 200 km, indicating that the massive chromitite and its host dunite in the higher-temperature regime originated from a depth of approximately 250 km.



This study presents evidence suggesting that the formation process of chromite in Luobusha differs from other ophiolitic chromitites, such as those in Oman or Troodos, which have been proposed to crystallize in situ during exposure [31,48]. In contrast, in the Luobusha case, small chromite grains crystallized at greater depths within the mantle and subsequently amalgamated into various structures during deformation with the host mantle peridotite. The massive chromitite in the higher temperature regime, which is hosted by dunite with lower degrees of recrystallization, experienced high-stress deformation involving subgrain rotation and nucleation. On the other hand, the nodular chromite, demonstrating extensive recrystallization of its host, developed through the subgrain coalescence in a lower-temperature regime.
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Figure 1. Field photographs showing Luobusha podiform chromites. 
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Figure 2. Representative olivine CPO data from Luobusha are presented in equal-area, upper-hemisphere projections. Contours are multiples of uniform distribution. The structural reference frame is shown as insert, where the foliation is horizontal and lineation is E–W. N is the number of grains, MD is the maximum density and pf is an index of fabric intensity. J-index and BA-index stand for the fabric strength and symmetry of orientation distribution. 
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Figure 3. The nodular chromitite microstructure: (a) grain boundaries misorientation angle distribution. The light blue line is calculated for a statistically random distribution. (b) Nodular chromite orientation including the mean orientation and misorientation. The coloring of the mean orientation is done using Euler angle color coding. (c) Chromite subgrain boundaries misorientation angle distribution. 
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Figure 4. The massive chromitite microstructure: (a) grain boundaries misorientation angle distribution. The light blue line is calculated for a statistically random distribution. (b) Massive chromitite orientation including the mean orientation and misorientation. The coloring of the mean orientation is done using Euler angle color coding. (c) Chromite subgrain boundaries misorientation angle distribution. 
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Table 1. Quantitative microstructures, CPO parameters derived from EBSD mapping for olivine and chromite in Luobusha chromitite ore deposit.
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Rock Type

	
Modal Proportions (%)

	
CPO Parameters for Olivine

	
Shape Factor

	
Grain Area (μm2)




	
Ol

	
Chr

	
Py

	
J-index

	
BA-index

	
M2M

	
Rex

	
Fabric

	
Ol

	
Chr

	
Ol

	
Chr






	
Nodular Chromitite

	
12

	
87

	
1

	
5.23

	
0.37

	
1.45

	
65%

	
B-type

	
1.66

	
2.40

	
1.6 × 104

	
27.7 × 104




	
Disseminated Chromitite

	
61

	
21

	
18

	
6.23

	
0.36

	
1.32

	
26%

	
C-type

	
4.43

	
3.70

	
1.9 × 104

	
0.6 × 104




	
Massive Chromitite

	
40

	
59

	
1

	
4.58

	
0.70

	
2.97

	
11%

	
D-type

	
1.67

	
7.87

	
5.5 × 104

	
9.2 × 104




	
Dunite

	
96

	
1

	
3

	
3.78

	
0.69

	
7.03

	
5%

	
D-type

	
4.60

	
-

	
9.2 × 104

	
-








The reported values are weighted averages across the entire EBSD map, taking into account the size of each grain. M2M refers to the misorientation of each pixel relative to the grain’s average orientation, while Rex represents the fraction of the sample that has undergone recrystallization. The grain area and shape factors are apparent 2D values.
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