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ABSTRACT 

The Asurabandha chromite deposits are hosted in the Bhuban Ultramafic Complex (BUC), which is located in the Dhenkanal district of Odisha. The BUC 

forms part of the transition domain between the Singhbhum Craton and the Eastern Ghats Mobile Belt (EGMB). Highly altered chromitite rocks are found 

as isolated, irregular and sporadic orebodies located on the southern side of the Sukinda Ultramafic Complex (SUC) accompanied by the granite-charnockite 

association. Petrographic studies inferred the existence of heteradcumulate texture in the chromitite rock, which indicates early crystallization during the 

cooling of an ultramafic magma. Chromite begins to crystallize at a high temperature and accumulates to growth of crystal framework, subsequently 

crystallizing to form silicate minerals (olivine or pyroxene), that later altered to serpentine. Occurrences of euhedral chromite crystal indicates inherent 

crystal growth during the crystallization of magma. The Laser Raman Micro Spectroscopy (LRMS) analysis, displays four characteristics Raman Shift at 

454, 559, 736 and 1437 cm-1 for chromite and five diagnostic Raman Shift at 127, 206, 397, 465 and 1166 cm-1  for serpentine. Laser Raman-SNOM 

scanning, 2D and 3D mapping of euhedral hexagonal chromite crystal, suggests its heterogenous internal crystal structure in the ultramafic rocks. In the 

chromite crystal, internal heterogeneity may appear because of trace element substitution during the magmatic crystallization or secondary alteration 

processes like serpentinization and carbonation. The Asurabandha chromite deposits are characterized by metasomatic alteration, serpentinization and 

carbonation, where original silicate minerals have been replaced by serpentine, presenting challenges for mineral exploration due to the extent beyond 

lateritic overburden. 
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INTRODUCTION 

The Laser Raman Micro Spectroscopy (LRMS) is an in-situ 

scientific technique that uses inelastic scattering of light from a 

laser to provide a chemical 'fingerprint' of a sample's 

vibrational, rotational, and other low-frequency vibrational 

modes (Raman, 1922; Hope et al., 2001). By measuring the 

Raman Shift (the difference in frequency between the scattered 

and incident light), one can identify molecules, analyse their 

structure, and determine their composition in various forms, 

including solids, liquids, and gases (Raman, 1923). The 

technique requires a laser beam for excitation, a sample 

interface, and a spectrometer to disperse and detect the 

scattered light (Raman, 1942, 1947). The LRMS technique is 

applied to identify minerals by analysing light scattering, which 

creates a unique "spectral fingerprint" from a mineral's atomic 

vibrations (McMillan, 1989; Keresztury, 2006). This non-

destructive method requires little to minimum sample 

preparation, complementing other techniques like Scanning 

Electron Microscopy (SEM) and X-ray Diffraction (XRD) to 

provide detailed chemical and structural information. This 

Laser Raman technique is valuable for fieldwork and 

identifying difficult-to-discern minerals like light-coloured 

silicates. A mineral sample is exposed to a monochromatic light 

beam, usually a laser. The light interacts with the mineral's 

chemical bonds, causing some of the light to scatter 

inelastically (Raman, 1927, 1928; Raman and Krishnan, 1928). 

The scattered light has a unique energy shift or Raman Shift 

depending on the mineral's crystal structure, atomic masses, 

bond-lengths, and bond-angles (Raman, 1929, 1945). A 

spectrometer captures this scattered light and analyses the 

energy shifts to produce a unique spectrum or Raman Shift or 

"fingerprint," for that mineral.  

The LRMS’s ability to provide rapid identification of mineral 

phases is beneficial for exploration, especially for minerals that 

are hard to identify optically using a polarising microscope 

(Rodgers, 1993; Bersani and Lottici, 2016). This method helps 

to differentiate between minerals with similar appearance but 

different chemical compositions, such as various silicate, 

sulphide and carbonate groups (Pandit, 2024). It is also useful 

for identifying opaque or weathered grains that are difficult to 

analyse with traditional optical microscopy (Singh and Pandit, 

2025). This is a non-destructive technique and does not alter or 

destroy the sample. Minimal sample preparation is required for 

the LRMS studies, which means samples often require no 

specific preparation. It can be used on a wide variety of sample 

types and sizes, from small powders to large piece of samples. 

The LRMS is a valuable tool when simultaneously used with 

microscopy and X-ray diffraction to identify minerals. 

The objective of this study is emphases on phase recognition in 

the mineralized ultramafic rocks by analysing a mineral's 

physical and optical properties, crystalline structure, size, 

shape, and textural position to identify their petrogenetic 

implications. The characterization of mineral phases in the 

ultramafic rock involving the LRMS technique with the help of 

532 nm wavelength excitation. In general, the essential 

minerals found in ultramafic rocks are olivine and pyroxene, 

with smaller amounts of garnet and spinel. Chromite is an 

important economic mineral found predominantly in ultramafic 

rocks, which include peridotite, dunite, and serpentinite. 
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Characterization of mineral phases in ultramafic rocks will help 

to understand the origin of chromite crystals in the orebody of 

the Asurabandha deposits, located in the Dhenkanal district of 

Odisha. 

REGIONAL GEOLOGY 

The Singhbhum Craton is an ancient geological terrain in the 

Jharkhand and Odisha states of India, characterized by its >3.5 

Ga old Archean granite and greenstone belts. The Singhbhum 

Craton is enormously rich in mineral resources, particularly 

iron and copper, with a geological history including Archean 

metamorphic rocks, volcano-sedimentary sequences, and 

sedimentary layers, providing crucial insights into continental 

crustal development and the Archean Earth processes. It 

features a central granitic batholith surrounded by greenstone 

belts that contain various types of volcanic and sedimentary 

rocks. The Singhbhum Craton located in Peninsular India, hosts 

significant ultramafic complexes, such as the Sukinda and 

Baula-Nuasahi complex, which are important for their hosted 

chromite and PGE deposits. These layered ultramafic bodies, 

consisting of rocks like dunite, pyroxenite, gabbro and 

serpentinite, that are found within the Archaean Iron Ore Group 

(IOG) of volcano-sedimentary successions. The southern 

marginal zone of the Singhbhum Craton boarders with EGMB, 

encompassing chromite hosted layered ultramafic bodies 

(Figure 1a). Apart from the prominent ultramafic complexes 

like the Baula-Nuasahi Ultramafic Complex (BNUC) and the 

Sukinda Ultramafic Complex (SUC), there is some recently 

identified ultramafic complex, like the Bhuban Ultramafic 

Complex (BUC) in the Dhenkanal district of Odisha (Tripathy 

et al., 2014). The BUC forms part of the transition zone 

between the Singhbhum Craton and the EGMB, which exposes 

rocks belonging to cratonic fringe as well as the granulites 

(Figure 1b). The northern margin of EGMB against the 

Singhbhum Craton, distinctly considered as a strike-slip fault 

or exposing the deeper crustal segment of the Archean crust 

through oblique transpression, represents a complex geological 

setting (Mishra and Gupta, 2013).   

A number of small chromiferous ultramafic bodies occur 

towards southeast of the SUC within the granulite terrains north 

of the Maulabhanja Parbat towards the west and Asurabandh 

towards the east (Banerjee et al., 1972). Another small 

chromiferous ultramafic body occurs further east of 

Asurabandha  nearby Bhuban. All these three dismembered 

chromiferous ultramafic units are clubbed together and here 

after called as the Bhuban Ultramafic Complex (BUC). The 

stratigraphic corelation between BUC with respect to the SUC 

and the BNUC remains speculative. Asurabandha area is 

characterized by ultramafic bodies containing chromite, which 

are found within the less-understood granulite tracts near the 

SUC (Figure 1b). These ultramafic rocks are partially covered 

by a thick laterite overburden. Geological studies have utilized 

gravity and magnetic surveys to investigate the concealed 

chromite mineral potential of the Asurabandha - Bhuban area 

(Arasada et al., 2020). The BUC is characterized by the 

emplacement of a number of lensoidal bodies of chromiferous 

ultramafic rocks. Layered mafic-ultramafic rocks represented 

by dunite, peridotite, and gabbro occurs as lenses within 

granite-charnockite association along the transition domain 

between the Singhbhum Craton and the EGMB. In the study 

area, lensoidal chromite bearing rocks are highly prone to 

alteration and weathering as well as extend beyond lateritic 

overburden. The Bhuban-Asurabandha area is represented by 

low physiographic terrain. A number of old working pits are 

located in this area around three different localities nearby 

Chandar, Bhuban and Maulabhanja Parbat areas (Tripathy et 

al., 2014).  

In Asurabandha area, the ultramafic complex has experienced 

widespread lateritization and serpentinization to several stages 

of hydrothermal alterations. Apart from the chromite-bearing 

weathered peridotite, the other ultramafic or mafic rocks 

include gabbro, pyroxenite, anorthosite and gabbroic-

anorthosite (Figure 2a). In spite of restricted exposures, they 

form essential components of a magmatic suite of rocks. The 

ultramafic body occurred in the form of chromite-bearing 

weathered peridotite, gradually transit close to gabbro and 

anorthositic-gabbro. The compositional variation is observed 

only in a few metres wide exposed outcrops. These bodies are 

circular to semi-circular or elliptical in nature. The ultramafic 

rocks like dunite, peridotite, serpentinite and silicified 

serpentinite bodies with chert and chromite occurs as discrete 

isolated bodies in the granitic-charnockite terrain. They do not 

show any regularity, either in distribution pattern or in 

concentration of chromite. Chromite is found in irregular form 

and in small dimensions with massive, spotted and banded 

varieties (Figure 2b). The silica veins traversing serpentinite are 

quite frequently observed in this area. At several places, the 

ultramafic rocks have been altered to chrysotile asbestos, which 

is green colour, hard compact and light in weight. Relatively, 

fresh samples of peridotites consist of olivine and enstatite with 

magnetite, chromite, and apatite as accessories. The dunite is 

altered to a felted mass of talc-serpentine.
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Figure 1. (a) Generalised geological map of the Singhbhum Craton (after Saha, 1994) and its adjacent areas with an inset of map of India 

displaying study area in Odisha. The cross-hatched red colour box is shown to represents the study area of the Bhuban Ultramafic Complex 

(BUC). (b) Geological map of Asurabandha chromite deposits of the BUC in Dhenkanal district of Odisha (modified after Sahoo, 2014; 

Tripathy et al., 2014; Arasada et al., 2020; Behera and Nayak, 2023). 

 

    

Figure 2. (a) Field photograph showing exposed area of the Asurabandha Chromite Mines. (b) Hand specimen of chromite sample from 

the Asurabandha Mines in Dhenkanal district of Odisha. The metallic lustre with well-developed granular texture is a diagnostic feature of 

magmatic chromite ore. The chromite ore exhibits secondary alteration features of serpentine and goethite. 

SAMPLE PREPARATION 

A small piece of rock is cut, ground to a smooth surface, and 

then pasted to a glass slide. The mounted rock slice is then 

ground down to a very thin layer using progressively finer 

abrasive grits and water, often with the aid of specialized 

grinding machines. This step continues until the desired 

thickness of approximately 30 micrometers is achieved. Excess 
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material is removed to create a thin slice, allowing light to pass 

through. Grinding of the sample to a precise thickness of about 

30 micrometers is done using progressively finer abrasives, and 

then by systematic polishing. The sample surface is then 

polished to a smooth and flat appearance. The prepared thin 

section is used for petrographic study under a polarized-light 

microscope to identify its constituent minerals, texture, and 

structure. Microscopic study of the thin section is performed in 

the Department of Geology, Institute of Science, Banaras 

Hindu University, India. Mineral identification by rotating the 

polarizing filters attached with the microscope, that can 

identify individual minerals based on their unique optical 

properties, such as colour, birefringence, and crystal shape. 

Texture and fabric analysis consists of the arrangement, shape, 

and size of mineral grains, as well as any cracks or other 

structural features. 

PETROGRAPHY 

The chromite ores from the Asurabandha area are examined 

under thin section using a petrological microscope. These 

samples show cumulus texture formed by 70 to 90% euhedral 

chromite grains in an altered and silicified matrix comprising 

of serpentine group of minerals. In plane polarized transmitted 

light (PPTL) mode, chromite (opaque grains) in ultramafic 

rocks display massive, disseminated, or granular textures, with 

grains often exhibiting euhedral to subhedral shapes and 

intergrown with interstitial serpentine (pale yellow colour) or 

olivine’s remnant (Figure 3a). Grains may form compact 

mosaics, chains, or clots. In cross polarized transmitted light 

(XPTL) mode, chromite appears as opaque grains surrounded 

by interstitial silicate matrix of serpentine typically appearing 

as an anisotropic mineral with low first-order interference 

colours (Figure 3b). Serpentine displays black, white, and grey 

hues with sweeping undulose extinction. Under plane polarised 

reflected light (PPRL) mode, the chromite grains show 

fractures, filled up with secondary silicate matrix (Figure 3c). 

The chromite grains contain very fine inclusions of silicate 

matrix. The shape of the chromite grains varies from 

hexagonal, euhedral to subhedral and size varies from 10 to 500 

µm recognised as heteradcumulate texture. It shows 

heterogeneous distribution of the chromite crystal aggregates 

in the ultramafic rocks of the Asurabandha chromite deposit. A 

heteradcumulate texture represents euhedral to subhedral 

chromite grains that are surrounded by inter-cumulus minerals, 

such as serpentine or olivine (Wager et al., 1960; Campbell, 

1978). The dunite is altered to talc-serpentine rock, often 

preserving ghost heteradcumulate texture, formed by 

hexagonal pseudomorphs of chromite having rims of released 

iron rich secondary mineral phases (Figure 4a). In XPTL mode, 

the chromite grains, although opaque phase, are interpreted on 

the basis of hexagonal shape and surrounding silicate matrix of 

serpentine (Figure 4b). In PPRL mode, chromite grains are 

appearing as perfect hexagonal crystallized grains with white 

colour interstitial spaced filled by silicate matrix of serpentine 

(Figure 4c). There are some secondary mineral phases filled in 

the fractures that facilitated alteration displayed as pale-green 

colour hues most probably goethite. Altered peridotite with 

preserved pyroxene and chromite cumulates are sometimes 

observed under XPTL mode with imprints of metasomatism 

and post alteration patterns of serpentinization and carbonation. 

This alteration process, recognized as serpentinization or 

hydrothermal alteration, involves the interaction of the hot, 

mineral-laden fluids with the chromite, causing the chromium 

to become incorporated into new carbonate minerals (Kraemer 

et al., 2021). Hydrothermal alteration, prevalent in 

serpentinization and low to mid-amphibolite facies 

metamorphism, results in the breakdown of the primary 

chromite structure and the redistribution of Mg and Al, 

ultimately changing the chromite's chemical composition and 

creating zoned alteration rims (Barnes, 2000; Santti et al., 

2006). Carbonation of chromite is a dissolution-precipitation 

process, where metals in chromite react with carbon dioxide 

(CO2) in presence of mineralising fluids to form carbonate 

minerals (Ashwal and Cairncross, 1997).  

LASER RAMAN MICRO SPECTROSCOPY: THEORY 

AND METHODOLOGY 

The Raman effect is a phenomenon where monochromatic light 

(like laser light) interacts with a substance, causing a small 

fraction of the light to be scattered at a different frequency, or 

wavelength (Raman, 1922, 1923). The Raman scattering is the 

inelastic scattering of photons by a molecule, where the 

radiation or photon's energy is either gained or lost by the 

molecule or crystals, resulting in a scattered photon with a 

different energy (frequency) than the incident radiation or 

photon (Raman, 1928, 1929). This process occurs when 

incident monochromatic light (like from a laser) interacts with 

a molecule, exciting it to a temporary virtual energy state, and 

then the molecule relaxes back to a vibrational state, releasing 

a radiation or photon (Raman, 1942, 1943). A laser beam shines 

onto the sample, exciting molecules into a virtual energy state, 

the molecules relax, most photons are scattered elastically 

(Rayleigh scattering) with the same energy. However, a small 

fraction undergoes inelastic scattering (Raman scattering), 

where the scattered photon's energy (and thus its frequency) is 

shifted up or down (Raman, 1945, 1947). The variance in 

energy amongst the incident and scattered photons, provides a 

unique "fingerprint" of the molecule's vibrational modes, 

which can be used for material identification and 

characterization (Neuville et al., 2014). The variance in 

frequency amongst the incident and scattered light is 

recognized as the Raman Shift, which factor is measured in cm-

1 unit. A spectrometer analyses the intensity of these scattered 

photons at different Raman Shifts, producing a unique 

spectrum that acts as a "fingerprint" for the sample.
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Figure 3. Photomicrograph (5X magnification) of chromite in ultramafic rock from the Asurabandha Mines in Dhenkanal district of Odisha. 

In ultramafic rock, euhedral and subhedral chromite grains are commonly displays heteradcumulate textures, with silicate minerals 

(serpentine) filling the interspaces between the grains. (a) In plane polarized transmitted light (PPTL) mode, chromite-serpentine matrix is 

shown as serpentine colourless whereas chromite appears as black under. (b) In cross polarized transmitted light (XPTL) mode, chromite 

shows black colour and serpentine exhibits grey colour. (c) In plane polarized reflected light (PPRL) mode, chromite crystals show white 

colour and serpentine-silicate matrix displays grey-black colour. Chr - chromite, Srp - serpentine. 

     

Figure 4. Photomicrograph (50X magnification) of chromite in ultramafic rock from the Asurabandha Mines in Dhenkanal district of 

Odisha. Serpentine occurs as packing the interspaces between the chromite grains. (a) Under PPTL mode, chromite appears as opaque with 

euhedral, hexagonal shape crystals and serpentine exhibits pale-yellow to colourless. (b) Under XPTL mode, serpentine exhibits pale-

yellow colour and chromite is opaque. (c) Under PPRL mode, chromite appears as white colour, euhedral hexagonal shape crystals, 

serpentine displays grey colour and secondary minerals (goethite) show green colour along the interspaces between chromite crystals. Chr 

- chromite, Srp - serpentine. 

The LRMS is a non-destructive technique that uses a laser and 

microscope to analyse the vibrational spectrum of a sample's 

molecules, providing a chemical "fingerprint" with high spatial 

resolution (around 1 µm). It works by analysing inelastic 

(Raman) light scattering, where the energy of the light changes 

due to interactions with the sample's molecular vibrations. The 

LRMS combine with a Scanning Near-field Optical 

Microscopy (SNOM) instrument is to circumvent the 

diffraction limit of conventional light microscopy by using a 

subwavelength-sized aperture or tip to probe the near-field of 

the sample (Vandenabeele, 2013). This integration permits for 

the acquisition of topographic and chemical information on the 

surface characterization of minerals at the nanoscale 

investigations (>100 nm). By scanning Raman-SNOM probe 

across a sample surface at a close distance, the technique 

collects optical information, such as transmitted, reflected, or 

fluorescent light, by exploiting evanescent waves or tip-

scattered light. This allows for the simultaneous imaging of 

topography and optical properties with high spatial resolution, 

making it useful in fields like nanotechnology, geology, and 

materials science. The detail procedure of mineral 

characterization using the Raman-SNOM probe is performed 

at the Central Discovery Centre (CDC), Banaras Hindu 

University, India (Pandit, 2024). Raman spectral mapping is a 

hyperspectral imaging technique that provides detailed 

chemical and structural information by acquiring a full Raman 

spectrum at every pixel of an image. Using Laser Raman 2D 

and 3D mapping distinctions in these spectra. This technique 

creates false-colour images that reveal the spatial distribution 

of different chemical components within a sample, allowing for 

the visualization of features invisible to standard optical 

microscopy. The RRUFF database contains Raman spectra, 

and chemistry data of minerals, offering a powerful tool for 

their identification (Lafuente et al., 2015). This software assists 

in analysing and identifying minerals by comparing collected 

spectra to those available in the RRUFF website 

(https://rruff.info/).  

RESULTS 

The Laser Raman-SNOM system (MakeWITec, GmbH, 

model: alpha 300-RAS) attached with 532 nm wavelength laser 

beam using a solid state Nd:YAG crystal operated through 

output power 0.3 to 1 mW. The analytical resolution of Raman-

SNOM instrument can range from 2 to 4 cm-1 for routine data 

https://rruff.info/
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acquisition, covering full spectral range from 100 to 3500 cm-1 

with an accuracy of ±5cm-1 or even higher. The Raman spectra 

were acquired from chromite crystal and surrounding silicate 

phase or matrix, using 532 nm wavelength excitation laser 

which is focused on polished thin sections of ultramafic rock 

sample (Figure 5a).  

The grey colour silicate matrix of serpentine is recognized by 

five indicative Raman Shifts at around 127, 206, 397, 465 and 

1166 cm-1 (Figure 5b). Serpentine is a Mg-Fe-rich layered 

silicate mineral group [nominally (Mg,Fe)3Si2O5(OH)4] with 

three distinct polymorphs such as antigorite, chrysotile and 

lizardite (Aspiotis et al., 2023). The Raman Band or Shift at 

~128 cm-1 is attributed to the doubly degenerate vibration E-

mode and Raman Shift at ~206 cm-1 attributed to the Raman 

active symmetric A1-mode stretching style vibration of the 

SiO4-tetrahedra crystal structure of four membered framework 

rings (Liu et al., 1997; Li et al., 2025). A Raman Shift at ~397 

cm-1 in serpentine suggests the presence of the lizardite 

polymorph, which exhibits a characteristic peak in the silicate 

matrix (Bahram et al., 2019). The strong Raman Shift at ~465 

cm-1 in silicate matrix is a characteristic vibrational mode 

resulting from the symmetric Si-O-Si stretching-bending 

within the silica ring structures (SiO4-tetrahedra framework), 

indicating the presence of quartz crystal (Gillet et al., 1990). A 

weak Raman Shift at ~1166 cm-1 in the silicate structure can be 

accredited to the symmetric stretching vibration of (Si-O-Si) 

silicon-oxygen bonds, specifically from a non-bridging oxygen 

of silicate tetrahedra within a glass or silicate framework 

(McMillan, 1984). While prominent Si-O-Si stretching bands 

are typically in the 850–1150 cm-1 range, a peak at this specific 

wavenumber suggests a particular configuration of the silicate 

network structure (White and Minser, 1984). 

 

Figure 5. (a) Representative photomicrograph display chromite grain in the silicate phases or matrix of ultramafic rock. Characteristic 

Raman spectra of (b) silicate matrix (serpentine), and (c) chromite crystals in the silicate matrix of the ultramafic rock from the Asurabandha 

Chromite Mines in Dhenkanal district of Odisha.    
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Figure 6. Laser Raman mapping of mineral phases in ultramafic rock from the Asurabandha Chromite Mines in Dhenkanal district of 

Odisha. (a) Raman spectrum of silicate matrix with 2D mapping over Raman Shift 465 cm-1, (b) Raman spectrum of chromite crystal with 

2D mapping over Raman Shift 736 cm1 and (c) Raman spectrum with 3D mapping over Raman Shift 736 cm-1 for euhedral chromite crystal 

in the ultramafic rock.  

The white colour euhedral chromite crystal (FeCr2O4 or 

FeO.Cr2O3), is characterized by four significant Raman Shifts 

at approximately 454, 559, 736 and 1437 cm-1 (Figure 5c). A 

weak Raman Shift ~ 454 cm-1 in chromite is typically assigned 

to the E(g) vibrational modes, which are generally represents a 

minor Raman peak at lower wavenumbers compared to the 

strong A1g mode at 680-730 cm-1 (Kharbish, 2018). The 

intensity and exact position of this Raman Shift are influenced 

by cation substitutions within the chromite's spinel lattice, 

particularly Fe3+ and Al3+ (Lughi et al., 2020). The presence of 

a Raman Shift ~559 cm-1 is typically attributed to the F2g, may 

be due to impurities or the formation of chromium-bearing 

phases from the degradation of chromite, such as ferrian 

chromite (Reddy and Frost, 2005; Zhang and Gan, 2011) or 

manganese-substituted chromite (Ha et al., 2025). In the 

Raman spectrum of chromite, the most intense Raman Shift at 
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~736 cm-1 corresponds to the A1g symmetric stretching mode 

of the Cr-O bonds within the octahedral groups (Nestola et al., 

2014). Chromite is a solid solution with the spinel structure 

(AB2O4) where different cations (Fe²⁺, Mg²⁺, Cr³⁺, Al³⁺) can 

substitute for each other (Bosi et al., 2019). A very weak 

Raman Shift at ~1437 cm-1 is typically assigned to the 

carbonate (CO3
2-) group that appears due to the symmetric 

stretching vibration mode (Gunasekaran et al., 2006), which 

indicates presence of carbonate rich mineral phases in the 

chromite crystals. Low-temperature, carbonate-rich fluids can 

alter chromite, a chromium-bearing mineral, into a hydrous 

chrome carbonate through chemical reactions that replace the 

original crystal structure in the ultramafic rocks (Klein and 

Garrido, 2011; Majumdar et al., 2016). 

DISCUSSION 

Chromite is an accessory mineral in mafic rocks but it becomes 

a dominant mineral in chromitite, often found in ultramafic 

rocks and coexists in serpentinites (Irvine, 1965; Burkhard, 

1993). Chromite is the principal chromium ore, forming as an 

early-crystallizing mineral in ultramafic rocks like dunite, 

peridotite, and their secondary product as serpentinite within 

layered igneous complexes and ophiolites (Stowe, 1994). It 

occurs in various forms, such as disseminated grains, bands, 

lenses, and pockets. In Asurabandha chromite deposits, 

chromite grains are linked and compact, forming a mosaic, 

chain, or net-like texture in the ultramafic rock. The magmatic 

texture is the ultramafic rock where cumulus chromite grains 

form a dense, interconnected framework, and the inter-cumulus 

minerals (serpentine) fill the spaces between them, which is 

representative of adcumulate, heteradcumulate, and harrisitic-

cumulate types (Wager et al., 1960). In general, cumulus 

texture in chromitite rocks signify to euhedral to subhedral 

chromite crystals that settle from a crystallizing magma, 

forming a framework that encloses later-crystallizing inter-

cumulus minerals like serpentine, olivine, or pyroxene termed 

as heteradcumulate texture (Wager, 1959). Heteradcumulate 

textures in chromite are characterized by a rock composed 

almost entirely of poikilitic oikocrysts, which are larger 

crystals that enclose smaller, cumulus crystals, with little to no 

inter-cumulus matrix (Campbell, 1968; Hunter, 1996). These 

textures develop from in-situ crystallization within a boundary 

layer between a crystal mush and evolving magma. Their 

formation is favoured by a lack of cumulus seeds in the 

presence of supercooled magma (Barnes, 1986; Tegner and 

Wilson, 1995). Various types of cumulus textures are 

characteristic features of chromitite, a heteradcumulate texture 

consisting of chromite grains (oikocrysts) that enclose other 

cumulus minerals like olivine or pyroxene, which then 

crystallize within interstitial spaces (Campbell, 1978; Latypov 

et al., 2017). The heteradcumulate texture forms when larger 

chromite crystals grow from a supersaturated magma, 

capturing smaller, pre-existing minerals within their structure 

as they crystallize in place, rather than as a result of direct 

gravity-induced settling (Tait et al., 1984; Latypov et al., 2022).  

Nucleation and crystal growth process is crucial in determining 

the magmatic texture and crystallization sequence of basaltic 

or ultramafic rocks, as the foreign surfaces reduce the 

supercooling or undercooling required for a stable crystal 

nucleus to form (Gray, 1970; Brandeis et al., 1984; Toramaru 

and Kichise, 2023). Crystal nucleation in basaltic magma 

involves the spontaneous formation of crystals or gas bubbles 

within the bulk of the liquid magma, without the help of 

existing surfaces or defects (Berkbile and Dowty, 1982; 

Polacci et al., 2018). Homogeneous and heterogeneous 

nucleation in basaltic magma involves solid crystals forming 

on the surfaces of seed grains, which is a more likely process 

than homogeneous nucleation due to the lower energy barrier 

(Lofgren, 1983; Gonnermann and Gardner, 2013; Shea, 2017). 

Common nucleation centres in natural basaltic magmas include 

other minerals (like pyroxene or olivine), suspended crystals, 

and even microscopic bubbles, significantly impacting the 

magma's behaviour during crystallization and evolution of 

igneous microstructures (Donaldson, 1979; Hersum and 

Marsh, 2006; Hammer et al., 2010). Euhedral chromite crystals 

can origin in ultramafic or basaltic magma, but their final 

appearance depends on the magma's cooling rate and stages of 

chemical differentiation (Holness et al., 2023). As one of the 

first minerals to crystallize in the ultramafic magma, chromite 

can be either euhedral, granular, nodular or dendritic 

(branching) depending on whether crystal growth is slow or 

rapid, which depends on the physical process of nucleation 

(Henry et al., 2024). Chromite crystallization occurs when a 

chromium-bearing mafic or ultramafic magma becomes 

immiscible system with olivine and pyroxene, and is heavily 

influenced by geochemical composition, oxygen fugacity, and 

the presence of other minerals (Roeder and Reynolds, 1991). 

As the magma cools, the liquidus of descent follows the 

chromite saturation surface, when chromium saturation is 

achieved in the ultramafic magma, it results in the 

crystallization of chromite (Murck and Campbell, 1986). At the 

early stage in the process of basaltic magma crystallization, the 

parental magma (often mafic or ultramafic) cools, leading to 

the crystallization of early-forming chromite crystals (Barnes, 

1986; Latypov et al., 2022). The accumulation of these 

chromite crystals can form layers of chromitite, a type of rock 

composed almost entirely of chromite with minor silicate 

matrix between interstitial mineral grains.   

Alteration of ultramafic rocks is primarily known as 

serpentinization, carbonation and metasomatism, the process 

where primary magnesium-rich minerals like olivine and 
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pyroxene are replaced by hydrous minerals, especially 

serpentine (Moody, 1976; McCollom and Bach, 2009; Klein et 

al., 2013). In general, serpentinization, which involves water-

bearing fluids can lead to carbonation, silicification, that result 

production of hydrogen gas, impacting the rock's density, 

magmatic texture and primary mineralogy (Schwarzenbach et 

al., 2021; Hu et al., 2025). Carbonation of chromite during 

serpentinization involves the reaction of carbon dioxide (CO2)-

bearing fluids with serpentinized magmatic rocks, including 

those containing chromite, to form carbonate minerals like 

magnesite and/or dolomite (Klein et al., 2013; Huang et al., 

2024). Formation of carbonate minerals due to carbonation 

process of chromite, typically occurring in mafic and 

ultramafic rocks, leads to changes in mineralogy and fluid 

chemistry (Klein and Garrido, 2011). As divalent cations in 

mafic and ultramafic rocks like magnesium, iron, and calcium 

bind with CO2 results in the formation of carbonate minerals 

such as pyroaurite, stichtite and manasseite (Frondel, 1941). 

Carbonate-rich fluids cause chromite alteration by driving Mg-

Fe exchange and Al loss, leading to the formation of iron-rich 

ferritchromite or ferrichromite and associated silicates like 

antigorite (Hodel et al., 2020; Eberhard et al., 2023). The 

specific conditions of the hydrothermal fluids, such as their 

temperature, pressure, and chemical composition, influence the 

type and extent of alteration encompass metasomatism, 

serpentinization and carbonation processes. The 

serpentinization and carbonation reactions are often associated 

with seafloor hydrothermal systems and subduction zones 

(Lowell and Rona, 2002; Deschamps et al., 2013). Alteration 

of ultramafic rocks lead to changes in the mineralogy, porosity, 

and chemical composition of the rocks, with potential effects 

on the solubility and redistribution of elements like chromium 

within the system (Oze et al., 2004; Shen et al., 2021). 

Serpentinization alters chemical composition of chromite 

crystal by reacting with carbonate-rich fluids, causing 

mineralogical changes like ferrichromite, pyroaurite, stichtite 

and can incorporate various trace elements (Sc, Ti, V, Ni, Mn, 

Co, and Zn) enrichment at earlier stages (Ulmer, 1974; Bara et 

al., 2014; Datta and Mondal, 2021; Liu et al., 2023).  

In the Asurabandha chromite deposit, euhedral chromite 

crystals growth suggested that the magmatic conditions allow 

for uninhibited and sustained crystallization in a state of 

moderate super-saturation. This is more common in large, 

slow-cooling layered intrusions, to develop fully-formed 

crystal faces, chromite needs the right balance of heat, chemical 

supply, and physical space. Slow cooling rate provides 

sufficient time for the atoms of a mineral to migrate through 

the magma and systematically attach to the surfaces of a crystal 

growth. The surrounding magma must continuously resupply 

the elements needed to build the crystal structure of chromite, 

in this case, magnesium (Mg), iron (Fe), chromium (Cr) and 

aluminium (Al) supply from the magma. However, the Laser 

Raman-SNOM application with 2D  (Figure 6a, b) and 3D 

mapping (Figure 6c)  of chromite crystal from the Asurabandha 

deposits, indicates inhomogeneous or heterogeneous pattern 

observed in the chromite crystal structure. The chromite crystal 

is described as heterogeneous because its chemical 

composition is highly variable, and its internal crystal structure 

can be complex, possibly influenced by the crystallization 

conditions under which it formed or may be affected by 

hydrothermal alteration processes.  

CONCLUSIONS 

In Asurabandha deposits, chromite may be crystallized through 

heterogeneous nucleation in ultramafic magma, where new 

crystals grow on existing ones, resulting in aggregated or 

clustered textures. The crystal nucleation may be random rather 

than following a precise crystallographic alignment, further 

contributing to the heterogeneous distribution of the chromite 

crystal aggregates. This results in the heteradcumulate-like 

appearance where chromite crystals grown surrounded by 

silicate matrix. A chromite heteradcumulate texture is a type of 

igneous cumulate texture, where, large interlocking crystals of 

chromite (the cumulus minerals) enclose smaller, randomly 

oriented silicate crystals, such as olivine or pyroxene, that later 

altered to serpentine. The heteradcumulate texture observed in 

the Asurabandha chromite deposit inferred the specific 

arrangement where the cumulus minerals (chromite) have 

overgrown to enclose the inter-cumulus grains. The 

heteradcumulate texture of chromite crystal indicates a specific 

sequence of magma crystallization and evolution. Early 

crystallization, during the cooling of a magma, chromite begins 

to crystallize at a high temperature and accumulates to form a 

framework of crystals. Growth of surrounding crystals, the 

interstitial melt, trapped between the chromite grains, 

subsequently crystallizes to form silicate minerals like olivine 

or pyroxene.   

In Asurabandha chromite deposits, presence of euhedral 

chromite crystal is a strong evidence that an individual grain of 

the mineral which crystallized without any interference, well-

defined crystal faces reflect its inherent crystal structure. 

However, the Laser Raman-SNOM studies infer that the 

euhedral chromite phases are heterogenous with respect to 

internal crystal structure. The internal structure of chromite 

crystal and chemical composition are non-uniform. In chromite 

grain, heterogenous crystal structure are referring to primary 

characteristics with two distinct properties: (i) variable 

chemical composition in the crystal, and (ii) different processes 

of nucleation that favour crystal growth during crystallization 

in the magma. Compositional heterogeneity in the chromite 

crystal may appear because of trace element substitution during 

magmatic crystallization or secondary alteration processes.   
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