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Abstract

The detrital modes of twenty-five sandstone samples from Triassic Wulgai Formation have been studied
in Zhob and Qila Saifullah districts of Balochistan province in order to determine their provenance and
tectonic setting. The sandstone is mostly fine- to medium-grained. Quartz is the most abundant framework
grain in sandstone, while heavy minerals include rutile, tourmaline, staurolite, zircon, and hornblende.
Among the lithic fragments, metamorphic lithic fragments are the most abundant rock fragments. The
sandstone of the Wulgai Formation is classified as quartz arenite (Q96F4L0.2). The Qt-F-L (Qt96F4L.0.2)
and Qm-F-Lt (Qm96F3Lt1) plots show the craton interior as the source terrain for the sandstone, in which
metamorphic and plutonic terrains were the most dominant sources. The very-high content of
monocrystalline quartz indicates high maturity of the sandstone, which may be attributed to quartz-rich,
acidic igneous and high-grade metamorphic terrains. The most quartzose sands are usually derived from
stable craton interiors having low relief.
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1. Introduction and 2), where a Triassic-to-Pleistocene
sedimentary and volcanogenic succession

Mesozoic rocks of Pakistan show great crops out (Table 1) (Kassi et al., 2009). These
variation in lithology and thickness and are  rocks are exposed in a series of E-W and ENE-
widely exposed across the country. Mesozoic ~ WSW trending, thrust-bound, folds (Jadoon et
rocks are also well exposed in the Kirthar and al., 1994; Reynolds, 2015). The stratigraphic
Sulaiman Fold-Thrust belts (KSFTBs) in framework and tectonic history of the area are
Balochistan and attain thicknesses of over  theresult of the India's rifting from Gondwana,
thousands of meters (Fig 1). Disconformities drifting and collision with Asia (Powell, 1979;
between the Triassic and Jurassic successions Brookfield, 1993; Beck et al., 1995; Hodges,
are not very pronounced in KSFTB as in the 2000). Deposition of marine sediments (now
northern belts of Pakistan, and in many cases, exposed in the SFTB) took place on the western
the sedimentation is believed to have been  margin of the Indian Plate in Paleo- and Neo-
unhindered throughout Triassic and Jurassic Tethys before and after its separation from
periods (Fatmi, 1977; Manan, 2014). The Afro-Arabian Plate (Manan etal., 2012); the ten

Hunting Survey Corporation (HSC; Jones, kilometers-thick successions accumulated
1961) mapped and described for the first time during the pre-rift, syn-rift and drift phases
the Triassic succession of the Sulaiman Fold- (Jones, 1961; Kassietal., 2009).

Thrust Belt (Wulgai Formation). Later

Maldonado et al. (2011) modified and digitized Triassic Wulgai Formation, is the oldest

the HSC map (Jones, 1961) at a 1:250,000 formation exposed in the Sulaiman and Kirthar
scale, covering the entire belt. The Triassic ranges (Jones, 1961). It is estimated to be 1180
Waulgai Formation is largely composed of thin ~ m thick in the type section (Wulgai, Khanozai
to medium limestone interbedded with shale area — Williams, 1959). The main lithologies
and occasionally sandstone beds (Manan, are the limestone and the shale. Manan et al.
2014). The study area falls in the western part of ~ (2012) described for the first time sandstone
the Sulaiman Fold-thrust Belt (SFTB) (Figs 1 embedded in the Wulgai Formation from the
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Feroz-e-Kan (Nisai area) and Ziarat Morh
(Quetta-Ziarat road junction) sections in the
western Sulaiman Fold-Thrust Belt.

This work studies the composition and
detrital modes of sandstone in the Wulgai
Formation in SFTB (Qila Saifullah and Zhob
districts) in order to determine the provenance
and tectonic setting of the source area. A

number of studies have proposed the Indian
shield as the source terrain for the siliciclastic
component of the Jurassic-Upper Cretaceous
succession (Manan et al., 2012; Kassi et al.,
1991; Sultan and Gipson, 1995; Umar et al.,
2011). However, Indian shield has not been
assessed as a possible source area for the
sandstone of the Triassic Wulgai Formation.
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Fig. 1. Generalized geological map of the western part of Pakistan
showing the position of the Pishin Belt and of the study area
(modified after Bender and Raza, 1995).
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Fig. 2. Geological map of the study area showing the Triassic-Pleistocene rocks of the western Sulaiman

Fold-Thrust Belt (modified after Jones, 1961).
2. Geological setting

About 170 million years ago (my) the
Indian Plate detached from Gondwana
Supercontinent and started drifting towards
Eurasia (Powell, 1979; Chatterjee et al., 2013).
It collided with the Kohistan Island Arc around
55 my, and later with the stationary Eurasian
Plate occurred about 30 my (Searel et al., 1997;
Copley et al., 2010). This led to the closure of
the northern part of the Neo Tethys Ocean in the
Eocene/Oligocene and the opening of the
remnant ocean in the southwest (Katawaz
remnant ocean), which remained open up to the
Miocene (Qayyum et al., 2001). The collision
of India with Eurasia produced uplfting, folding
and thrusting, and led to the formation of the
Himalayan Mountain Chain and the KSFTBs.
The latter represent the southwest branch of the
Himalayas, (Davy and Cobbold, 1988;
Klootwijket et al., 1994; Haq and Davis, 1997;
Igbal and Khan, 2012). The Bela-Waziristan
Ophiolite belt borders the KSFTBs to the west,
and further westward flysch-molasse sediments
of the Katawaz basin are exposed. The Indian
Plate is bounded to the west by the Chaman
transform boundary with its major faults (i.e.
Chaman, Ghazaband and Ornach-Nal faults),
which truncates the Katawaz basin, and to the
east by the Indus Plain.
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The SFTB is the southwestern extension
of the Himalayan belt in Pakistan (Bannert et
al., 1993; Jadoon et al., 1994; Bender and Raza,
1995; Jadoon and Khurshid, 1996; Kazmi and
Jan, 1997). The SFTB is bounded to the west by
Zhob valley ophiolite and Pishin belt, which are
in turn bounded by the Chaman-Nushki Fault
Zone (Kasi et al., 2012; UL-Hadi et al., 2013;
Crupa et al., 2017). To the east, the belt is
bounded by Indus Plain (Figs 1 and 2).

3. Stratigraphy

The western part of the SFTB contains
over thousands of meters thick succession of
sedimentary and volcanic/volcano-clastic
rocks that are Triassic to Recent in age (Table 1)
(Waheed and Wells, 1990; Kassi et al., 2009).
Williams (1959) introduced the name Wulgai
Formation for the Middle and Upper Triassic
rocks, which are exposed in the SFTB. Type-
locality of the Wulgai Formation is the
homonimous village in Khaznozai area (Pishin
District), where it is 1180 meters thick. The
base of the unit is not exposed anywhere in
SFTB. The formation is dominated by
shale/mudstone with subordinate interbedded
micritic and arenaceous limestone, and/or
siltstone. The limestone is grey to dark grey,
brownish grey when weathered, micritic, hard
and at places recrystallised and sparitic. The
limestone displays the characteristics of distal



turbidites (Kassi, 1986; Kasi and Khan, 1993;
Kasi and Khan, 1997) and are rhythmically
interbedded with shale. The sandstones in the
studied sections are light grey, thick to very
thick bedded, display lenticular geometry, and
have erosive bases. The sandstone is massive to
trough cross-bedded and channelized. The tops
of beds are mostly bioturbated. The sandstone
of'the Wulgai Formation occurs as thick solitary
channels or as stacked channels as in Nawe Oba
Section. The succession is also intruded by
dolerite sills and dykes (Kerr, 2010).

The lower boundary of the formation is
not exposed while the passage to the overlying
Jurassic succession (i.e. Loralai Formation) is
well exposed and transitional (Fatmi, 1977).
The Wulgai Formation is sparsely fossiliferous.
In particular, Columbites sp., has been reported
in the lower part, whereas Halorites sp., Jovites
sp., Pararcestes sp., Arietoceltites sp., Halobia
sp. and Monotis salinaria have been reported in
the upper part. On the basis of these fossils,
Fatmi (1977) assigned an Early to Late Triassic
age to the Wulgai Formation.

4. Material and methods

Sandstone was systematically sampled
from the Wulgai Formation in various sections
around the Zhob District (Figs 2 and 3). Twenty-
five thin sections of fine- to medium-grained

were selected for point-counting, including
eight from the Zhob City Section (N 31°20.419',
E 069° 28.386") (ZCJI: Zhob City Jurassic
Ismail), three from the Hassu Bandh Section
(ZHIJI: Zhob Hasu Band Jurassic Ismail), nine
from the Nawe Oba Section (N 31° 27.036', E
069° 21.206") (ZNJI: Zhob Naweoba Jurassic
Ismail) and five from the Feroz-e-Kan Section.
The selected samples were point-counted using
a Pelcon Automatic Point Counter, mounted on
Leica DM 750 P Microscope, at the Center of
Excellence in Mineralogy University of
Baluchistan Quetta. One thousand points were
counted in each thin section using the Gazzi-
Dickinson method (Gazzi, 1966; Dickinson,
1970). The components were grouped according
to the petrographic groups of Zuffa (1980).
Recognition of grains was attained with the
confidence of almost all grains, therefore, one
thousand counts per thin section yielded
statistically reliable values for all the
parameters. Point-count data was recalculated to
get their percentages. The components selected
for point-counting include mono-crystalline
quartz, poly-crystalline quartz, K-feldspar,
plagioclase, micas, accessory minerals, lithic
fragments (i.e. sedimentary, metamorphic,
volcanic rocks) and cement, which are defined
in Tables 2 and 3. In order to avoid more than one
counting of larger clasts, the point counts were
setat 0.4 mm and traverse at 2 mm apart.

Table 1. Stratigraphic succession of the western Sulaiman Fold-Thrust Belt.

Age Formation

Lithology

Pleistocene Lei Conglomerate

Conglomerate, sandstone.

Miocene-Pleistocene Urak Group

Sandstone, claystone and
conglomerate.

Angular Unconformity

Middle- Late Eocene Spintangi Formation

Limestone, shale and sandstone.

Early Eocene Ghazij Formation

Claystone, sandstone,
conglomerate, limestone and coal
seams.

Palacocene Dungan Formation

Limestone and shale.

Late Cretaceous

Pab formation / Moro Formation / Fort
Munro Formation / Oxidized
Transitional Succession / Hanna Lake
limestone / Bibai Formation

Sandstone, siltstone, shale,
limestone, in-situ basic volcanic
rocks, volcanic conglomerate,
volcanic breccia and mudstone.

Early-Middle

Parh Limestone / Goru Formation /

Limestone (bio-micritic), marl and

Cretaceous Sembar Formation shale.

Disconformity
Jurassic Loralai Formation Limestone and minor shale.
Triassic Waulgai Formation Shale, limestone and sandstone.
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5. Results
5.1 Petrology of Sandstone

The sandstone is mostly fine-grained;
however, medium-grained facies occur. It is
moderately to well sorted and is mostly tightly
packed (Fig 4). Grains are sub-angular to well-
rounded, have low sphericity (Fig. 4a), and
have straight, sutured or concavo-convex
contacts with each other; moreover the
sandstone is mostly tightly packed (Fig 4b).
The competent grains have often penetrated the
incompetent grains in the tightly packed
sandstone. Detrital quartz and feldspar are the
most common mineral constituents. Other
minerals include are muscovite, biotite, opaque
minerals and heavy minerals. Various types of
lithic fragment are also present. The most
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common cement is calcite; however, hematite
and chlorite cements are also present. The main
features of the mineral constituents, cements
and lithic fragment are described below:

4.1.1 Quartz

Quartz is the most abundant framework
grain in sandstone. It includes both mono-
crystalline and poly-crystalline types but
mono-crystalline quartz (Fig 4c) is very
common as compared to the poly-crystalline
quartz. The mono-crystalline quartz grains
exhibit both undulose and non undulose
extinction. Euhedral crystals of the authigenic
mono-crystalline quartz have also been
observed (Fig 4d). Quartz grains are commonly
replaced by calcite cement, which corrodes the
boundaries of the mono-crystalline quartz.
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Fig. 1. Sedimentary logs showing the sandstone succession of Triassic Wulgai
Formation, Zhob District. (A-B) Nawe Oba Section; (C) Zhob City
Section; (D to G) Hasu Band Section.
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Table 2. Detrital modes of the Triassic Wulgai Formation. Abbreviations used in the table stands for Q
(Quartz), Qm (Quartz mono), Qp (Quartz poly), Qt (total quartz), F (Feldspar), P (Plagioclase), K
(Potassic feldspar), L (Lithic fragments), Lt (Total lithic fragments), Lm (Meta lithics), Lv (Volcanic
lithics), Ls (Sedimentary lithics), Lvm (Meta-volcanic lithics), Lsm (Meta-sedimentary lithics).

aS:::itlons Q% | F% | L% | Qm% | F% | Lt% | Qm% | P% | K% | Lm% | Lv% | Ls% | Qp% | Lvmn% | Lsm% | Qt% | F% | L%
samples

Zhob Ci

ZCJ-11 99 05 | 05 97.5 0.5 2.0 99 05 | 05 100 0 0 67 0 33 99 0.5 0.5
ZCJ-10 100 0 0.0 97 0.0 3.0 100 0 0 0 0 0 100 0 0 100 0.0 0
ZCJ-08 99.7 0 0.3 99.7 0.0 0.3 100 0 0 100 0 0 0 0 100 100 0.0 0
ZCJ-07 | 99.6 0 0.4 99.6 0.0 0.4 100 0 0 100 0 0 0 0 100 100 0.0 0
ZCJ-05 90 10 0 86 10 4.0 90 3 7 100 0 0 97 0 3 90 9.8 0.2
ZCJ-04 99 05 | 05 99 0.5 0.5 99 0.1 0.9 100 0 0 33 0 67 99 0.5 0.5
ZCJ-03 99 04 | 0.6 97 0.5 2.5 99.5 0 0.5 100 0 0 73 0 27 99 0.0 1
ZCJ-02 | 99.8 0 0.2 99.6 0.0 0.4 100 0 0 100 0 0 33 0 67 100 0.0 0
Zhob Newoba . _ _ _ _ _ _ _ _ _ _ _ _ _

ZNJ-11 98 2 0.0 97.6 2 0.4 98 0.5 1.5 0 0 0 100 0 0 98 16 | 04
ZNJ-10 97 3 0.0 96 3.4 0.6 96.5 1.5 2 0 0 0 100 0 0 96.6 34 1 0.0
ZNJ-09 94 6 0.0 93 6.1 0.9 94 27 | 33 0 0 0 100 0 0 94 6.0 | 0.0
ZNJ-08 99 04 | 0.6 99 0.0 1 100 0 0 100 0 0 0 0 100 99 0.0 1
ZNJ-07 92 78 | 02 91 8 1 92 2 6 0 0 100 80 0 20 92 7.5 0.5
ZNJ-06 94 58 | 02 93 5.6 1.4 94 27 | 33 50 0 50 83 0 17 94 5.7 0.3
ZNJ-05 93 6.9 | 0.1 92 6.9 1.1 93 2 5 0 0 100 90 0 10 93 6.5 0.5
ZNJ-03 93 7 0.0 92 7.4 0.6 93 14 | 56 0 0 0 100 0 0 93 7.0 | 0.0
ZNJ-02 91 89 | 0.1 88 9 33 91 22 | 6.8 100 0 0 97 0 3 91 8.5 0.5
Zhob Hassu Bandh

ZHJ-10 99 09 | 0.1 99 0.5 0.5 99 0 0.5 0 0 100 80 0 20 99 0.5 0.5
ZHJ-09 | 99.8 | 02 | 0.0 99 0.1 0.9 100 0 0.2 0 0 0 100 0 0 99.8 0.2 0.0
ZHJ-03 93 6.9 | 0.1 92 6 2 93 2 5.1 100 0 0 93 0 7 93 6.5 0.5
Feroz-e-Kan

F-24 96 36 | 04 99 5 5 96 2 2.0 67 0 333 40 0 60 96 36 | 04
F-23 96 39 | 0.1 100 0 0 96 1 2.4 100 0 0 67 0 33 96 3.8 0.2
F-19 94 5 1 98 0 2 95 1 4 67 17 17 57 7 36 94 5 1
F-15 96 4 0.0 99 1 0 96 1 3.1 0 0 0 100 0 0 96 4 0.0
F-14 94 59 | 01 99 5 5 94 3 33 100 0 0 83 0 17 94 6 0
Mean 96 4 0.2 96 3 1 96 1 2 55 1 16 71 0 29 96 4 0
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Fig. 4. Photomicrographs of sandstones of the Wulgai Formation showing a) fine-grained,
subrounded and moderately sorted sandstone 10x2.5, XPL; b) tightly packed quartz grains
10x2.5 XPL; c¢) well rounded monocrystalline quartz grains, 10x20, XPL; d) authigenic
quartz crystals, 10x40, XPL; e) replacement of quartz grains by calcite cement; f)
polycrystalline quartz grains with more than three sub crystals, 10x20, XPL.
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Partial to full replacement of quartz grains
by calcite cement leaves behind relics of the
original grains (Fig 4e). The poly-crystalline
quartz is usually composed of more than three
subgrains, having straight or sutured contacts
(Fig 4f). Some mono-crystalline quartz grains
can also show authigenic quartz overgrowth
(Fig 5a). Boehm lamellae in the quartz are the
sub parallel lines of very small bubbles; they are
the product of intense deformation of quartz
grains (Fig 5b). Some quartz grains also show
strain marks. The quartz grains show mineral
inclusions of rutile, tourmaline, zircon, and
opaque minerals (Fig 5c and d).

4.1.2 Feldspar

The feldspar is an important mineral
group in sandstone, which includes both K-
feldspar and plagioclase. The feldspar was
differentiated from quartz on the basis of its
twining, cleavage planes and cloudy
appearance, which arises from alteration.
Plagioclase is more abundant than K-feldspar.
K-feldspar includes perthite and orthoclase
(Fig 5e), whereby the orthoclase occasionally
shows Carlsbad twining while the plagioclase
grains show characteristic albite-type twining
(Fig 5f), low relief and oblique extinction.

4.1.3 Micas

Micas include muscovite, biotite and
chlorite. The muscovite characteristically
displays highly bright birefringence (Fig 6a),
whereas biotite is brown to dark brown with
pleochroic halos. Both have parallel extinction
and moderate to variable relief. The alteration
of biotite flakes to chlorite is common, in some
cases they are completely chloritized. Mica
flakes have regularly been squeezed, deformed
and broken between competent quartz grains
due to compaction (Fig 6b).

4.1.4 Accessory minerals

Heavy and opaque minerals are the main
accessory minerals. The heavy minerals
include rutile, tourmaline, staurolite, zircon,
and hornblende. Tourmaline displays
pleochroism when rotated and changes its
colour from different hues of green to pink (Fig
6¢). Staurolite has very high relief (Fig 6d).
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Hornblende is also pleochroic and varies from
green to brown hues. Zircon is usually present
in the form of very small crystals with high
relief (Fig 6e). Tourmaline and zircon are the
most common among the heavy minerals.

4.1.5 Cement

The binding material of the sandstone of
the Wulgai Formation includes mainly calcite
and, subordinately chlorite, hematite, clay and
quartz cements. Calcite is the most common
cementing material, fills the voids in the form
of micrite (Fig 6f), sparite and poikilotopic
calcite (Fig 7a). The calcite crystals typically
exhibit rhombohedral cleavages (Fig 7a). The
chlorite and clay cement usually follow the
outline of quartz grain (Figs 7b and c). The
quartz cement occurs in the form of authigenic
overgrowth at the rim of detrital quartz (Fig 7d),
and is appreciable in most of the thin sections
(see Fig 7d for an example). This is particularly
clear in tightly packed sandstones, where
dissolution at the boundary of quartz grains
resulted in overgrowth of quartz cement. Iron
oxide cements coating over entire grain or
along the grain margins are also frequent.

4.1.6 Lithic fragment

Rock fragments of the study sandstones,
include sedimentary, igneous and metamorphic
rocks. Metamorphic lithic fragments are
predominant in lithic association, followed by
the igneous rocks and, subordinately, by
sedimentary lithics. Metamorphic lithic
fragments include phyllite and schist (Fig 7e),
while igneous fragments include granite and
rhyolite. Chert, zebraic-chalcedony and
mudstone are among the sedimentary lithics (Fig

7).
4.2 Setrital modes3

The composition of the sandstone is
primarily influenced by the composition of the
source rocks, therefore, the modal analysis of
the detrital framework grain is commonly used
for provenance analyses (Dickinson, 1970;
Dickinson and Suczek, 1979; Dickinson et al.,
1983). The affiliation between the depositional
basin and provenance is governed by the Plate
tectonics. The compositional fields, which



characterize the different provenances, are different authors.
shown on the triangular diagram proposed by

Fig. 5. Photomicrographs of sandstones of the Wulgai Formation showing; a) the authogenic
overgrowth of the monocrystalline quartz, 10x20, XPL; b) boehm lamella in
monocrystalline quartz, 10x20, XPL; ¢) mineral inclusions (encircled) in monocrystalline
quartz, 10x20, XPL; d) needle-like mineral inclusion in monocrystalline quartz, 10x40,
XPL; e) K-feldspar grains, 10x10, PPL; f) plagioclase feldspar showing albite-type
twinning, 10x10, XPL.
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Fig. 6. Photomicrographs of sandstones of the Wulgai Formation showing; a) muscovite flakes,
10x2.5, XPL; b) a broken muscovite grain, 10x20,XPL; ¢) a tourmaline grain, 10x40,
XPL; d) a staurolite grain 10x20, XPL; e) an elongated zircon grain, 10x20, XPL; f)
microcrystalline calcite 10x20, XPL.
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Fig. 7. Photomicrographs of sandstones of the Wulgai Formation showing; a) rhombohedral
cleavages in poikilotopic calcite cement, 10x20, XPL; b) chlorite cement 10x20, XPL; c)
clay cement 10x20, XPL; d) quartz cement in the form of quartz overgrowth surrounding
detrital quartz (black arrows) 10x20, XPL; e) schist fragment (encircled), 10x20, XPL; f)
chert fragment (encircled), 10x20, XPL.
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Twenty-one recalculated parameters have
been used to plot on six ternary diagrams, Q-F-
L, Qt-F-L, Qm-F-Lt, Qm-P-K, Lm-Lv-Ls and
Qp-Lvm-Lsm (Table 2 and 3), proposed by
Dickinson and Suczek (1979), Ingersoll and
Suczek (1979), Zufta (1980), Dickinson et al.
(1983), Ingersoll et al. (1984), Dickinson
(1985) and Pettijohn et al. (1987). In order to
classify the sandstone of the Wulgai Formation,
the scheme proposed by Pettijhon et al. (1987)
has been used to plot the recalculated
percentages of the sample in Q-F-L ternary
diagram. In this diagram the Q represents both
the poly-crystalline and mono-crystalline
quartz, F represents the total feldspar including
K-feldspar and plagioclase feldspar, L
represents the sedimentary, metamorphic and
volcanic lithic fragments. The mean value is
Q96F4L0.2. Most of the sandstone samples of
the Wulgai Formation fall within the quartz
arenite field close to the Q-F leg (Fig 8a),
whereas some sample fall in the subarkose
field, still close to quartz arenite field.

The Qt-F-L triangular diagram (after
Dickinson and Suczek, 1979) is used for the
first order classification of provenance of the
sandstones. Dickinson and Suczek (1979)
described three tectonic settings, continental
block,

Table 3: Definitions of various grain parameters.

Q=Qm+Qp
Where Qm = monocrystalline quartz grains
Qp = polycrystalline quartz grains
Qt=Qm+Qp+C
Where Qt = total quartz grains
C = chert grains
F=P+K
Where F = total feldspar grains
P = plagioclase
K = K-feldspar grains
L=C+CF+Ls+Lm+Lv
Where L = lithic fragments
C = chert fragments
CF = carbonate fragments
Ls = sedimentary lithic fragments
Lm = metamorphic lithic fragments
Lv = volcanic lithic fragmnets
Lt=Qp+C~+CF+Ls+Lm+Lv
Where Lt = total lithic fragments
Lsm=C+ CF+Ls+Lm
Lvm = Lv + metavolcanic lithic
fragments
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Table 4: Ranges and mean values of the various
minerals and rock fragments of the Triassic
Waulgai Formation (western Sulaiman Fold-
Thrust-Belt, Pakistan).

Components Triassic sandstone
Range % | Mean %

Quartz total 45-95 76.8
Qurtz mono 44-95 76
Quartz poly 0-3.5 0.784
Feldspar total 0-9 3.104
K-feldspar 0-6.2 2.16
Plagioclase 0-0.3 0.944
Mica 0-3 0.772
Accessory Minerals 0.3-1.1 0.592
Cement 1.5-55 18.616
Rock fragments total 0-0.6 0.152
Igneous fragments 0-0.1 0.004
Sedimentary fragments 0-0.2 0.028
Metamorphic fragments 0-0.4 0.12

The continental block provenances were
further subdivided by Dickinson and Suczek
(1979) into three groups: craton interior,
uplifted basement and transitional between
craton interior and uplifted basement in Qm-F-
Ltdiagram. All the analyzed samples of Wulgai
Formation fall into the craton interior field of
the Qm-F-Lt triangle plot (Fig 9a). In particular,
the mean values are Qm96F3Lt1, showing very
high mono-crystalline quartz content and
negligible values for lithic fragments (Lt) and
feldspar (F) (see also Table 4).

The Qm-P-K triangular plot (after
Dickinson, 1985) use only major mineral
framework grains. The Qm-P-K plot of the
sandstone show that the percentage of the
monocrystalline quartz (Qm) is very high as
compared to both plagioclase (P) and K-
feldspar (K) and the entire samples plot near to
the Qm pole, close to the Qm-K leg (Fig 9b).
For the Wulgai Formation the mean values is
Qm96P1K3 (Table 2).

The Lm-Lv-Ls triangular plot of Ingersoll
and Suczek (1979) and Suczek and Ingersoll
(1985) uses only the lithic fragments in order to
classify sandstone. The Wulgai Formation is
rich in metamorphic lithic fragments, and low
in sedimentary and volcanic lithic fragments
(mean values Lm55Lv1Ls16).
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The Lm-Lv-Ls triangular plot (Fig 10a)
shows that most of the samples fall in the field
of suture belts along the Lm-Ls leg. This plot
also indicates that the lithic fragments mainly
derived from metamorphic and sedimentary
source rocks. The Qp-Lvm-Lsm triangular
diagram (after Dickinson and Suczek, 1979;
Ingersoll and Suczek, 1979; Dickinson et al.
1983) is also valuable to differentiate among
the detrital modes of suture belts, magmatic arc
and rifted continental margins. Qp-Lvm-Lsm
triangular plot (Fig 10b) for the study
sandstones shows that all the samples plot
within the field of rifted continental margin.
Mean values of Wulgai Formation is
Qp71LvmOLsm?29 and the samples plot along
the Qp-Lsmleg (Fig 10b).

5. Provenance
The sandstone petrology of the Wulgai

Formation indicates that their detritus has
mainly been derived from metamorphic and
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igneous terrains. The high amount of
monocrystalline quartz, which show non-
undulose and undulose extinction, indicates
that the grain derived from a plutonic igneous
source (Blatt, 1967). The presence of heavy
minerals such as zircon, tourmaline, staurolite
and rutile also supports contribution from
acidic igneous sources (Gallala et al., 2009).
The Qt-F-L and Qm-F-Lt diagrams show the
craton interior as source terrain for the
sandstones of the Wulgai Formation. The Qm-
P-K ternary diagram shows that the Wulgai
Formation is rich in monocrystalline quartz and
poor in feldspars, which indicate the arenite
nature for the sandstone. Despite the very low
content of lithic fragments in the Wulgai
Formation, the latter are very essential for
determining the type of source terrain for
sandstones (Graham et al., 1976). For the
Wulgai Formation the Lm-Lv-Ls and Qp-Lvm-
Lsm plots show that the lithic detritus of the
Wulgai Formation mainly derived from
sedimentary and metamorphic source terrains.
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6. Discussion

Indian Plate was part of the Gondwana
super-continent during the Triassic and Jurassic
periods. It started rifting from Gondwana in the
Early Cretaceous (Powell et al., 1988; Norton
and Sclater, 1979; Schettino and Scotese,
2005). The shield-shaped Indian Plate collided
with the Eurasian Plate (Tibet) in the Eocene,
after travelling northwards for 6000 km,
forming the Himalayan fold and thrustbelt (Lee
and Lawver, 1995; Rowley, 1998; Hodges,
2000; DeCelles et al., 2002; Zhu et al., 2013;
Leech et al., 2005; Szulc, A. G., 2006). The
Indian Craton, which lies to the east-south east
of SFTB, is believed to be the source of d etritus
for Wulgai sediments. The Indian Craton in
Pakistan consists of several inliers of
Precambrian basement rocks of the Kirana
Group in Sargodha-Shakot area and
Precambrian Nagar Parkar Igneous Complex in
Nagar Parkar, Thar (Kazmi and Jan, 1997). The
Kirana Group is composed of metasedimentary
and metavolcanics phyllites, slates, quartzites
and subordinate volcanics (Davies and
Crawford, 1971). Igneous rocks of Nagar
Parkar are classified into metabasites, acid
dykes of rhyolite/quartz trachyte in
metabasites, grey granite, pink granite and
mafic dykes (Kazmi and Jan, 1997). The
northwestern boundary of Indian Plate
remained passive in the vast Tethys Ocean until
collision (Ali and Aitchison, 2008). The
Triassic Wulgai Formation and Jurassic Loralai
Formation show a gradual progradational trend
from deep marine to shallow marine
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environments and ultimately emergence, as
represented by the disconformity between the
Jurassic Loralai Formation and Jurassic-Lower
Cretaceous Sember Formation (Kassi et al.,
2009). Modal analysis of the Jurassic Loralai
Formation (Manan, 2012), Late Cretaceous Pab
and Mughal Kot formations in SFTB (Kassi et
al.,, 1991; Sultan and Gipson, 1995; Sarwar,
2001) also indicates the same source for the
clastic detritus of these formations. The Indian
Craton remained the source terrain for the
sediments of SFTB until the collision of Indian
Plate with Eurasian Plate; later the emerging
Himalayas became the major source of detritus
to remnant parts of Neo-Tethys ocean (Qayyum
etal.,2001).

7. Conclusion

Sandstone of the Wulgai Formation is
fine- to medium-grained quartz arenite. Quartz
and feldspars are the most common mineral
constituents, monocrystalline quartz and
plagioclase being abundant among them.
Metamorphic lithic fragments are predominant
in lithic association, followed by the igneous
rocks and, subordinately, by sedimentary
lithics. The Qm96F3Lt1 detrital modes indicate
that sandstones of the Triassic Wulgai
Formation were fed by the Craton interior. The
Indian Craton, which lies to the east of
Sulaiman Fold-Thrust belt, is the most likely
source for the detritus of the sandstone, the
sandstone was recycled enroute to reach at the
destination, which was western passive margin
ofIndian Plate.
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