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ABSTRACT 

Chromitite bodies occur in the wide mantle portion of Khanozai ophiolite. This peridotite is largely 

composed of harzburgite, dunite and minor lherzolite. Chromitite occurs in Khanozai ophiolite mainly 

in massive, disseminated, banded and nodular forms. The Khanozai chromitites contains a variety of 

silicate and BMS mineral inclusions. They include anhydrous silicates like olivine, clinopyroxene, 

hydrous silicate inclusions of amphibole, and BMS mineral inclusions such as millerite, chalcopyrite, 

stibnite, and occasional pyrite and linnaeite. The silicate mineral inclusions occur as monomineralic 

as well as polymineralic phases. The shapes of these inclusions tend to follow the growth plane of 

host chromite. Textures and forms of these inclusions reveal that some inclusions were trapped during 

magmatic stage, whereas many inclusions were trapped during recrystallization of chromite. BMS 

inclusions are millerite, chalcopyrite, and stibnite. They occur isolated inclusions and at some places 

associated with silicate mineral inclusions. It is suggested that these BMS inclusions were generated 

due to the separation of sulfide-bearing liquid from silicate magma. 
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1. INTRODUCTION 

Chromitite in ophiolitic peridotite occurs in the 

forms of pods, lenses, and nodules. The 

composition of podiform chromite mainly 

dependent on the nature of melt and degree of 

partial melting of the mantle (1-2). For instance, 

parental magma of high-Cr and high-Al 

chromitite are boninitic and MORB like tholeiitic 

melts, respectively (3-7). Chromitite contains 

various inclusions of silicate and sulfide minerals.  

Zhob valley ophiolitic belt is an extended belt 

stretches from Zhob town to Quetta city around 

300 km in western Pakistan which indicates a 

suture between Indian and Afghan Plates. The 

Zhob valley ophiolitic belt contains three 

ophiolitic bodies like Khanozai, Muslim Bagh and 

Zhob ophiolites. Thick mantle sections in these 

ophiolites host large chromitite deposits. Amon 

these ophiolitic bodies, Khanozai Ophiolite 

comprises a thick mantle section. Mantle 
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section or peridotite composed largely of highly 

serpentinized harzburgite, dunite and minor 

lherzolite 8). The peridotite of Khanozai 

ophiolites hosts large chromitite bodies which 

occur in the forms of pods and lenses. The 

thickness of pods is up to 4 m while chromitite 

lenses reaches up to 25 cm (9). Highly 

serpentinized dunite envelopes enclose these 

chromitite bodies. Massive to semi-massive, 

disseminated, nodular, and layered or banded 

forms are common in these chromitites. This 

study represents the mineral and composition of 

silicate, and base metal sulfide (BMS) inclusions 

found in chromitite of Khanozai Ophiolite.  

2. GEOLOGICAL SETTING   

Boundary of Indian and Eurasian Plates is 

marked by Indus Suture Zone (ISZ). northwestern 

tectonic contact of Indian plate is demarcated 

by ophiolitic chain with the southeastern part of 

Afghan block. In these collisional zones 

between with Afghan block contains numerous 

mafic-ultramafic (ophiolitic) complex (10, 11). 

The ophiolitic bodies occur in a linear fashion in 

Pakistan which are divided into (i) the northern 

ophiolitic belt, and (ii) the western ophiolitic belt. 

Northen ophiolitic chain includes the Shangla–

Mingora ophiolite, the Jijal complex, the Chilas 

complex, the Sapat complex, the Dargai 

(Skhakot–Qila) complex, and the Dras ophiolites 

or igneous complexes whereas western belt 

contains Bela, Khanozai, Muslim Bagh, Zhob and 

Waziristan ophiolites. Khanozai Ophiolite is the 

part of Zhob valley ophiolites which is located 

near Khanozai town (Fig.1). Calcareous belt, 

suture belt and flysch belt form the surrounding 

area of this ophiolite. Loralai Formation (Jurassic) 

and Wulgai Formation (Triassic) of Calcareous 

belt occur immediately underlying the Khanozai 

Ophiolite. These formations are composed of 

abundant limestones, shales, and lesser 

amounts of sandstones, marls, and occasional 

conglomerates (13). The by the Suture belt 

consist of Zhob valley ophiolites including 

Khanozai Ophiolite overlying calcareous belt 

(14; Fig.1). In the north of Suture belt, Flysch belt 

is exposed (Fig.1) and makes non-conformity 

with ophiolite. The belt comprises of Nisai 

Formation (Eocene–Oligocene) limestone, 

shale, marl that grades to Khojak Formation 

(Oligocene) composed of shale and sandstone, 

and the Khojak Formation progressively gives 

way to the younger fluvial and lacustrine 

sedimentary successions (15). Khanozai 

Ophiolite Complex contains all ophiolitic units 

like crustal and mantle portions, metamorphic 

sole rocks, and underlying mélange. The crustal 

section is mainly composed of mafic-ultramafic 

cumulates which comprises of dunite and 

pyroxenite and both foliated as well as layered 

gabbros (16). 

Mélange unit is mixture of volcanic and 

volcaniclastic rocks associated with pelagic  

A thick mantle section is dominantly composed 

of serpentinized harzburgite with altered dunite 

and minor mylonitized/banded lherzolite (8).  
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Figure 1. Geological map of Khanozai Ophiolite showing the outcrops of mantle, crustal, volcanic and 

metamorphic rocks of Khanozai Ophiolite and chromite sample locations (modified after Ulhaq et al., 2019 and 

Ali et al., 2019). 

3. FIELD FEATURES 

The mantle peridotite covers a large part of 

the Khanozai Ophiolite. This peridotite 

contains ultramafic tectonite (also named 

as foliated peridotite) as well transition zone 

dunite. Peridotite contains mainly 

harzburgite with subordinate dunite and 

lherzolite which are highly serpentinized. The 

lower part of the mantle section is 

mylonitized and shows banded structures 

(Fig.2a). Harzburgite and dunite are 

interlayered at some place and make 

banded structure (Fig.2b). Transition zone 

dunite makes hill which mainly composed of 

dunite (Fig.2c). Chromitite in Khanozai 

Ophiolite largely occur as pods of several 

meters in size. These pods are mainly formed 

from massive, semi-massive, disseminated 

with little banded and nodular chromitites 

(Fig-2d-f).  
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Figure 2. Field photographs show (a) Banded lherzolite in basal peridotite (b) bands of harzburgite and dunite 

(c) Small hills of dunite (d) massive chromitite (e) disseminated chromitite (f) nodular chromitite. 

4. PETROGRAPHY  

The mantle section of Khanozai ophiolite covers 

about 60% of the total area covered by the 

Khanozai Ophiolite Complex (Fig. 1). The mantle 

section contains dominantly highly 

serpentinized harzburgite, dunite and minor 

lherzolite found in the lower portion of peridotite.  

 

 

4.1. Lherzolite  

Lherzolite is composed of olivine, 

orthopyroxene, and clinopyroxene with a minor 

number of Cr-Spinel grains. Serpentine is found 

as secondary mineral. Lherzolite shows mainly 

porphyritic, porpyroclastic and mylonitic 

texture. At some places, phenocryst of 

clinopyroxene, medium to large grains, are 
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enclosed by olivine and Cr-spinel, while 

occasionally, stretched grains of pyroxene and 

olivine are also found. Further, exsolution 

lamellae and twinning are common in 

clinopyroxene (Fig.3a). 

4.2. Dunite 

The dunite rock contains largely highly 

serpentinized olivine with minor orthopyroxene. 

Dunite exhibits interlocking and mesh texture in 

which the unaltered or partially altered cores of 

olivine grains are surrounded by serpentine 

(Fig.3b). Olivine makes subhedral to anhedral 

shapes and is fine to medium in size. Olivine is 

largely altered to serpentine while few grains 

are partially altered and mostly show island 

cores surround by the network of serpentine and 

Cr-spinel. A small faction of orthopyroxene is 

found as phenocryst within the matrix of altered 

olivine grains. The shape of orthopyroxene 

grains is subhedral to anhedral. Some opaque 

grains are found in the factures or interstices of 

olivine grains.   

4.3. Harzburgite 

Olivine, orthopyroxene and minor 

clinopyroxene and Cr-spinel are the principal 

constituents of harzburgite rock (Fig. 3c). The 

olivine is partially to completely altered to 

serpentine in harzburgite. The alteration of 

olivine to serpentine reaches up to 60%. 

Orthopyroxene occurs as a phenocryst as well 

as main constituent mineral. The most obvious 

texture identified in harzburgite rock is 

porphyritic texture. This texture is formed due to 

orthopyroxene phenocrysts enclosed in the 

groundmass of olivine, orthopyroxene and 

minor clinopyroxene. The grains of 

orthopyroxene and clinopyroxene are largely 

subhedral in shapes that make hypidiomorphic 

and granular textures. 

4.4. Chromitite  

Chromitite deposits found in the mantle 

peridotite Khanozai ophiolite in forms of lenses, 

pods, banded and nodular structures. Pods 

reach up to 4 m in thickness while lenses of 

chromitite are found up to 25 cm. The studied 

chromitites from Khanozai ophiolite are 

massive–semi massive, disseminated, banded, 

and nodular in texture. Optically, magmatic 

texture is common in Khanozai chromitites 

exhibit whereas some chromitite grains are 

brecciated and deformed. Chromitites of 

massive are medium to coarse-grained, largely 

subhedral in shape and some interlocking grains 

of chromite showing orthocumlate textures (Fig. 

3d). Single chromite grains show cumulate 

textures. In this texture very thin veins and 

interstices in the chromite grains are filled by 

serpentine (Fig.3e). Some massive chromitites 

show brecciation and pull-apart textures 

(Fig.3f). Disseminated form of chromitites are 

largely subhedral and less commonly euhedral 

in shape (Fig.3g). The investigated chromites of 

all forms are largely fresh whereas few grains 

display typical Ferrit-chromite alteration along 

cracks and boundaries (Fig.3h). 
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Figure 3. Photomicrograph (Transmitted light) of (a) lherzolite showing twinning and exsolution lamellae in 

clinopyroxene (b) dunite showing mesh texture formed by relict core of olivine after serpentinization (c) 

harzburgite showing subhedral grains of orthopyroxene and clinopyroxene that make hypidiomorphic granular 

and granobalstic textures (d) interlocking grains of chromite showing orthocumlate texture (e) BSE image of 

chromite grain showing cumulate texture (f) massive chromitites show brecciated texture (g) subhedral 

disseminated chromite grains (h) ferrit-chromite alteration. (Ol=Olivine, Srp=Serpentine Cpx=Clinopyroxene, 

Opx= Orthopyroxene, Chr=chromite,  

5. METHODOLOGY 

Several samples of chromitite in the mantle 

portion of Khanozai ophiolite were collected in 

the field. Polished sections were prepared of 

standard size for petrographic and 

geochemical studies of silicate and BMS 

inclusions in the chromitite. The selected 

samples were coated with a gold coater. Then 

these samples were analyzed for mineral 
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chemistry of silicate and BMS inclusions using 

SEM-EDX Model No (Jeol JSM-IT200) with voltage 

of (20 Kev). These analysis SEM Laboratory of the 

Centre of Excellence in Mineralogy, University of 

Balochistan, Quetta, Pakistan.  

6. RESULTS 

6.1. Silicate inclusions  

Unaltered chromite grains host several inclusions 

of the primary silicate mineral phases such as 

amphibole, clinopyroxene, olivine, serpentine 

and chlorite (Fig. 4a–d). These inclusions are 

randomly distributed within chromite grains. 

These silicate mineral inclusions range from 

10μm to 30μm in size and are subhedral to 

euhedral in shape. Amphibole is the most 

common inclusion ranging in size up to 25 μm 

and make subhedral shapes (Fig.4a). The major 

oxide composition of amphibole inclusions 

contains 51.2-53.2 wt.% SiO2, 20.1-21.6 wt.% 

MgO, 8.1-10.4 wt.% Al2O3, 1.1-2.2 wt.% Na2O and 

10.9-12.1 wt.% CaO. The contents of SiO2, MgO, 

FeO, and CaO in Clinopyroxene ranges from 

54.1-55.5 wt.%, 16.2-17.5 wt.%, 1.2-2.1 wt.%, and 

24.5-25.2 wt.%, respectively. Composition of 

olivine ranges from 42.1-43.3 wt.% SiO2, 2.4-3.1 

wt.% FeO and 50.8-52.1 wt.% MgO. Sizes of 

clinopyroxene and olivine reaches up to 20 and 

25 μm, respectively (Fig.4b-d; Table. 1). 

 

Figure 4. BSE image shows (a) amphibole and millerite inclusions (b) clinopyroxene, olivine, millerite, and 

chalcopyrite inclusions (c) olivine and chalcopyrite inclusions (d) altered olivine inclusion. These all inclusions 
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occur within chromite grains except chalcopyrite in fig. (b) which occurs in serpentinized matrix in the fractures. 

Amp=amphibole, ol=olivine, cpx=clinopyroxene, milr=millerite, and chpy=chalcopyrite. 

 

Table. 1. Representative SEM composition of silicate inclusion in Khanozai chromitite; amp= amphibole, 

Cpx=Clinopyroxene, Ol=Olivine, bdl= below detection limit. 

 

6.2. Base metal sulfides (BMS) 

Primary inclusions of base metal sulfide (BMS) 

minerals found in Khanozai chromitite are 

usually subhedral in shape and range in size 

from less than 10 μm to 30 μm in size. The BMS 

inclusions occur either as monophase or 

composite grains associated with silicates, 

chromite and/or other BMS (Fig. 4 and 5). BMS 

inclusions include millerite, chalcopyrite, stibnite, 

and barium sulfide phases. Millerite, subhedral in 

shape and less than 10 μm in size, is the 

frequently occurring BMS inclusion found as a 

primary inclusion (Fig. 5a). This reveals that 

millerite is a common magmatic sulfide phase. 

The second most abundant BMS inclusion is 

chalcopyrite found in Khanozai chromitite (Fig. 

5 b and c). Chalcopyrite is subhedral to 

anhedral in shape and reaches up to 30 μm in 

size. The occurrence of chalcopyrite indicates 

hydrothermal activities during chromitite 

formation. Less common stibnite, linnaeite and 

pyrite are also observed (Fig. 5 d, e, and f). All 

these inclusions are found within chromite 

grains, and some are present in the cracks of 

chromite grains. Millerites composition contain 

Ni, Fe and S contents range between 58.9-61.2, 

3.1-5.4 and 34.1-36.1 wt.%, respectively. The 

chalcopyrite grains contain Fe (27.4-28.3 wt.%), 

S (38-39.1 wt.%) and Cu (31.2-32.5 wt.%). 

Similarly, stibnite is composed of 1.1-1.2 wt.% Fe, 

25.7-26.1 wt.%, and 69.3-68.7 wt.% S (Table 2). 

 

 

Sample # Ch-1 Ch-2 Ch-25 Ch-26 Ch-14 Ch-14b Ch-25 Ch-3 Ch-14 Ch-25 Ch-26 

inclusions 

# 

2 3 1 3 2 2 1 1 3 2 1 

Mineral Amp Amp Amp Amp Cpx Cpx Cpx Ol Ol Ol Ol 

SiO2 51.2 53.1 53.2 52.6 55.5 54.7 54.1 42.1 43.3 42.5 42.1 

FeO 2.1 1.2 1.4 1.9 1.2 1.6 1.3 2.4 4.1 3.7 2.8 

MgO 20.5 20.1 21.3 21.6 16.2 17.1 17.5 51.7 50.8 52.1 51.8 

Al2O3 9.7 10.4 8.1 8.8 1.5 0.5 0.9 bdl bdl bdl bdl 

2O3 1.1 2.3 2.1 0.9 0.12 0.4 0.7 1.7 0.9 0.8 0.9 

CaO 12.1 11.6 11.1 10.9 24.5 25.2 24.8 bdl bdl bdl bdl 

Na2O 1.3 1.1 1.9 2.2 bdl bdl bdl 0.6 0.4 0.6 0.5 

Total 98 99.8 99.1 98.9 99.02 99.5 99.3 98.5 99.5 99.7 98.1 
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Figure 5. BSE image shows (a) subhedral millerite inclusions (b) a large and several small, disseminated 

chalcopyrite inclusions (c) inclusions of chalcopyrite and euhedral pyrite (d) stibnite inclusion (e) small, dispersed 

inclusions of chalcopyrite, pyrite, and linnaeite (f) a large, isolated inclusions of stibnite. These all inclusions occur 

within chromite grains except stibnite in fig. (f) which occurs in serpentinized matrix in the fractures of chromite 

grain. Milr=millerite, chpy=chalcopyrite, py=pyrite, stib=stibnite and linn=linnaeite  
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Table. 2. Representative SEM composition of BMS inclusion in Khanozai chromitite; Milr=millerite, 

Chpy=chalcopyrite, Stib=stibnite, Linn=Linnaeite, bdl= below detection limit 

 

7. DISCUSSION 

Inclusions of silicate and base metal sulfide 

(BMS) minerals in chromite have been 

described from several ophiolitic chromitites, 

such as Kempirsai ophiolite (4), Oman ophiolite 

(18-19), Sartohay ophiolite (10), Muğla ophiolite 

(21), Moa-Mayari and Zambales ophiolites (22). 

These inclusions are mainly hydrous silicates 

(amphibole), anhydrous silicates (olivine, 

pyroxene), base-metal sulfides are common in 

these ophiolitic chromitites.  

Various kinds of minerals inclusions are found in 

the Chromite of Khanozai ophiolite. The shapes 

of these inclusions tend to follow the growth 

plane of host chromite. The Khanozai chromitite 

contains inclusions of several types of hydrous 

silicates, anhydrous silicates and BMS minerals. 

Hydrous silicate inclusions are mainly 

amphibole, while olivine and clinopyroxene are 

the most common anhydrous silicates inclusions 

and base-metal sulfides inclusions are mainly 

millerite, chalcopyrite, stibnite, and rarely pyrite 

and linnaeite. Like other Al-rich chromitite, no 

specific PGM and alloy are found, although we 

carried out a detailed mineralogical 

investigation.  

Researchers have been proposed two 

mechanisms for the formation of silicate 

inclusions in chromite: 1) entrapment during 

chromite crystallization in magmas, 2) 

entrapment at the transition from magmatic to 

hydrothermal conditions during recrystallization 

of chromite (23). However, some authors 

believe that only single (unassociated) silicate 

inclusions are formed by entrapment of crystals, 

while multiple-phases inclusions formed due to 

entrapment of crystals and volatile rich melt 

during chromite crystallization (18). Silicate 

minerals may be enclosed during post-

magmatic recrystallization of chromite may 

enclosed the silicate inclusions because of the 

sintering (24). Mineralogical and textural 

characteristics of silicate inclusion found in 

Khanozai chromitite suggest magmatic origin 

for some inclusions, however, the majority 

Sample # Ch-1 Ch-2 Ch-14 Ch-25 Ch-3 Ch-14 Ch-25 Ch-26 Ch-25 Ch-14b Ch-26 

Inclusion # 1 2 1 3 2 2 2 1 1 1 1 

Mineral  Milr Milr Milr Milr Chpy Chpy Chpy Stib Stib Linn Py 

Ni 59.1 60.4 58.9 61.2 0.5 0.3 0.6 bdl bdl 13.1 0.4 

Fe 3.6 3.1 5.4 4.1 27.4 28.3 27.5 1.1 1.2 9 46.1 

S 34.2 36.1 34.3 34.1 38 39.1 38.3 26.1 25.7 24 53.2 

Cu 0.7 bdl bdl bdl 32.1 31.2 32.5 1.4 1.6 bdl bdl 

As 0.4 bdl bdl bdl 0.4 0.9 0.7 1.5 2.2 bdl bdl 

Co bdl bdl bdl bdl bdl bdl bdl bdl bdl 51.5 bdl 

Sb bdl bdl bdl bdl bdl bdl bdl 69.3 68.7 0.9 bdl 

Total 98 99.6 98.6 99.4 98.4 99.8 99.6 99.4 99.4 98.5 99.7 
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probably formed during sub-solidus 

recrystallization of chromite. The monomineralic 

inclusions of olivine and clinopyroxene display 

largely subhedral with rare euhedral shapes, 

reveals that these inclusions were trapped and 

crystallized as solitary crystals before chromite.  

In contrast, anhydrous silicate such as 

amphibole exhibit anhedral shapes and mostly 

occur composite, may be formed by 

complicated reactions between crystals and 

melts (25). According to (26) findings, chemical 

reaction, at pressures <10 kbar, between 

chromite, clinopyroxene and melt can form 

amphibole. The formation of amphibole can 

also be result by the reaction of orthopyroxene 

with volatile-rich melt. Earlier work on the origin 

of base-metal sulfide inclusions (4,18, 23, 27) 

have proposed two models: 1) sulfidation 

reactions between silicates and a sulfide-

bearing fluid, and 2) separation of silicate 

magma from an immiscible sulfide liquid. 

Sulfides in chromite are considered commonly 

as primary phase, and euhedral grains of sulfide 

minerals are believed to originate before the 

host chromite (4). BMS inclusions in our samples 

occur monophase sulfide as well as silicate-

sulfide polyphase inclusions in chromite grains 

(Figs.3 and 4). Therefore, we suggest that the 

BMS inclusion in Khanozai chromitite formed 

from the separation of an immiscible sulfide 

liquid from mafic magma. The separation of 

immiscible sulfide liquids from mafic magma 

can occur during precipitation of chromite (28), 

and usually, these sulfide liquids contain some 

Cu contents (29). The formation of isolated Cu 

sulfides (chalcopyrite) inclusions in chromite of 

Khanozai ophiolite proved the mechanism 

separation of silicate magma from an 

immiscible sulfide liquid for the origin of these 

BMS inclusions. Chromite recrystallizes at low 

temperatures (500°C to 600°C) (30), and can 

trap a wide range of, melt, fluid, and minerals 

inclusions near to chromite. During late stage 

melt evolution the exsolved fluids tend to wet 

efficiently the chromite surfaces than silicate 

surfaces, and sulfide rich melts show the same 

behavior (31). 

CONCLUSION 

Khanozai ophiolite is the part of Zhob valley 

ophiolites stretches from Zhob town to Quetta 

around 300 km in western Pakistan. Khanozai 

ophiolite contains wide peridotite which 

contains several chromitite bodies. Chromite 

from these bodies contains several kinds of 

mineral inclusions. They are dominated by 

silicate inclusions like amphibole, olivine and 

clinopyroxene with base metal sulfides 

inclusions such as millerite, chalcopyrite, stibnite, 

and barium sulfide phases. These inclusions are 

found as monophase as well as multi-phases 

inclusions. Olivine and clinopyroxene occur as 

monomineralic inclusions and exhibit subhedral 

granular with occasional euhedral shape, 

indicate that these inclusions formed before the 

chromite grains and were trapped as isolated 

crystals. While amphibole forms anhedral 

shapes and usually found in association with 

clinopyroxene, may formed during the 

recrystallization of chromite by reactions of 

crystallized minerals with melts. BMS inclusions 
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formed as isolated crystals or silicate-sulfide 

minerals and they are formed due to separation 

of silicate magma from an immiscible sulfide 

liquid. 
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