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ABSTRACT

The Allai area of Kohistan (AAK), Khyber Pakhtunkhwa province of Pakistan
comprises ophiolitic mélange of the Main Mantle Thrust (MMT), hosting rocks of the Indian
continental plate and the Neo-tethyan oceanic crust. To the north of the MMT lies the
Kobhistan Island Arc and to the south the Indian continental plate. The present research study
deals with metallic mineral prospecting for chromite in the area of investigation. Based on
fieldwork and laboratory data including petrography, XRD and XRF analyses, the rocks of
the area are identified as dunites, pyroxenites, serpentinites, meta-gabbros and meta-basalts.
The rocks clearly show deformation in terms of shearing, mylonitization and anastomosis,
due the tectonic activity. Besides other mineral constituents, the presence of alkali amphibole
in meta-basalts may corroborate alkaline affinity of the rocks or the presence of blue schist
in the melange zone. Geochemistry shows that mafic rocks of the area are tholeiitic and the
ultramafics rocks as cumulates. There seems single magmatic source composition for the
mafic and ultramafic rocks. On the basis of major elements chemistry tectonic division, the
meta-gabbroic rocks show MORB affinity. The chromite mineralization is restricted to
dunites only, which form in layers, and as disseminated and fracture-filled grains. The
fracture-filled grains are secondary whereas layering and dissemination is primary, related to
magmatic crystallization. The XRF analysis reveal 18 wt.% chromium in one rock, which is
not economically viable. Further detailed field and laboratory study is suggested to find out

economic potentiality of chromite and other metallic minerals in the area.
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Figure 3.21.

Micro-fractures and criss cross orientation found which filled
by opaque minerals possibly chromite. (b) The ground mass is
occupied by fine to medium grain olivine with minor amount
of pyroxene. The chromite phenocryst of euhedral to subhedral
are embedded in ground mass of olivine. (c) XPL photograph
showing olivine phenocryst having micro-fractures of two
directions while the ground mass is occupied by fine grain
olivine minerals. (d) The PPL showing olivine phenocryst
having micro-fractures of two directions while the ground
mass is occupied by fine grain olivine minerals. (e) Fine to
medium grain olivine with minor amount of pyroxene having
micro-fractures. The needle like structure is amphibole. (f)
Fracture is filled by opaque minerals and showing alteration of
olivine into serpentine mineral antigorite. The ground mass is
occupied by fine grain olivine and minor amount of pyroxene.
Chromite are present in phenocryst form.

Petrographic observations of dunites section of middle
Tandol-Pashto from the AAK. (a) Ground mass is occupied by
fine grain olivine mass having micro-fractures. Olivine
phenocryst showing clock wise rotation. (b) Rock is fine to
medium grain which is shared and deformed. The chromite
phenocryst of euhedral to subhedral are embedded in ground
mass of olivine with pyroxene phenocryst. (c) A large
phenocryst of olivine is embedded in ground mass of olivine.
Alteration of olivine into serpentine mineral antigorite is seen.
(d) Criss cross orientation of fractures filled by opaque
minerals in which olivine altered into serpentine called
steatization. Ground mass is occupied by fine to medium grain
olivine with minor amount of pyroxene. (e¢) Fine to medium

grain olivine with minor amount of pyroxene having micro-
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fractures. The needle like structure is amphibole. (f) Fine grain
olivine in ground mass with pyroxene phenocryst.
Petrographic observations of dunites section of upper Pashto
from the AAK. (a) Rock is fine grain having olivine
phenocryst which make a structure of pitchout in XPL view.
(b) Rock is fine grain having olivine phenocryst which make
a structure of pitchout in PPL view. (c) Olivine phenocryst is
embedded in ground mass of olivine which is altered in
margins into antigorite and some are altered into serpentine
called steatization. Pyroxene phenocryst are also noticed. (d)
Chromite phenocryst of euhedral to subhedral are embedded
in ground mass of olivine. Micro-fractures are filled by opaque
which altered into antigorite. (€) Amphibole flax are in needle
like structure embedded in ground mass with micro-fractures
which are filled by opaque minerals. (f) two sets of fractures
are cross each other; the vertical fracture shows steatization
while the remaining one altered into antigorite. The ground
mass is occupied by olivine with minor amount of pyroxene.
Petrographic observations of pyroxenites section of lower
Pashto from the AAK. (a) Large pyroxene phenocryst are
embedded in ground mass of fine grain pyroxene which shows
sympletite texture (pyroxene sympletite). The upper portion of
pyroxene phenocryst is partially remelted or dissolved
(resorption) in XPL view. (b) Large pyroxene phenocryst are
embedded in ground mass of fine grain pyroxene which shows
sympletite texture (pyroxene sympletite). The upper portion of
pyroxene phenocryst is partially remelted or dissolved
(resorption) in PPL view. (c) The large phenocryst of pyroxene
showing X solution lamely. The green color phenocryst are
augite embedded in ground mass of fine grain pyroxene in

XPL view. (d) The large phenocryst of pyroxene showing X
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Figure 3.24.

Figure 3.25.

solution lamely. The green color phenocryst are augite
embedded in ground mass of fine grain pyroxene in PPL view.
(e) Prismatic shape of orthopyroxene completely replaced by
aggregate of serpentine minerals (Bastite texture). Phenocryst
of diopside and clinopyroxene are embedded in ground mass
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opaque minerals are present in fine grain ground mass. Olivine
are altered into serpentine (antigorite).

Petrographic observations of pyroxenites section of lower
Pashto from the AAK. (a) Orthopyroxene of bastite texture
with serpentine and chlorite are shown. (b) Highly deformed
and altered pyroxene phenocryst embedded in fine grain
ground mass of pyroxene. (c) Anastamosal structure are
formed with pyroxene phenocryst. Altered pyroxene and
altered serpentine are also noticed. (d) Phenocryst of
orthopyroxene and clinopyroxene are embedded in fine grain
mass of pyroxene. (e) Pinched and swell (micro boudinage)
structure are formed around the pyroxene phenocryst having
fine grain mass of pyroxene. (f) Phenocryst of orthopyroxene,
clinopyroxene and some opaqgue (chromite) are embedded in
fine ground mass of pyroxene.

Petrographic observations of meta-gabbro’s section of middle
Tandol-Pashto from the AAK. (a) Showing both altered
(saussuritized) and relatively fresh plagioclase. Plagioclase is
highly altered in sericite. (b) Grey color is plagioclase give
albite twinning (oikocryst) having some alteration and
pyroxene phenocryst. (c) Pale brown color, slender prismatic
to bladed hornblende crystals having oblique cleavage with
both altered (saussuritized) and relatively fresh plagioclase.
(d) Hornblende crystals having oblique cleavage with
pyroxene phenocryst in ground mass. (e) Monocrystalline
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Figure 4.1.
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Figure 4.3.

quartz embedded in in ground mass with phenocryst of
clinopyroxene, altered plagioclase and epidote grain were also
seen in XPL view. (f) Monocrystalline quartz embedded in in
ground mass with phenocryst of clinopyroxene, altered
plagioclase and epidote grain were also seen in PPL view.
Petrographic observations of meta-basalt section of middle
Tandol-Pashto from the AAK. (a) Fine grain foliated, sheared
and highly altered rocks having phenocryst of pyroxene. Sodic
amphibole is dominant in bluish color. Pyrite cubes in
disseminated form were also seen. (b) Phenocryst of quartz,
pyroxene and plagioclase were embedded in fine grain ground
mass. Plagioclase is highly altered in sericite. (c) Micro
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Plagioclase were also noticed in ground mass in PPL view. (e)
Micro folding in muscovite having muscovite flacks. Altered
pyroxene phenocryst were also noticed in ground mass in XPL
view. (f) Micro folding in muscovite having muscovite flacks.
Altered pyroxene phenocryst were also noticed in ground mass
in PPL view.

X-ray diffraction patterns show minerals assemblages of the
dunites sample no AA16. The major mineral constituents
include forsterite, lizardite, maghemite and magnetite.

X-ray diffraction patterns shows minerals assemblages of the
dunite sample no AA17. Major minerals identified include
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antigorite, lizardite and maghemite.
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CHAPTER 1

INTRODUCTION

1.1  Prologue

Worldwide chromite deposits are major source of chromium, iron, nickel, cobalt,
manganese, platinum group elements and rare earth elements. Chromite is primary source
for chromium, which is chemically composed of iron, chromium and oxygen (FeCr20s).
Chromite is said to be the only ore mineral of chromium and it is commonly used for the
production of stainless steel, copper, glass, paints and other wide range of industrial uses.
As chromium is a highly resistive element for corrosion, it is majorly used to increase the
resistance of steel against the corrosion and stain (Huda and Panezai, 2021). Chromitite, the
chromium bearing rocks occurs in layered dunites and disseminated podiform lenses in the
dunite of ophiolitic sequence. In Pakistan for the first time chromite was discovered by
Vredenburg in 1901 (Shah et al., 2019). Mining was started in 1903 in the Khanozai area
extended to Muslimbagh in 1915 and in early twenties mining started in Sra-Salwat area (29
km south of Muslimbagh). Now, chromite deposits are largely mined at commercial scale
in Balochistan and Khyber Pakhtunkhwa. Most of the chromite deposits occurs along the
regional extent of the Indus Suture zone (Main Mantle thrust MMT). The ultramafic
complexes in northern Pakistan are mostly located in Shangla-Mingora and Dargai
(Shahkot-Qila). The Jijal, Sapat, and Chilas complexes are among the magmatic arc
complexes of the Cretaceous period found in the Indus suture zone (Arif and Jan, 2006).
Chromite deposits in Baluchistan are located at Bela ophiolites, Muslimbagh-Zhob, and
Waziristan Ophiolites (Jan et al., 1993). The Sapat mafic- ultramafic complex of Kohistan
area contains thin layers of chromite in serpentinized dunites (Jan et al., 1993). The Jijal
complex consists of garnet granulites and ultramafic rocks and located near Jijal, district
Kohistan on the Karakoram highway. The ultramafic rocks are dunite, peridotite and
chromitite. Numerous chromite lenses and pods have been found in ultramafic rocks in the

Jijal complex’'s northwest. Some of the important deposits occurs in Shungial, Kokial,



Taghtai, Gabar, Mani Dara, Khairabad, Jag, Tangai, Chinari, Serai, Lomoto and Kot areas
of Jijal (Ullah et al., 2022). In Pakistan throughout ophiolitic sequences and mélange

complexes, there is compositional variation found in chromite deposits (Ahmed et., al 1984).
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Figure 1.1 Geological map of Kohistan, northern Pakistan showing the key lithological and

stratigraphical units of the island arc terrane (after Petterson et al., 2019). Red box indicates study

area Allai Kohistan.

1.2 Chromite deposits in Pakistan

Most of the chromite deposits in Pakistan are Alpine type, and found along the
northern, western, and eastern margins of the Indian plate (Fig. 1.2). These chromites formed
in Cretaceous in the neo-Tethys (Arif and Jan, 2006; Malkani et al., 2016; Ullah et al., 2022).
The chromites normally mineralize in stratiform and podiform types (Dickey, 1976; Duke,
1883). Stratiform types are marked by sheet like accretion of chromite in layered mafic-
ultramafic rocks that forms a chimney morphology, either tubular or flat, to host igneous
complexes (Duke 1983). Within the ophiolite series, mafic cumulates and tectonites host the
podiform type chromites (Dickey, 1976). The podiform type chromites are lensoidal,

asymmetrical, and mostly disseminated in host rocks. The chromite mineralization that are


https://scholar.google.com/citations?user=apy6f8cAAAAJ&hl=en&oi=sra

originated from magma can be the result of any of the following processes such as:

1. Peridotite mantle fractional distillation and gravitational settling.

2. The cumulate filling of magma conduits inside the remaining mantle form a podiform type
chromite.

3- Magma mixing, the process by which the rock and melt combine to generate the chromite
deposits.

4- By means of immiscible chrome-rich melt separation and settling (Duke, 1983; Dickey,
1976).
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Figure 1.2 Map of chromite deposits with specific type localities in Pakistan (modified after Ullah et
al., 2022)

1.3 Problem statement

The study area lies in the Indus Suture Zone or Main Mantle Thrust (MMT), which
is unexplored for chromite mineralization because of lacking of comprehensive geological
studies. Therefore, an integrated fieldwork, petrographical and geochemical investigation are
the essential parameters to find out the potential of the chromite deposits in the area of

investigation.



1.4 Aim and objectives

The aim and objectives of this research is to carryout detailed field work in the area
of investigation to collect samples for petrographic and geochemical analyses of the
chromite-bearing ultramafic and the associated rocks. Based on this study, the potentiality of
chromite for economic values and the origin of the exposed rocks of the investigated area
have been addressed.

1.5  Location of Study Area

The study area is located in Allai Batttagram, Khyber-Paktunkhwa Pakistan and lies
between longitudes 73°01°05" E and 73°01°57" E and latitudes 34°54°55" N and 34°55°51"
N; in between territory of Dara Madakhail and Pashtu, Allai Khyber Pakhtunkhwa. The area
of investigation is connected through national Highway via Abbottabad and Mansehra. A
journey of 70 km from Manshera on National highway up to Thakot Battagaram, an
unmetalled and hilly road of 34 km up to Allai and a jeepable track of 18 km leads up to

Pashto town which is the area of investigation (Fig.1.3).
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Figure 1.3 Location map of the study area




1.6 Literature review

In regional tectonic configuration two suture zones, Shyok suture or Main Karakoram
Thrust (MKT) and the Indus - Tsangpo suture or Main Mantle Thrust (MMT) exist. These
sutures separate Kohistan Island Arc from Eurasian plate from north and Indian plate from
south, respectively and are typified with the presence of ophiolites sequence and the
numerous mélange complexes. Chromite mineralization occur mainly in the ultramafic rocks

exposed along these ophiolites and mélanges sequences.

In Pakistan, for the first time chromite mining started in 1903 in the Khanozai area
that extended to Muslimbagh in 1915, and in early twenties mining started in Sra-Salwat
area (29 km south of Muslimbagh). Now, chromite deposits are largely mined at commercial
scale in Balochistan and Khyber Pakhtunkhwa. Most of the chromite deposits occurs along
the regional extent of the MMT. The ultramafic complexes in northern Pakistan are mostly
located in Shangla-Mingora and Dargai (Shahkot-Qila). Jijal complex, Sapat complex, and
Chilas complex are among the magmatic arc complexes of the Cretaceous age found in the
Indus suture zone (Jan et al 1990; Arif and Jan, 2006). The Jijal complex cover 150 km? area
having tectonic wedge of garnet granulites and ultramafic rocks that occurs along the
southern margin of the Cretaceous Kohistan Island Arc; it is separated from the rocks of the
Indian Plate by the Main Mantle Thrust or Indus suture (Tahirkheli et al., 1979; Coward et
al, 1982,). The Jijal complex consists predominantly of garnet granulites derived from
gabbro, feldspathic peridotite, pyroxenite, anorthosite, and related rocks that are locally
layered. In the granulites there are ultramafic cumulate layers up to 1 m wide and discordant
bodies up to 50m x 50m. The principal mass of ultramafic rocks (>10km x 4 km) occupies
the southern part of the complex just north of the Indus suture, and consists of pyroxenites,
dunite, and gradational lithologies that are dominantly olivine pyroxenites. There are layers,
lenses, and streaks of chromite in the dunitic rocks. The pyroxenites are locally layered and
in some places alternate with olivine rich layers. The complex has passed through episodes
of deformation; shearing and granulation are common; and folded, pinched, swelled, or
terminated by faults (Jan et. al 1990).

The platinum-group elements (PGE) are also reported in the petrochemical

reconnaissance survey with in the Jijal Complex, Kohistan Pakistan. The only prior



documented report of PGE minerals in Pakistan is by Ahmed and Bevan (1981), who
described Ir-Ru-Os-Ni-Fe alloys in one sample of serpentinized chromitite from the Sakhakot
Qila ophiolite (also called the Dargai Complex), 50 km northeast of Peshawar the chromite
deposits were described by Ahmed (1984). Page et al. (1979) reported whole-rock assays of
Pt, Pd, and Rh totaling 5 to 25 ppb in six samples of dunite, harzburgite, and chromitite from
the Dargai Complex (Sarwar 1992).

1.7  Significance of the work

Mostly, the research work conducted in northern Pakistan focused on petrography,
mapping, and the general composition and evolution of the Indus suture zone and the
Kobhistan island arc (KIA), and very little work has been done on the economic mineral
investigation. This research will contribute to the understanding of the origins of chromite

and the host and other associated rocks in the area of investigation.
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CHAPTER 2

TECTONIC AND GEOLOGICAL SETTING

2.1  Regional geological setting

Three different land masses combined together and formed North Pakistan, i.e.,
Indian plate in south, Karakoram plate in north and Kohistan island arc (KIA) squeezed
between them (Fig. 1.1). Kohistan island arc exposes a complete crustal sections from the
mantle to the upper- most crust (Rolland et al. 2002; Petterson 2010). The Main Mantle
Thrust (MMT) and Main Karakoram Thrust (MKT) are major tectonic features exposed in
the area (Fig. 1.1). MKT was formed during in Cretaceous by the collision of Karakoram
plate and KIA, while MMT was formed during Eocene time by collision and subduction of
Indian plate underneath the KIA. This convergence caused internal deformation in Indian
plate due to rise of Himalayan foreland fold and thrust belt of North Pakistan, which can be
seen in the study area (e.g., Ali et al., 2019).

2.2  Geological setting of the study area

The study area seems to be part of the Jijal complex which lies between longitudes
73°01°05" E and 73°01°57" E and latitudes 34°54°55" N and 34°55°51" N; situated in
between Dara Madakhail and Pashtu, Allai Khyber Pakhtunkhwa (Fig. 2.1). The study area
comprises rocks of the Indian plate, which include quartzite and schist of the Tanawal
Formation (Pre-Cambrian), Mansehra granite (Cambrian), Landai formation, carbonates
and schists of Banna Formation (Mesozoic) overlain by the Kamila amphibolites of the
KIA and ultramafics, green schists of the mélange zone (Williams, 1989). The Banna
formation is exposed along the eastern side the Indus syntaxis in Allai area of Kohistan (Fig.
2.1). The Banna formation is exposed in a small syncline with Indus mélange on north side,
Mansehra augen gneiss and Landai formation are on west side, and a thin layer of garnet

schist and feldspathic quartzite, mapped in the Tanawal Formation is on the south side



(DiPietro et al., 1999). The Banna formation consist entirely of graphitic schist and phyllitic
horizons with interlayered calcite marble that is typically dark grey massive and at places
foliated (DiPietro et al., 1999). The Landai formation consists of a small portion of rocks in
between Banna Formation and Mansehra granitic gneiss of Indus mélange zone. The Landai

formation lithology is garnetiferous chlorite schist, marble and amphibolite.

The study area covers mostly mafic and ultramafic rocks along the MMT zone. The
mafic composition consists of gabbro, which is altered, and deformed having well developed
metamorphic fabrics (gneissic) and mylonitic and ultra-mylonitic meta-basalts. The
ultramafic composition contains dunites, pyroxenites and serpentine bodies. The chromite
mineralization is restricted to dunites in the form of lenses. Dominantly consist of podiformal

and lenticular to massive granular lenses of chromite.

2.3. Kohistan island arc (KIA)

The KIA developed as intra-oceanic island arc in Jurassic due to northward
subduction of the Neo-tethyan lithospheric plate in and later accreted to Karakoram
continental plate after the closure of the back-arc basin, thus converting it into the Andian
type continental margin arc in Jurassic-late Cretaceous (Tahirkheli, 1982; Pudsey 1985;
Petterson and Windley, 1985; Khan et al., 1994, 1996, Treloar et al., 1996) (Fig. 2.2). To the
south, the KIA welded to the Indian plate along MMT in Tertiary (Leech et al., 2005).
Geologically, from north to south, the KIA comprises 1) Jaglot group, 2) Chilas complex, 3)
Kamila amphibolites and 3) Jijal -Sapat complex, which are intruded by the Kohistan
batholith (Khan et al., 1994; Burg, 2011; Jagoutz and Schmidt, 2011).

The Jaglot group comprises, from bottom to top, the Gilgit formation, Gashu-
confluence volcanics/Chalt volcanics, the Thelichi formation/ Yasin group rocks (Khan et
al., 1994, 1996, 1997). The Jaglot group rocks are intruded by the Chilas complex and the
Kohistan batholith (Khan et al., 1994). Between the Jijal-Sapat and Chilas complexes, the
Kamila amphibolite belt comprises meta-gabbro, meta-volcanics, and meta-sediments (Jan,
1979; Khan et al., 1989; Treloar et al., 1990). More than 85% of the gabbronorites in the

Chilas complex include diorites, anorthosite, and ultramafic associations that include
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troctolite, harzburgites, peridotites, pyroxenites, and dunite. These associations are thought
to have originated from a mantle (Khan et al., 1989, 1993: Yutaka et al., 2007). Its intrusive

connections are with the southern amphibolites on the south and the Jaglot group on the north

(Khan, 1994).
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Figure 2.1 Geological map of the Swat and Kaghan section of the Indian plate within North Pakistan
to show (inset) the locations of the major crustal nappe. B: Batgram; J: Jabori; A: Allai; BT: Batal
Thrust; KF: Khannian Fault; At: Alpurai Thrust; MBT: Main Boundary Thrust; PT: Panjal Thrust;
BSZ and TSZ: Balakot and Thakot Shear Zone, after Treloar et al. (1989). The below one is the
updated study area map showing different rocks units along the MMT zone.
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Figure 2.2 Diagram showing different phases of formation of Northern Pakistan (after Ding et al,
2016)
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CHAPTER 3

FIELDWORK AND PETROGRAPHIC OSERVATIONS

3.1 Material and methods

A geological fieldwork of 5 days was carried out in the Pashto village Allai Khyber
Pakhtunkhwa, Pakistan. Observations were recorded on lithological variances, field
characteristics, and contact relationships in various rock units; deformation, alteration and
chromite mineralization in ultramafic rocks were recognized. Sampling has been done from
three well-exposed sections in the study area with a view to carrying out petrographical,
mineralogical and geochemical studies. Grid sampling was done in the investigated area and
as a result 47 representative rock samples were collected. Samples collected from the field
were separated with different aspects of laboratory work. For petrographic study, thin
sections were prepared at Pakistan Museum of Natural History, Islamabad and studied at the
Department of Earth and Environmental Sciences, Bahria University H-11 Campus
Islamabad using Leica DM 750P model microscope. The nature of chromite and other
mineral assemblages in chromite-bearing ultramafic rocks were recorded using both XRD
and XRF analyses. For the identification of minerals XRD was employed at Centre of Pure
and applied Sciences, Jamshoro University Sindh, Pakistan whereas for major and trace
elements chemistry, XRF was used at Chinar Mines and Minerals Lab, Industrial Estate,
Hattar, Haripur Pakistan. In order to achieve the goals of this research, the following

methodology was adopted (Fig. 3.1).
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Figure 3.1 Flow chart showing the methods carried out in research

3.2 Fieldwork

Geological fieldwork was carried out in the Pashto village Allai Khyber
Pakhtunkhwa, Pakistan. During the fieldwork, ultramafic-mafic bodies in the surrounding
areas: Dara Madakahail and Pashto were studied in detail. Field features were observed;
deformation, alteration and chromite mineralization in ultramafic rocks were recognized.
Detailed systematic samples in grid pattern were collected for petrographic and geochemical
studies (Fig. 3.2).
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Figure 3.2 Field photographs show different field activities. (a) Chip sample collected from dunite

having chromite lenses. (b) Samples collection (c) Collected fresh samples. (d) Samples labeling

3.3 Field observation

The study area is located in the MMT (Main Mantle Thrust) zone, which consists of
highly deformed, and altered rock units of both ultramafic-mafic as exotic blocks. Most of
the rock units are covered by thick soil and vegetative cover and possible best exposed
sections of chromite bearing ultramafic rocks were selected. The study area is predominantly

consisting of three major lithological units,
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The first unit in the study area dominantly consists of ultramafic rocks (dunites,
pyroxenites and serpentinites). Second unit of mafic composition rocks, which are meta-
gabbro (having will developed metamorphic fabrics) and mylonitic and ultra-mylonitic meta-
volcanics, seems to be basalts. The third unit consists of a thick horizons of deformed masses
of Banna Formation meta-sediements (talc carbonate schist, graphitic phyllite, garnet mica
schist and chlorite mica schists). These units in the study area are deformed and separated by
numerous thrust imbricate faults (Fig. 3.3). The ultramafic rocks units (dunites, pyroxenites
and serpentinites) are sandwitched between the Banna Formation and gabbroic rocks units
and ultramafic rock units thrusted over both. Thick horizons of (approximately 25-35m thick
and 150m long) brecciated zone and gouge were observed along the contact of ultramafic
and mafic rock units. The chromite mineralization is restricted to dunites in the form of layers
and disseminated patches (Fig. 3.4). Dominantly consist of layered and lenticular to massive
granules lenses of chromite. Mostly disseminated chromite grains found along the
mineralized bodies of dunites. There is no chromite mineralization seen in pyroxenites and

less in serpentinized zone.

The study area is divided and sampled from three sections based on detailed
geological field observation, exposure and regional extensions of chromite bearing
ultramafic rocks which are, 1) the lower Pashto section, 2) middle Tandol-Pashto section and

3) the upper Pashto section.
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Breccieted Zone

Figure 3.3 Large scale photo showing different units
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Figure 3.4 Chromite mineralization in dunite body

3.3.1 Lower Pashto Section

The section consists of altered and highly deformed ultramafic rocks e.g.
pyroxenites, serpentinite and chromite bearing dunites (Figs. 3.5, 3.6 and 3.7), weathered
color of these rocks is yellowish-brownish while fresh color is light green to dark grey. The
rocks are highly jointed and fractured some patches deformed to brecciated masses and
altered into serpentinized zones. Pyroxenite are directly in contact with dunites as shown in
sketch, (Fig. 3.8) having light grey greenish to dark green in color with coarser interlocking
crystal of pyroxene in hand specimen. Chromite mineralization is restricted to dunites in the
form of layered and smaller granular lenses. There is no continuity seen in these smaller
chromite lenses in the bodies while dissemination of chromite grains is found nearly whole
body of the dunites (Fig. 3.9). The deformation is so intense that deformed and altered whole
rocks and presence of thick pile of breccia at contact with chromite bearing ultramafic rocks
(Fig. 3.10).
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Figure 3.7 Field photograph showing alteration of dunites into serpentinite. Relics of dunite are

clearly visible
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Figure 3.8 Study area sketch showing different rocks units



Figure 3.9 Chromite lenses in sheared dunite body
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3.3.2 Middle Tandol-Pashto section

This section consists of various types of ultramafic-mafic and metasedimentary rocks
and almost covered all three lithological units of the study area. The ultramafic rock exposed
in the area are chromite bearing dunites, which are deformed and altered to serpentine masses
(Fig. 3.13). Mostly of the rocks are covered by loose soil and vegetative cover. The exposed
mafic rocks are gabbro, green stone (meta-volcanics) and metasedimentary rocks which are
graphitic schist, chlorite schist, talc carbonate schist and quartzites of Banna Formation (Fig.
3.14). The meta-gabbro are highly deformed, weathered and having well developed
metamorphic fabrics. The meta-volcanics (greenstone) unit is highly sheared, deformed and
having disseminated pyrite cubes in entire exposed body (Fig. 3.12). Meta-gabbro and Banna
Formation having faulted contact with chromite bearing ultramafic rocks (Fig. 3.11). Layered
chromite mineralization found in the host rock, smaller euhedral to subhedral chromite grains
scattered around the body of ultramafic rock along with thin lenses of chromite (Fig 3.15)

Ultramafic rocks

Figure 3.11 Contact between ultramafic and meta-gabbro



Figure 3.12 Disseminated pyrite cubes in meta-volcanic rocks
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Figure 3.14 Meta-sedimentary rocks of the Banna Formation
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3.3.3 Upper Pashto section

The upper unit dominantly consists of highly deformed weathered and altered masses
of Cr-bearing ultramafic rocks (Fig. 3.16). The weathered color of Cr-bearing ultramafic
rocks is yellowish to brownish while fresh color is light green to greenish grey. Pyroxenites
lenses are also associated with the dunites but no visible chromite mineralization seen in this
unit. The lower contact is with talc carbonate schist and dunites (Fig. 3.17). Smaller
discordant chromitites layered and lenses with massive-granular and nodular textures were
found in dunite body. At some places, chromitite lenses are displaced and form S-shape
banding within the dunites (Fig. 3.18).
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Figure 3.17 Contact between dunites and talc schist
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Chromite

Figure 3.18 (a) Displacement of chromite lens (b) S-type folding in chromite lens (c) Nodular
chromite in dunite rocks (d) (Diss) Disseminated, (nod) nodular and (grn) granular chromite in dunite

body

3.4 Laboratory work

The representative rocks collected from area of investigations were cut into thin
sections (Fig. 3.19a) and X-ray Fluorescence Spectroscopy (XRF) was done at Chinar Mines
and Minerals Lab, Industrial Estate Hattar, Haripur Pakistan (Fig. 3.19b).
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Figure 3.19a Thin section under petrographic microscope
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Figure 3.19b Samples preparation for XRF analysis in geochemical lab

35 Petrography

Petrography is an important tool used for identification of minerals, naming rocks and
the texture. A total of 13 relatively representative samples of dunites, pyroxenites, meta-
gabbros and meta-basalts were taken from different rock units in three different sections of
the study area. Details of the petrographic study is given in the following paragraphs.
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3.5.1 Dunites

Dunites of the area are inequigranular, fine grained and porphyritic. They comprise
60-70 vol.% olivine. The rest of minerals include orthopyroxene, clinopyroxene, amphibole
and opaque minerals. The olivine shows alteration to antigorite. Opaque minerals. Metallic
ore minerals are layered with in the dunites. Antigorite has been noticed in fine grain ground
mass and along fractures. Amphibole noticed as lenticular prisms with in the rocks but in
minor amount. One grain of olivine shows inclusion of clinopyroxene which indeed rimed
with olivine. Rotated olivine phenocryst are embedded in ground mass of fine grained
olivine. A large phenocryst of olivine is embedded in ground mass of olivine. The opaque
minerals amount 10-20% by volume and occur as euhedral to subhedral in ground mass of
olivine and filled fractures. (Figs. 3.20, 3.21, 3.22).

3.5.2 Pyroxenites

The pyroxenites rocks are medium-grained and porphyritic. They comprise
clinopyroxene, orthopyroxene, olivine, and antigorite. Clinopyroxene contains exsolved
blebs of orthopyroxene, and show twinning. The clinopyroxenes are micro-boudinaged with
resorbed margins. The clinopyroxene phenocryst are of oval shaped that may preserved due
to resorption. Clinopyroxene shows sympletite texture. Orthopyroxene is also altered partly
into antigorite. Phenocryst of diopside and clinopyroxene are embedded in ground mass. The
exsolution lamellae are also noticed. Anastomosal structure are formed with pyroxene
phenocrysts. Pinched and swell (micro boudinage) structure are formed around the pyroxene
phenocrysts having fine grained ground mass of pyroxene. Phenocryst of clinopyroxene are
dominant up to 40-45% while orthopyroxene is 15-20% with minor amount of olivine,

antigorite and opaque minerals (Figs. 3.23 and 3.24).
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3.5.3 Meta-gabbros

Gabbros are coarse grained, partially altered, foliated and fractured. They are
composed of plagioclase up to 40-45 vol.% and clinopyroxene up to 30% while the epidote,
chlorite, sericite and opaque are in less amount. Plagioclase are prismatic, ophitic to sub
ophitic. Plagioclase is albite twinned and partially altered to sericite. Slender prismatic to
bladed hornblende crystals have also been noticed. The clinopyroxene which seems to be
augitic-diopside are prismatic and acicular amounting to 30% by volume. Hornblende
crystals having oblique cleavage with pyroxene relics were also observed. Secondary quartz

and epidote grain are also seen in the rock (Fig. 3.25).

3.5.4 Meta-basalts

These rocks are fine grained, foliated, sheared and intensely altered. Minerals
identified are mainly pyroxene, plagioclase, amphibole partially altered to chlorite and
actinolite, tremolite. Sodic amphibole which is dominant is bluish. Pyrite cubes in
disseminated are disseminated. Feldspar occur as microperthite (minor) and plagioclase with
mermykite texture. Feldspars constitute up to 35% by volume. Plagioclase is highly altered
to sericite (Fig. 3.26). The rock seems to be alkali basalt and/or glaucophane schist.
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Figure 3.20 Petrographic observations of dunites section of lower Pashto from the AAK. (a) An
olivine phenocryst showing inclusion of clinopyroxene. Ground mass is occupied by fine grained
olivine with some constituent pyroxene. Micro-fractures occur in crisscross orientation which are
filled by opaque minerals possibly chromite. (b) The ground mass is occupied by fine to medium
grained olivine with minor amount of pyroxene. The chromite phenocryst of euhedral to subhedral
are embedded in ground mass of olivine. (c) XPL photograph showing olivine phenocryst having
micro-fractures in two directions while the ground mass is occupied by fine grain olivine minerals.
(d) The PPL showing olivine phenocryst having micro-fractures in two directions while the ground
mass is occupied by fine grain olivine minerals. (e) Fine to medium grained olivine with minor
amount of pyroxene having micro-fractures. The needle like structure is amphibole. (f) Fracture is
filled by opaque minerals and showing alteration of olivine into serpentine mineral antigorite. The
ground mass is occupied by fine grained olivine and minor amount of pyroxene. Chromite are present

as phenocrysts
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Figure 3.21 Petrographic observations of dunites section of middle Tandol-Pashto from the AAK.
(a) Ground mass is occupied by fine grained olivine mass having micro-fractures. Olivine phenocryst
show clock-wise rotation. (b) Rock is fine to medium grained which is sheared and deformed. The
euhedral to subhedral chromite phenocrysts are embedded in ground mass of olivine with pyroxene
phenocryst. (c) A large phenocryst of olivine is embedded in ground mass of olivine. Alteration of
olivine into antigorite is seen. (d) Criss-cross orientation of fractures filled by opaque minerals and
antigorite. Ground mass is occupied by fine to medium grained olivine with minor amount of
pyroxene. (e) Fine to medium grained olivine with minor amount of pyroxene having micro-fractures.
The needle like mineral is amphibole. (f) Fine grained olivine in ground mass with pyroxene

phenocryst






37

Figure 3.22 Petrographic observations of dunites section of upper Pashto from the AAK. (a) Rock is
fine grained having olivine phenocryst which make a structure of pitchout in XPL view. (b) Rock is
fine grained having olivine phenocryst which make a structure of pitchout in PPL view. (c) Olivine
phenocryst is embedded in ground mass of olivine which is altered along margins into antigorite.
Pyroxene phenocrysts are also noticed. (d) Euhedral to subhedral Chromite phenocryst are embedded
in ground mass of olivine. Micro-fractures are filled by opaque minerals which are altered into
antigorite. (e) Acicular amphibole embedded in ground mass with micro-fractures which are filled
with opaque minerals. (f) Two sets of fractures cross each other filled antigorite. The ground mass is

of olivine with minor amount of pyroxene
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Figure 3.23 Petrographic observations of pyroxenites section of lower Pashto from the AAK. (a)
Large pyroxene phenocryst is embedded in ground mass of fine grained pyroxene which shows
symplectitic texture (pyroxene symplectite). The upper portion of pyroxene phenocryst is partially
resorbed in XPL view. (b) Large pyroxene phenocryst is embedded in ground mass of fine grained
pyroxene which shows symplectite texture (pyroxene symplectite). The upper portion of pyroxene
phenocryst is partially resorbed in PPL view. (c) The large phenocryst of pyroxene is showing
exsolution lamellae. The green color phenocryst are augite embedded in ground mass of fine grained
pyroxene in XPL view. (d) The large phenocryst of pyroxene showing exsolution lamellae. The green
color phenocryst are augite embedded in ground mass of fine grained pyroxene in PPL view. (e)
Prismatic orthopyroxene completely replaced by aggregate of serpentine minerals (Bastite texture).
Phenocryst of diopside are embedded in ground mass of pyroxene. (f) Phenocryst of augite,
orthopyroxene as well as opaque minerals are present in fine grained ground mass. Olivine is altered

into serpentine (antigorite)
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Figure 3.24 Petrographic observations of pyroxenites section of lower Pashto from the AAK. (a)
Orthopyroxene of bastite texture with serpentine and chlorite are shown. (b) Highly deformed and
altered pyroxene phenocryst embedded in fine grained ground mass of pyroxene. (c) Anastamosal
structure are formed with pyroxene phenocryst. Serpentine are also noticed. (d) Phenocryst of
orthopyroxene and clinopyroxene are embedded in fine grained mass of pyroxene. (e) Pinch and swell
(micro boudinage) structure are formed around the pyroxene phenocryst having fine grained mass of
pyroxene. (f) Phenocryst of orthopyroxene, clinopyroxene and some opague (chromite) are embedded

in fine ground mass of pyroxene
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Figure 3.25 Petrographic observations of meta-gabbro’s section of middle Tandol-Pashto from the
AAK. (a) Showing both altered (saussuritized) and relatively fresh plagioclase. Plagioclase is highly
altered in sericite. (b) Grey color is plagioclase with albite twinning (oikocryst) having some
pyroxene inclusions. (c) Pale brown color, slender prismatic to bladed hornblende crystals having
oblique cleavage with both altered (saussuritized) and relatively fresh plagioclase. (d) Hornblende
crystals having oblique cleavage with pyroxene relicts in ground mass. (¢) Monocrystalline quartz
embedded in in ground mass with phenocryst of clinopyroxene, altered plagioclase and epidote grain
are also visible in XPI view. (f) Monocrystalline quartz embedded in in ground mass with phenocryst

of clinopyroxene, altered plagioclase and epidote grains are also seen in PPI view
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Figure 3.26 Petrographic observations of meta-basalt section of middle Tandol-Pashto from the
AAK. (a) Fine grained foliated, sheared and intensely altered rocks having phenocryst of pyroxene.
Sodic amphibole is dominant in bluish color. Pyrite cubes in disseminated form are also seen. (b)

Phenocryst of quartz, pyroxene and plagioclase are embedded in fine grained ground mass.
Plagioclase is altered into sericite. (c¢) Micro-folding in laminated or flakey minerals having
phenocrysts of pyroxene and quartz. Plagioclase are also noticed in ground mass in XPL view. (d)
Micro-folding in laminated or flakey minerals having phenocryst of pyroxene and quartz. Plagioclase
are also noticed in ground mass in PPL view. (e) Micro-folding in muscovite. Altered pyroxene
phenocrysts are also noticed in ground mass in XPL view. (f) Micro-folding in muscovite. Altered

pyroxene phenocrysts are also noticed in ground mass in PPL view



Table. 3.1: Location and details of samples studied from the AAK.
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S. Samples Rock Units  Type of Coordinates Mineralogical composition (Vol. %).
No No. Analysis
1 AAl Dunites XRF 34°54'45.28"N,;
73°02'29.01"E
2 AA2 Dunites XRF 34°54'44.49"N,;
73°02'29.44"E
3 AA3 Dunites XRF 34°54'45.49"N;
73°02'29.04"E
4 AA4 Dunites XRF 34°54'46.27"N,;
73°02'29.04"E
5 AA5 Dunites XRF 34°54'45.38"N;
73°02'28.73"E
6 AAG Dunites XRF 34°54'47.50"N;
73°02'28.90"E
7 AA7 Pyroxenites XRF 34°54'35.22"N;
73°02'24.41"E
8 AA8 Pyroxenites XRF 34°54'34.94"N;
73°02'23.91"E
9 AA9 Pyroxenites XRF 34°54'34.23"N;
73°02'24.73"E
10 AA10 Pyroxenites ~ XRF 34°54'35.23"N,;
73°02'25.73"E
11 AAll Pyroxenites ~ XRF 34°54'36.62"N,;
73°02'24.44"E
12 AA12 Pyroxenites  XRF 34°54'35.00"N;
73°02'24.61"E
13 AA13 Pyroxenites ~ XRF 34°54'35.95"N,;

73°02'23.92"E
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14 AAl4 Dunites Thin section 34°54'38.07"N; Ol (60%), Cpx (5%), Amp (5%), Opq (28%), with
73°02'22.59"E minor Ant.

15 AA15 Dunites Thin section 34°54'37.32"N; Ol (65%), Cpx (10%), Srp (14%), Tr (5%), Opq (5%),
73°02'23.28"E with minor Amp.

16 AA16 Dunites Not 34°54'16.88"N;

Analyzed 73°03'24.30"E

17 AA17 Pyroxenites  Thin section 34°54'32.22"N; Px (65%), Ant (25%), Opq (14%), with minor Cpx,
73°03'21.41"E and Ol.

18 AA18 Pyroxenites  Thin section 34°54'30.10"N; Px (50%), Cpx (40%), Opx (2%), Opq (5%), Ol (2%),
73°03'20.69"E PI (0.5%), with minor Aug.

19 AA19 Pyroxenites ~ XRD 34°54'32.15"N;
73°03'21.56"E

20 AA20 Pyroxenites ~ XRD 34°54'30.18"N;
73°03'20.80"E

21 AA21 Meta-gabbros XRF 34°55'16.18"N;
73°02'10.80"E

22 AA22 Meta-gabbros XRF 34°55'17.31"N;
73°02'09.60"E

23 AA23 Meta-gabbros XRF 34°55'17.69"N;
73°02'11.04"E

24 AA24 Meta-gabbros Thin section 34°55'17.67"N; Pl (40%), Cpx (30%), Opq (10%), Ep (10%), Qz
73°02'10.58"E (4%), Chl (3%), with minor Ser, Ab and Ttn.

25 AA25 Meta-gabbros Thin section 34°55'15.80"N; Pl (49%), Cpx 25%), Opg (8%), Ep (7%), Chl (5%),
73°02'09.45"E Qz (3%), with minor Ab, and Ser.

26 AA26 Meta-gabbros XRD 34°55'16.53"N;
73°02'10.52"E

27 AA27 Meta-basalts XRF 34°55'09.49"N;
73°02'11.05"E

28 AA28 Meta-basalts XRD 34°55'11.70"N;
73°02'10.04"E

29 AA29 Meta-basalts XRD 34°55'12.30"N;
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73°02'11.59"E

30 AA30 Meta-basalts  Thin section 34°55'13.80"N; Amp (50%), Fsp (30%), Ep (12%), Ms (3%), Qz
73°02'09.79"E (2%), with minor Opq, Pl and Px.

31 AA31 Meta-basalts  Thin section 34°55'14.80"N; Amp (42%), Fsp (28%), Px (13%), Pl (7%), Ep (5%),
73°02'08.79"E Qz (2%), with minor Act, Chl and Or.

32 AA32 Meta-basalts XRD 34°55'13.56"N;
73°02'08.24"E

33 AA33 Dunites XRF 34°55'41.36"N;
73°02'01.93"E

34 AA34 Dunites XRF 34°54'19.55"N;
73°02'04.23"E

35 AA35 Dunites XRF 34°55'40.48"N;
73°02'0.67"E

36 AA36 Dunites XRF 34°55'44.84"N;
73°02'03.68"E

37 AA37 Dunites XRF 34°55'45.78"N;
73°02'04.10"E

38 AA38 Dunites XRF 34°55'39.61"N;
73°02'0.75"E

39 AA39 Dunites XRF 34°55'39.61"N;
73°02'1.75"E

40 AA40 Dunites Thin section 34°55'38.55"N; Ol (55%), Px (7%), Amp (5%), Opq (30%), and minor
73°02'2.23"E Srp and Ant.

41 AA41 Dunites Thin section 34°55'40.48"N; Ol (60%), Px (10%), Amp (5%), Ant (15%), Opq
73°02'3.67"E (10%).

42 AA42 Dunites Thin section  34°55'45.84"N; Ol (70%), Cpx (7%), Amp (3%), Opq (20%).
73°02'5.68"E

43 AA43 Dunites Thin section 34°55'46.78"N; Ol (50%), Ant (10%), Px (5%), Opq (35%).
73°02'6.10"E

44 AA44 Dunites Thin section 34°55'42.61"N; Ol (65%), Px (12%), Amp (6%), Opq (15%), with
73°02'2.75"E minor Ant and Srp.
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45 AA45 Dunites XRD 34°55'44.61"N;
73°02'2.75"E

46 AA46 Dunites XRD 34°55'36.16"N;
73°02'0.53"E

a7 AA4T Dunites XRD 34°55'48.55"N;

73°02'2.23"E
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CHAPTER 4

X-RAY DIFFRACTOMETER AND GEOCHEMICAL ANALYSES

4.1  X-Ray Diffraction (XRD)

X-ray diffraction analyses are used to detect specific minerals in the powdered
samples from different rocks units of Allai Area of Kohistan (AAK). In this well-known
technique, sample is powdered, placed on a slide and then put sample into X-rays chamber
where sample is bombarded by X-rays. In this technique powdered sample crystal are
randomly orientated in such a manner that some of which particles fulfill Bragg’s diffraction
criterion and oriented toward the X-ray beam. To detect the angle and intensity of diffracted
beam radiation counter is used. The intensities were plotted digitally on recorder, attached
with system of XRD based on relative motion of the goniometer circle counter. This method
can continuously record the beams’ of relative intensities and diffraction angles in order to
figure out the specific minerals and its crystal interpretation. The essential characteristics of
an XRD analyzer are the X-ray source, detector, and samples. The angle alpha (2) is defined
when the source and detector rotate around the sample, which is a fixed point. Some of the
XRD results show minerals which have not been observed in thin sections, e.g., in dunite
sample No. AA16, a staurolite peak has been shown, which may be due to matrix effect or
overlapping of peaks. There are other rare mineral peaks, which may be proxies for other

accessary minerals observed in the thin sections and not detected in the XRD analysis.
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Figure 4.1 X-ray diffraction patterns show minerals assemblages of the dunites sample no AA16.
The major mineral constituents include forsterite, lizardite, maghemite and magnetite.
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Figure 4.2 X-ray diffraction patterns shows minerals assemblages of the dunite sample no AA17.
Major minerals identified include forsterite and lizardite.
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Figure 4.3 X-ray diffraction patterns shows minerals assemblages of the dunite sample no AA45.
Major minerals include forsterite, antigorite, lizardite and maghemite.
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Figure 4.4 X-ray diffraction patterns shows minerals assemblages of the dunite sample no AA46.
The major minerals identified are forsterite, lizardite, maghmeite and magnetite.
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Figure 4.5 X-ray diffraction patterns shows minerals assemblages of the dunites sample no AA47.
Major minerals include forsterite, fayalite, antigorite, chrysolite, lizardite and diopside.
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Figure 4.6 X-ray diffraction patterns shows minerals assemblages of the pyroxenites sample no
AA19. Diopside and augite are the dominant detected minerals.
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Figure 4.7 X-ray diffraction patterns shows minerals assemblages of the pyroxenites sample no
AA20. Diopside and augite are the dominant detected minerals.
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Figure 4.8 X-ray diffraction patterns shows minerals assemblages of the meta-gabbros

sample no AA26. Clinochlore and quartz are the dominant detected minerals in XRD peaks.
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E]Magnesionombiende - Na.46Ca1.7Mg3.44Fe1.72A11.08Si6.92023(0H) - S-Q 7.7 % - Y: 13.14 %
%|clinochlore - (Mg2.96Fe1.55Fe.136A11.275)(Si2.622A11.376010)(OH)8 - S-Q 9.0 % - Y: 20.22 %

[Mcorundophilite - Mg5.0Al.6F e.4Si2.5A11.5010(0H)8 - S-Q 7.8 % - Y: 13.40 % - Triclinic
= [Epidote - Ca2AI2.60F€0.40Si3013H - S-Q 4.8 % - Y: 8.90 % - Monodlinic

Actinolite - (Mg,Ca,Fe,Na,Al,Mn, Ti)7(Na,K)0.16(SiAl)8022(OH)1.4F0.46 - S-Q 6.6 % - Y: 11.00 %
[W]ciinochiore I1b-2 - (Mg,Fe)5AI(Si3AI)O10(OH)8 - S-Q 5.7 % - Y: 8.91 % - Monoclinic
[W]Pargasite - NaCa2(Mg,Fe)AI(SiBAI2)022(0H)2 - S-Q 6.7 % - Y: 10.69 % - Monoclinic
[®]Bytownite - Ca0.86Na0.14A11.94Si2.0608 - S-Q 13.4 % - Y: 16.56 % - Triclinic

Orthoclase - (K.931Na0.055Ca.009Ba.005)(AI0.97Si3.0308) - S-Q 8.7 % - Y: 11.57 % - Triclinic
| Amphibole - AI3.2Ca3.4Fe4.02K0.6Mg6NaSi12.8044(OH)4 - S-Q 7.0 % - Y: 14.07 % - Monoclinic

Figure 4.9 X-ray diffraction patterns shows minerals assemblages of the meta-basalt sample no
AA32. Major minerals identified are clinochlore, amphibole, albite and epidote.
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4.2  Geochemistry

4.2.1 Analytical techniques

A total of 25 samples from mélange sequence were analyzed for major and trace
elements to find out origin of the rocks of the area (Tables 4.1 and 4.2). The following

paragraphs describe the geochemistry of the analyzed rock samples.

4.2.2 Major oxides composition

The data of major elements and trace elements are given in Tables 4.1 and 4.2. Based
on SiO; as fractionation index against other major and trace element oxides, binary diagrams
have been constructed showing their behavior during (to see elemental associations)

magmatic crystallization (Figs. 4.10 and 4.11).

4.3  Elemental composition

Chromite (the focus of this study) is only detected in dunites ranging from 0.49-1.81
wt.%. The chromite values in other rocks is below 0.2 wt.%. The average value of nickel in
dunites and pyroxenites is 0.3%. The meta-gabbros and meta-basalt have the Ni value of 100
ppm. The Cobalt value is restricted to dunites up to 150 ppm. Copper have the same value in
all types of rocks, its average value is 120 ppm. There is no zinc detection in pyroxenites
whereas the remaining rocks have the average value up to 100 ppm. The elements vanadium
and tin have average value of 180 ppm and detected in all types of rocks. The element
strontium is detected in both meta-gabbro and meta-basalt its average value is 200 ppm while
zirconium and yittrium are only detected in meta-basalt have the average value of 150 ppm
(Figs. 4.10 and 4.11).



Table 4.1: Whole rock major (in wt. %) and trace element (in ppm) analyses of dunites rocks of the AAK

Chromite bearing dunites

SSNo [AA1 |AA2 [AA3 | AA4 [AA5 | AA6 [ AA33 | AA34 [ AA35 | AA36 | AA37 | AA38 | AA39
Major elements (wt%b)

Sio2 29.47 ] 205 21.98 [19.82 |34.9 32.33 [3039 |[322 20.5 36.1 2751 | 2268 |[30.22
TiO2 2.56 2.05 2.35 2.25 2.56 2.54 2.52 2.5 2.53 2.55 2.54 2.52 2.5
Al203 | 1.53 0.25 0.7 0.38 0.29 2.01 1.89 0.82 2.16 0.89 2.55 2.39 0.54
Fe203 | 9.4 6.25 5.98 7.67 9.5 8.91 9.34 9.5 9.3 10.6 1204 [11.92 |10.44
MnO | 4.56 4.5 455 4.47 452 4.48 4.56 451 45 453 4.55 457 452
MgO |3264 [22.89 |[2373 |[2522 [4065 |[3837 |[4189 |421 42.1 4258 [30.89 [2733 [39.73
CaO 35 4.07 3.81 3.6 4 3.92 3.69 3.7 3.6 4.2 3.57 3.01 3.7
K20 0.02 0 0.03 0.02 0 0.03 0.03 0.01 0.02 0 0.04 0.04 0.02
Mgt 0.78 0.79 0.80 0.77 0.81 0.81 0.82 0.82 0.82 0.80 0.72 0.70 0.79
Trace elements (ppm)

Cr 12.46% | 1.14% [ 1.12% | 3.09% | 5800 4900 527% | 4.98% [ 13.28% | 9900 13.22% [ 18.13% | 2.03%
Co 200 100 200 100 100 200 100 100 200 0 200 300 100
Ni 4100 2700 2200 3000 2200 2900 3100 3000 2800 2600 3300 3200 2000
Cu 100 100 100 200 100 200 100 100 100 100 100 100 100
Zn 100 0 100 0 0 100 200 100 100 100 100 200 0

Vv 200 0 300 0 0 200 200 100 300 0 400 300 0

La 200 0 0 0 0 0 0 0 0 100 0 0 0

Sn 300 0 100 0 200 100 100 300 300 200 0 0 0
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Table 4.2: Whole rock major (in wt. %) and trace element (in ppm) analyses of pyroxenites, meta-gabbro and meta-basalt rocks of the AAK

Pyroxenites

Meta-gabbros

Meta-basalts

S. No ‘ AAT | AA8 AA10 AAll AA12 AA13 AA21 AA22 AA23 AA27 AA28 AA29
Major elements (wt%b)

SiO2 42.92 41.74 44.49 32.79 34.39 38.98 47.85 41.83 44.56 48.95 38.53 42.68
TiO2 2.57 2.36 2.43 2.53 25 2.54 2.8 2.88 2.76 3.6 3.43 3.54
Al203 2.41 2.23 2.1 2.93 2.38 2.23 14.21 11.25 12.38 11.37 7.77 9.67
Fe203 8.2 7.22 6.8 8.23 7.98 8.68 12 12.07 11.98 13.93 13.4 12.89
MnO 4.51 4,52 45 4.5 4.48 4.53 4.54 4.53 4.44 4.6 4.58 4.98
MgO 24.74 23.86 21.58 17.19 19.84 21.32 6.89 3.87 4.78 8.53 6.77 7.86
CaO 12 11.04 13.06 9.52 10.88 11 7.5 8.05 7.79 7.8 8.28 8.98
K20 0.02 0.03 0.01 0.05 0.06 0.09 0.05 0.07 0.06 0.06 0.04 0.03
P205 - - - - - - - - - 1.81 1.84 1.8
Mg# 0.75 0.77 0.76 0.68 0.71 0.71 0.36 0.24 0.29 0.38 0.34 0.38
Trace elements (ppm)

Cr 3400 2500 5400 1800 2600 1900 200 100 100 700 400 300
Ni 300 200 300 300 200 300 100 100 200 100 100 100
Cu 100 200 0 100 100 200 100 100 200 100 100 100
Zn - - - - - 100 100 100 200 100 100 200
\% 200 300 100 100 200 100 400 200 100 400 200 100
Sn 300 200 300 200 300 400 200 300 100 200 300 200
Sr - - - - - - 300 300 200 100 100 100
Zr - - - - - - - - - 200 200 100
Y - - - - - - - - - 100 100 200
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4.5  Graphical presentation of the analytical data

In Figures 4.10 to 4.15, the analyses are shown on several geochemical diagrams that

are explained as follows:

Plotting the major element oxides and trace elements against the SiO> content helps
to understand the fractionation pattern and level of rock modification. In general, Al,O3, K20,
TiO2, Fe203, and V shows increase, whereas, MgO, Ni, and Cr show decrease with increasing
SiO2. In comparison, the CaO vs SiO2, Co vs SiO2 and Mg vs SiOz plots display the data
scattered across the plot (Figs. 4.10 and 4.11).

The examined rock exhibits a tholeiitic affinity (Irvine and Baragar 1971) in the AFM
((Fe203 + TiO2) — Al203 — MgO) ternary diagram (Fig. 4.12a). The AFM diagram displays
the meta-gabbros and meta-basalt plotting in the tholeiitic series, while the dunites and
pyroxenites cluster over the arc-related ultramafic cumulus plotting in the komatiites series.
Similar to this, on the ACM (Al>03-Ca0-MgO) ternary diagram, the dunites and pyroxenites
plot in the ultramafic cumulate field and the meta-gabbros and meta-basalt in the mafic
cumulate fields (Fig. 4.12b) (Coleman, 1977).

Binary diagram of Ni versus MgO after Pfeifer (1990) six dunite rocks plot in the
lherzolite field while the remaining shows scattering and the pyroxenites plot in the
pyroxenite field (Fig. 4.13a). Binary variation diagrams of MgO ratios versus the Al>O3
shows fields of ophiolitic gabbros and basalts, as well as in MORB field (Fig. 4.13b). Data
from the AAK are shown for comparison with data from elsewhere and show that the meta-
gabbros samples plot in ophiolitic gabbro domain while the meta-basalt samples occupy the
ophiolitic peridotite field. Le maitre et al. (1989) classified the different magma types into
three series depending on the potassic ratio. The present rocks data of dunites, pyroxenites,
meta-gabbro and meta-basalt plot in the low-K tholeiitic series field (Fig. 4.13c). The plots
of MgO and SiO- against Al>O3 show that almost all analyses fall within the field of orogenic
peridotite (Bodinier and Godard, 2014; Laouar et al 2017).

The Binary plots of MgO/SiO. vs Al.03/SiO. (data normalized to 100%) the
representative samples from AAK are lies below and above the terrestrial melting array and
shows the positive correlations although there is a slight deviation of the pyroxenites samples



64

below the terrestrial array which indicate a slight loss of MgO while the dunites samples plot
above the terrestrial array in scattered form shows a positive correlation (rich MgO) of binary
plot show the correlation between SiO2 vs Fe2O3/MgO, which indicates the representative
samples of dunites, pyroxenites, meta-gabbro and meta-basalts plot in tholeiitic fields as they

are enriched in Fe and Mg values showing positive correlation (Figs. 4.14a and 4.14b).
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Figure 4.12 (a) AFM ternary plot of the analyzed samples. The boundary between the tholeiitic and
komatiites fields (vertical black line) shows that mafic rocks samples lie in tholeiitic series while the
ultramafic lies in komatiites series. (b) ACM ternary plot for the analyzed samples, suggesting
ultramafic to mafic cumulate origin for the studied rocks. In both these diagrams the meta-basalts and
meta-gabbros plot as mafic cumulates, whereas the dunites and pyroxenites as ultramafic cumulates
field (Coleman, 1977).
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CHAPTER 5

DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

5.1 Discussion

5.1.1 Petrographic classification diagrams

Ultramafic rocks comprises olivine, orthopyroxene, and clinopyroxene minerals
whereas gabbros contain plagioclase, pyroxene and olivine. Classification and nomenclature
of ultramafic rocks is shown in Table 3.1. Based on petrographic analysis, the olivine-bearing
rock samples lie in dunites domain whilst others in their respective fields according to their
mineralogical composition (Fig. 5.1a). Figure 5.1b shows the classification of the studied

rocks into clinopyroxenites and gabbros.



-~

(1)

2 =.

Harzburgite =y
Wehrlite =

=

o

w

Lherzolite
Olivine 40 —_—
Ortho

pyroxene e -
e

=

Olivine Websterite S

o
90 =
-

2

f
90
Opx " Websterite Cpx
[b] Cpx
A Dunites

Oliovine
Clinopyroxene

Olivine gabbro

troctolite
Pl 10 920 Px

¢ Pyroxenites
Meta-gabbro

72

Figure 5.1 (a) and (b) Classification diagram for mafic and ultramafic rock varieties (after

Streckeisen, 1974).
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5.1.2 Deformation effect

The rocks of the investigated area are sheared and mylonitized with relict igneous
texture. The deformation might be related to tectonic emplacement of these bodies and/or
due to the presence of strike slip faults in the area of investigation. Similarly, the petrographic
and textural studies suggest epidote amphibolite metamorphic grade for meta-gabbros and

meta-basalts (e.g., Banaras and Ghani, 1982).

5.1.3 Magmatic differentiation

The bulk composition of the rocks control by fractionation and accumulation of the
crystals which show in the systematic variation of major and trace elements from ultramafic
to mafic sequence. The analyzed samples exhibit the fractionation trend which is
characterized by decreasing the value of compatible elements, along with Mg# decreasing
from ultramafic to mafic composition and also inverse correlation of trace elements with SiO>
(Figs. 4.10, 4.11 and 4.12). The accumulation of olivine (£ pyroxene) which related to the
fractionation processes shows by the high values of MgO > 20 wt.% combine with Mg# value
in dunites and some pyroxenites (Kelemen et al., 2003). As compared with mafic
composition, the ultramafic rocks have the highest values of Cr and Ni, indicating the
accumulation of olivine and chromite (Tables. 4.1 and 4.2). The removal of ultramafic
cumulates like olivine, pyroxene and spinel accumulation from the magma indicating by the
increasing values of CaO and Al>Oz and decreasing values of MgO and Fe>Os together with
alkalis from ultramafic to mafic composition (Parkinson and Pearce, 1998). The AFM
diagram indicates that the rocks may genetically be related but due to fractionation of olivine
and pyroxene from magma may enrich Fe/Mg in the meta-gabbros and meta-basalts thus
plotting them in the tholeiitic series. The dunites and pyroxenites cluster over the arc-related
ultramafic cumulates plotting them in the komatiite domain (Fig. 4.12). Similar to this, on
the ACM (Al,O3-Ca0-MgO) ternary diagram, the dunites and pyroxenites plot in the
ultramafic cumulate field and the meta-gabbros and meta-basalts in the mafic cumulate fields
(Coleman, 1977). The ultramafic rocks display chemical correlated variation similar to those

exhibited by the majority of mantle peridotite suites throughout the world, such as increasing
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Al>03 with decreasing MgO, traditionally ascribed to partial melting, and increasing Al.O3
with increasing CaO, TiO2, which is a characteristic of variable degrees of partial melting
and melt extraction (Frey et al., 1985; Fabrie s et al., 1998).

5.1.4 Petrogenetic model

The studied rocks of Allai Area of Kohistan are genetically related in space and time.
The petrographic study reveal that the basaltic rocks are alkaline containing sodic amphiboles
and the geochemistry of the mafic rocks resemble MORB and/or OIB composition. The
examined ultramafic rocks exhibit a cumulate signature suggesting fractional crystallization
from the primitive basaltic source. It seems that there may be an array of fractionation from
mafic to ultramafic rocks. The mylonitic and micro-anastomosal texture in minerals indicate
that the rocks were sheared to represent tectonic slivers of the ophiolitic mélanges. The
chromite mineralization in dunites is in the form of layers, dissemination and fracture filled

suggesting primary (magmatic crystallization) and secondary as fractured filled.
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5.2  Conclusions
Based on the present research, following conclusions are drawn.

1. The dunites, pyroxenites, meta-gabbros and meta-basalts of the Allai Area of Kohistan occur
in the ophiolitic mélange zone of the Main Mantle Thrust as tectonic slivers. The rocks are
deformed, altered, mylonitized, anastomosed and foliated due to tectonic emplacement and/or
strike slip faulting and metamorphism.

2. The presence of alkali amphibole in meta-basalt suggest alkaline magma source and/or blue
schist presence and the MORB-type composition of meta-gabbro suggest the ocean floor
signatures.

3. Chromite mineralization has taken place only in dunites. The maximum concentration of

chromite recorded is up to 18 wt.% chromium metal, which is not economically viable.

5.3 Recommendations

For knowing the economic potential of chromite, further investigation through
geophysical surveys and core drilling in the study area is recommended in the study area.
Moreover, a detailed geochemical survey is also recommended to explore deeper insights for
the extent, quality, and economic viability of the chromite and other associated metallic

minerals.
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