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ABSTRACT 

The sedimentary rocks of the Paleocene Hangu Formation in the Yadgaar Section of the Upper 

Indus Basin in northern Pakistan, have been the subject of an integrated field, petrographical, and 

sedimentological investigation. The goals of this study are to improve our understanding of the 

sedimentary environment, facies shifts, and the impact of tectonism on the genesis of the 

investigated sedimentary facies. A better understanding of the intricate relationships between the 

aforementioned factors will clarify whether the regional tectonic drive has partial control over or 

complete command of the sedimentation processes. The results of this study shows that the Hangu 

Formation consists of four facies: bauxite, sandstone, coal, and limestone. The bauxite deposits 

formed in a karst environment with severe chemical weathering in a humid to extremely humid 

climatic setting. Thin coal laminae indicate a peatland environment that formed within a humid 

tropical climate. Sub-arkose, arenite, and arkose sandstone facies mark deltaic (sub-humid), 

coastal–near shore (humid to hot-humid), and high-energy fluvial (arid to semi-arid) sedimentary 

environments, respectively. Finally, the occurrence of marly limestone points towards deposition 

on a shallow marine carbonate platform within a coastal-brackish environment. The facies shift of 

the sediments provides evidence for a gradual transition from continental to marine conditions 

within the study area, together with episodic transgressive and regressive cycles as well as 

changing climatic and geomorphological conditions. In consequence, all these changes are 

controlled and shaped by the effects of Paleo-Tethys tectonism during the Indo-Eurasian intra-

oceanic subduction. This advancement through the current work helps in understanding tectonic-

sedimentary mechanics, i.e., how regional tectono-sedimentological processes influence the 

formation of sedimentary sequences. 
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Keywords: Facies shift; Lithofacies; Hangu Formation; regional tectonism; sedimentology; 

sedimentary environment 

1. Introduction 

The association of karst features with lateritic bauxite indicates an intricate geological history 

that includes multiple stages of weathering, erosion, and deposition (Gu et al., 2013) and reveals 

much about the paleoenvironment and paleoclimate in which both formed (Fig. 1). Karst 

landscapes develop in humid, water-rich climates due to the extensive dissolution of soluble 

carbonate rock by meteoric or groundwater (Kiaeshkevarian et al., 2020; Kelemen et al., 2022). In 

contrast, the genesis of bauxite, the world's main source of aluminum, indicates intense weathering 

of aluminosilicate-rich precursor rocks (such as basalt, etc.) in a tropical climate. Bauxite, a 

mixture of residual deposits of Fe-oxy-hydroxides, Ti-oxide, kaolinite, and Al-hydroxides, can be 

further subdivided into karst bauxite, sedimentary bauxite, and lateritic bauxite (Meyer, 2004; Sun 

et al., 2020).  

Lateralization, or tropical weathering, of in situ aluminosilicates results in the formation of 

lateritic bauxite. Surficial sedimentary processes may rework these lateritic bauxite deposits into 

sedimentary bauxites, which are essentially the products of proximal redeposition (Bogatyrev et 

al., 2009). Lateritic bauxite is economically the most important type of bauxite, providing >90% 

of the world’s bauxite resources (Fig. 1) (Nurhawaisyah et al., 2021). A karst bauxite profile 

commonly differs from a laterite profile. However, evidence for a protolithic carbonate rock is 

frequently eroded (Boni et al., 2013; Mondillo et al., 2021), and finding a carbonate bedrock at the 

base of a karst bauxite deposit is extremely rare. Furthermore, karst bauxite had previously been 

reported only from Paleozoic-Mesozoic rocks in the northern hemisphere and had not been found 

Jo
urn

al 
Pre-

pro
of



4 

Regional tectonism & physio-geological environments 

in Cenozoic rocks in the equatorial regions (Fig. 1) (Mondillo et al., 2021). A carbonate platform 

near the continental margin is an ideal environment for karst bauxite formation. Karstification of 

these deposits may result from deep weathering and Al-rich solution filling of carbonate and 

preexisting laterite (Combes, 1990; Basilone et al., 2017). 

Since bauxite forms during long periods of intense weathering, its presence within a 

stratigraphic sequence frequently indicates an unconformity, i.e., a period of weathering, erosion, 

and non-deposition. Bauxite deposits are typically associated with tectonic uplift. As a result of 

tectonic uplift, the precursor rock is exposed to the tropical climate, resulting in intense physical 

and chemical weathering. The weathered aluminum and iron mineral components may then be 

transported by gravity or water and eventually be deposited in low-gradient areas such as river 

valleys and coastal plains (Guyonnet-Benaize et al., 2010). As a result, the age of bauxite can 

reveal details about the tectonic history and paleoclimatic conditions of a region. Furthermore, 

bauxite deposits offer a potential target for the mining industry. 

[Fig. 1 about here.] 

 

Fig. 1. Global distribution of karst and lateritic bauxite and the location of the study region 

(modified after (Schulte and Foley, 2014). 

In the eastern margin of the Upper Indus Basin (UIB; Pakistan; Fig. 2A), the so-called Yadgaar 

Section was studied in the core of the Hazara Kashmir Syntaxis (HKS) (Fig. 2B) (Critelli et al., 

1990; Critelli and Ingersoll, 1994; Bilal et al., 2022a). The Yadgaar Section consists of the Hangu 

Formation, which incorporates bauxite deposits and associated sandstone, coal, and limestone 

deposits (Fig. 3). The Cambrian dolomite of the Abbottabad Formation marks the unconformable 
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lower contact, while the conformable upper contact of the Hangu Formation is marked by the shale 

and limestone of the Lockhart Limestone (Fig. 3). The interaction and transition of the different 

facies within the Hangu Formation may aid in interpreting the underlying paleoenvironmental and 

paleoclimatic conditions. A facies shift from a continental to a marine environment may be related 

to tectonic activities such as subsidence (Amorosi et al., 1999). It may further indicate supply 

variations of sedimentary influx, changing climatic conditions, and the existence of transgression-

regression cycles with or without active tectonism (McGowran, 2009; Hoentzsch et al., 2013). A 

careful consideration of all these factors before interpretations can help improve the accuracy of 

discussions of the sedimentary environments and facies shift. In particular, just before the 

Paleocene–Eocene Thermal Maximum (PETM; in the early Eocene), a continental-marine facies 

shift is known from the Indian continental margin (Li et al., 2022), which is characterized by the 

deposition of a mixed carbonate-siliciclastic rock sequence during the Eocene (Malekzadeh et al., 

2020; Al-Rajhi et al., 2021).  

[Fig. 2 about here.] 

   

Fig. 2. (A) A regional tectonic model and the location of the study area; (B) the tectono-

sedimentary setting of the Hazara Kashmir Syntaxis (HKS) (modified after (Bilal et al., 2022c). 

Previous researchers only conducted low-resolution investigations on the Hangu Formation 

and focused on very selective targets (Warwick et al., 1995; Munir et al., 2006; Baig and Munir, 

2007). Few authors have made an effort in the past to develop a general study on the stratigraphy, 

metamorphism, deformation, and economic significance of coeval rocks in the surrounding areas 

(Calkins and Matin, 1973; Chakrabarti, 2016; Ullah et al., 2018; Khan et al., 2022a). However, a 
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comprehensive sedimentological study using modern techniques and tools that describes the 

sequential shift of conditions from continental to marine and the respective deposition of the strata 

is still missing in the study area. A study focusing on petrography, sedimentology, and 

paleoclimate could thus provide new, much-awaited tectono-sedimentological information. 

Therefore, this contribution aims to provide new information on the paleo-tectonic setting, the 

sedimentary environment, and shifts therein of the Hangu Formation and their relationship to the 

Cenozoic evolution of the Neo-Tethyan Ocean (Critelli and Martín-Martín, 2022; Jafarzadeh M et 

al., 2022; Martín-Martín et al., 2023). The work to achieve these goals includes integrated field 

work and petrological analysis of the Yadgaar Section’s bauxite and associated sandstone, 

limestone, and coal deposits. The results of this contribution are expected to reveal the dynamics 

of continental–marine facies transitions in such a way that their interpretations, including their 

economic merits, paleoenvironmental and paleoclimatic reconstructions. Moreover, the 

information on transgression-regression cycles, may be used as general standards that may help us 

to understand to what degree regional tectonics have control over the climate, the role of climatic 

conditions in defining the character of sedimentary facies, and the effect of regional tectonics on 

the sedimentary facies shift through the shaping of the sedimentary basin. 

2. Geological setting 

The Indus Basin (IB) of Pakistan is subdivided into upper, central, and southern subbasins by 

a series of NW-trending basement highs (Kadri, 1995). The IB consists of Precambrian to recent 

thick sedimentary sequences (Shah, 2009) above the Archean crystalline basement. These 

geological strata are significant because of the economic components they contain, such as gas 

(Craig et al., 2018), oil (Awan et al., 2021), bauxite/laterite, uranium, copper, and other important 
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metal deposits (Malkani et al., 2016). The UIB is located in the north of Pakistan and close to the 

adjacent Himalayas (Craig et al., 2018).   

2.1. Geological development of the Indus Basin 

In contrast to the Southern Indus Basin (SIB), where marine sedimentation occurred between 

the Mesozoic and Cenozoic (with a few Late Paleogene to Neogene exceptions), the UIB is defined 

by a 13-16 km-thick sequence that spans the Precambrian to the Holocene (Figure 3; (Afzal et al., 

2009)). The basement is made up of Proterozoic igneous and metamorphic rocks that are part of 

the Indian Shield (Khan et al., 2022b). These Precambrian rocks are unconformably overlain by 

Paleozoic clastic and non-clastic sedimentary sequences of the UIB that are delineated by the 

Khewra Trap in the Salt Range and the Tanaki basal conglomerate in the Hazara regions (Gaetani 

et al., 2004; Khan et al., 2022b).  

During the Paleozoic, sedimentary, metasedimentary, and metamorphic rocks formed in the 

UIB. Sandstones, mudrocks, fossiliferous limestones, and minor dolostones were deposited under 

deltaic conditions during this time (Yaseen et al., 2021). The Paleozoic rocks are further para-

conformably overlain by Mesozoic non-clastic and clastic marine sequences. During Triassic and 

Jurassic times, the UIB was characterized by deposition on a continental shelf (Shah, 2009). The 

platform sediments are well-developed, comprising limestones and dolostones with a high 

abundance of fossils. During the late Jurassic, there was an increase in ferruginous material, shale, 

and sandstone, suggesting the start of a regression phase in the basin. Together with the fall in sea 

level, a facies shift from marine to terrestrial conditions can be deduced (Malkani et al., 2016).  

From the Late Jurassic to the Cretaceous, sedimentation conditions remained largely constant 

(Khan et al., 2022b). The southern part of the UIB was characterized by sedimentation of carbonate 

rocks in a shelf environment, whereas the central and northern parts had already experienced 
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clastic and minor volcanic rock input, indicating terrestrial conditions (Shah, 2009; Chaudhuri et 

al., 2018; Chaudhuri et al., 2023). The Cretaceous sediments can be found broadly throughout the 

IB (DeCelles et al., 2014). The Paleogene was marked by a transition from continental to marine 

sequences, followed by a return to continental facies (Bilal et al., 2022a; Bilal et al., 2022b; Bilal 

et al., 2022c). This sequence is overlain by Neogene and Quaternary clastic molasse sediments and 

conglomerates (Mughal et al., 2018; Zaheer et al., 2022). 

2.2. Stratigraphy of the study area 

The study area is located in the northeastern corner of the UIB. Here, the Precambrian 

metasediments of the Hazara Formation indicate deep marine deposition of turbidites (Dar et al., 

2021). These rocks are overlain by the Abbottabad Formation, a Cambrian-aged cryptocrystalline-

algal dolostone that suggests a shallow subtidal to supratidal environment (Qasim et al., 2014). A 

large unconformity encompasses the entire time from the Ordovician to the late Cretaceous (Bilal 

et al., 2023), after which the Hangu Formation, representing renewed Paleocene sedimentation, 

can be found. The sediments of the Hangu Formation comprise bauxite, sandstones, limestones, 

and two coal seams below and on top of the sandstone (Munir et al., 2006). The Hangu Formation 

is the economically richest and most important unit in the IB. At least one recent study describes 

the bituminous coal within the formation (Qureshi et al., 2020). In a few areas, the shale of the 

Hangu Formation shows high potential as a source rock for both oil and gas in the IB (Khan et al., 

2022a). Shales were not encountered in the outcrops of the study area, though. This may be due to 

the presence of formation in a highly fractured zone, which may have displaced or eroded the shale 

from the outcrop.  

Regional coeval rocks are highly valuable in terms of their coal and hydrocarbon source 

potential (Calkins and Matin, 1973; Hakimi et al., 2013; Abbassi et al., 2016; Escobar et al., 2016; 
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Friederich et al., 2016; Khan et al., 2022a). So far, within the study area, the Hangu Formation has 

only been studied for biostratigraphy and its engineering properties and has not been evaluated 

thoroughly (Munir et al., 2006; Basharat et al., 2020). The regional importance of the Hangu 

Formation and the lack of sedimentological and petrological evaluation make this formation a 

perfect candidate for a detailed study. The Hangu Formation in the Yadgaar Section is overlain by 

thick Paleogene carbonate strata with a few clastic units representing a shallow shelf to deep 

marine sedimentary environment (Bilal et al., 2022a; Bilal et al., 2022b; Bilal et al., 2022c; Bilal 

et al., 2023). Above these Paleogene deposits, thick strata of sandstone and shale from the early 

Neogene Murree Formation blanket the older rocks in the area (Critelli and Garzanti, 1994; 

Mughal et al., 2018).  

2.3. Tectonic setting 

The IB lies on the north-west part of the Indian Plate (Bilal et al., 2022b). The basin 

experienced a history of tectonic events, due to which the basin shape experienced a morphological 

evolution (Kazmi and Jan, 1997). Due to this, the basin's present shape subdivides the basin into 

further sub-basins. The northern sub-basin is also known as the UIB (Kadri, 1995). The boundaries 

of the UIB are marked by the Main Boundary Thrust (MBT) toward the north and east (Shah, 

2009; Ehsan et al., 2021). In the south and west, several highs and the Kurram Thrust delineate the 

brinks (Badshah et al., 2000).  

During the Early Paleozoic, the Indian Plate formed part of Gondwana. During its northern 

drift, the plate experienced several tectonic events, such as rifting and uplift (Wang et al., 2021). 

The appearance of conglomerates during the Late Cretaceous reflects the presence of the Kohistan 

Island Arc (KIA) in the north of the basin, which came into being by an intra-oceanic subduction 

between the Indian and Eurasian plates during the Mesozoic era (Wang et al., 2015; Ullah et al., 
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2020a; Hameed et al., 2023). This oceanic arc (KIA) collided with the Indian Plate during the early 

Cenozoic at around 60 Ma (Chatterjee and Bajpai, 2016). The Tethys Trench between India and 

Eurasia continued to exist until close to the Paleocene/Eocene boundary, i.e., until the Indo-

Eurasian collision and the thrusting and active uplifting of the Himalayas (Critelli et al., 1990; 

Critelli and Ingersoll, 1994; Ullah et al., 2020b; Hameed et al., 2023).  

During this long-time drift from Gondwana towards the north and until the beginning of the 

Himalayan Orogeny, the Indian Plate experienced multiple events of rifting, uplifting, weathering, 

and erosion (Chatterjee and Bajpai, 2016; Wang et al., 2021; Hameed et al., 2023). This resulted 

in the formation of several unconformities and related strata in the IB (Shah, 2009). The intense 

erosional events of the Mesozoic rocks led to the formation of the Paleocene sedimentary sequence 

of the Hangu Formation in the Yadgaar Section.  

[Fig. 3 about here.] 

 

Fig. 3. (A) The lithology, sedimentary environments, and facies of the Yadgaar Section. 

3. Data and methods 

3.1. Field study 

The study area is located in Pakistan's Yadgaar Section, between Ghori-Patika village and 

Muzaffarabad city. The fieldwork comprised the description of the Hangu Formation and its 

relationship to the surrounding formations toward the top and the base. In outcrop, hand-specimen, 

and thin-section scales, a detailed facies analysis, including a textural study, was performed. For 

petrographic studies, fresh representative samples of bauxite, sandstone, and limestone were 
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collected. Thin-section preparation was carried out at the Institute of Geology, University of Azad 

Jammu and Kashmir (UAJ & K), Muzaffarabad, Pakistan. 

3.2. Petrographical study 

A petrographical study was carried out in the mineralogy/petrology laboratory of the UAJ & 

K. A polarizing microscope (Leica-DM 750P) and a stereo zoom microscope (Leica-S6D) (both 

from Leica Microsystems Ltd., Heerbrugg, Switzerland) were used to identify and record 

photomicrographs of the microfossils, calculate the modal mineralogy, and differentiate the 

different facies types in thin sections. A Leica-EC3 camera was used to take photomicrographs. A 

climate diagram was used to deduce paleoclimatic conditions (Suttner and Dutta, 1986). The 

sandstone composition was quantified according to (Folk, 1968). 

4. Results 

4.1. Field study 

The rocks of the Hangu Formation consist of bauxite, coal seams, sandstone, and limestone 

(Fig. 4A). The Yadgaar Section starts with ca. 1.7 m of bauxite. The color of this facies is dark 

gray to black in outcrop (Fig. 4B). An approximately 8 cm-thin black-colored coal seam is present 

above the bauxite (Fig. 4C). After this coal seam, a few beds of ferruginous sandstone (from 15 to 

300 cm in thickness) can be identified. The sandstone is fractured and displays blocky cracks in 

the outcrop (Fig. 4D). Limonite with a green color can be observed in some places near the base 

of the sandstone (Fig. 4C). The fresh color of the sandstone is light gray, whereas the weathered 

color is golden brown to dark brown in the outcrop (Figs. 4E–F and 5A–B). From the base toward 

the top, a gradual increase in bed size can be observed within the studied section (Fig. 3).  

[Fig. 4 about here.] 
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Fig. 4. Field images of the Hangu Formation facies suit. (A) the unconformable lower contact with 

Abbottabad Formation (Ab. Fm.: Abbottabad Formation; B1: Bauxite layer 1; B2: Bauxite layer 2; 

C1: Coal layer 1; Sf1: Sandstone facies 1); (B) bauxite and coal strata; (C) limonite from the 

sandstone leaching onto the lower coal deposit; (D) sub-Arkose sandstone beds; (E) and (F) coarse-

graines sub-arkose sandstone (length of the blue cap of the pen is 2.5 cm). For abbreviations, please 

see Fig. 3. 

Above the sandstone facies, another thick coal seam (ca. 2 m) appears. This coal seam is mainly 

mined and excavated from the type section, and only remnants can be observed (Fig. 5C). The top 

strata of the Hangu Formation consist of gray to dark brown micritic marly limestone near the 

upper contact (Figs. 5D and 5E). The thickness of this facies is ca. 40 cm in the studied section. 

The upper contact with the overlying Lockhart Limestone is rarely exposed due to dense vegetation 

and debris resulting from the mining activity in the Yadgaar Section. However, petrographic 

studies have shown that the lower part of the Lockhart Limestone is characterized by a micrite-

dominated mudstone-wackestone (Fig. 5F) (Bilal et al., 2022b).  

[Fig. 5 about here.] 

 

Fig. 5. Field images of the Hangu Formation facies suit. (A) arenite facies; (B) arkose facies; (C) 

coal facies; (D) framboidal pyrite transitioning into hematite, which further replaces bioclasts in 

the micrite matrix (PPL); (E) limestone facies with upper contact to the overlying Lockhart 

Limestone; (F) green algae fossils that are partially micritized due to diagenesis (Bilal et al., 2022b) 

(PPL).  
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4.2. Petrography of the Hangu Formation bauxite 

In the Yadgaar Section, the bauxite deposits display angular and brittle deformation. 

Petrographic data from six samples throughout the bauxite deposit reveal that hematite, in the form 

of cement and veins, is the dominant mineral (47% on average; Fig. 6A) in the studied thin sections 

(Table 1). Diaspore can also be identified within the thin sections (Fig. 6A). The mineral shows a 

decreasing trend from the base to the center of the bauxite section, while it is absent at the top 

(Table 1). Diaspore is present with an average of 10% in the bauxite thin sections. After this, 

kaolinite can be observed (Fig. 6B). The kaolinite percentage shows a gradually increasing trend 

while moving from the base towards the top. Kaolinite is present in thin sections with an average 

of 19% (Table 1). Quartz is highly fractured, with the fractures being filled with hematite cement 

(Figs. 6B and 6C). Moving toward the middle samples of the bauxite deposit, gibbsite starts to 

appear in thin sections (Fig. 6D). Kaolinite and hematite also start to increase in percentage with 

the appearance of hematite veins (Fig. 6E and 6F).   

 [Fig. 6 about here.] 

 

Fig. 6. Photomicrographs of the karst bauxite thin sections of (HB1– HB3): (A) diaspore and 

hematite (X-PL); (B) fractured quartz, hematite, and kaolinite (X-PL); (C) fractured quartz with 

fractures filled with hematite cement (X-PL); (D) gibbsite grains (PPL); (E) kaolinite and hematite 

(X-PL); (F) older hematite veins are cut by younger kaolinite veins (X-PL). The arrows denote the 

following minerals: dark blue: diaspore; brown: hematite; green: fracture quartzite; sky blue: 

kaolinite; sky blue arrows with red outline: kaolinite vein; red: gibbsite; brown arrows with red 

outlines: hematite veins. 
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Gibbsite (aluminum hydroxide) is a secondary mineral that forms as a result of the 

weathering of alumino-silicate minerals. In the studied thin sections, it is the second most abundant 

mineral (22% on average; Table 1), with an increasing trend from the base to the top of the bauxite 

deposit (Fig. 7A and B). Lateritic circular hematite and goethite veins can also be observed only 

in the top portion of the bauxite (Fig. 7C and D). Furthermore, a high amount of kaolinite and few 

limestone clasts can be observed (Fig. 7E and F). 

 [Fig. 7 about here.] 

 

Fig. 7. Photomicrographs of the lateritic bauxite thin sections of (HB4–HB6): (A-B) gibbsite 

grains (PPL); (C) lateritic circular hematite and kaolinite (X-PL); (D) goethite veins (X-PL); (E) 

hematite and kaolinite (X-PL); (F) gibbsite, hematite, and limestone clasts (X-PL). The arrows 

denote the following minerals: brown arrows with yellow outlines: lateritic circular hematite; 

purple: goethite; purple arrows with green outlines: goethite veins; yellow: limestone clasts. See 

figure caption of Fig. 3 for additional arrow colors. 

 

 

Table 1 Mineralogical composition of studied bauxite deposits. The minerals are sorted according 

to their economic value. Sample numbers HB1–2 represent karst, while HB3–6 represent lateritic 

bauxite. 

 

[Table 1 about here.] 
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4.3.  Integrated facies assessment of the Hangu Formation sandstone 

All sandstone samples of the Hangu Formation are matrix-free. While moving up section 

through the sandstone, the samples show a predominance of non-undulatory monocrystalline 

quartz. These monocrystalline quartz grains are more abundant in samples from the center of the 

sandstone, and from there they decrease towards the top (Table 2).  

The samples from the top of the sandstone show almost an equal amount of monocrystalline 

and polycrystalline quartz. Feldspar grains such as plagioclase and perthite can also be observed 

in the samples from the base and top of the section. However, these feldspar grains were found to 

be absent in the samples collected from the center (Table 2). Orthoclase grains are consistently 

found throughout the section. However, they are observed with a decreasing trend from the sample 

at the base to those in the center, while an abrupt increase in percentage can be noted in the samples 

at the top. Rock fragments are rarely found in the samples of the Hangu Formation. 

Accessory minerals such as tourmaline, sericite, and zircon are found in trace amounts 

throughout the formation. Rutile grains are rarely found in the samples from the base and near the 

top of the section. Muscovite, biotite, chlorite, calcite, and pyrite grains are also found in minor 

amounts in the samples from the middle and the top. Small amounts of hematite grains have been 

found in samples near the top of the Hangu Formation's sandstone. Silica is the dominant 

cementing material in the sandstone samples. The lower to middle part of the section is comprised 

of a higher percentage of silica than the top samples, where it is present in a minor amount (Table 

2). Hematite cement can also be observed as the second most abundant cement in the formation, 

while calcite and dolomite cements are found in rare amounts in a few samples. Hematite and chert 
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veins can be found unevenly distributed in the sandstone of the Hangu Formation. A minor amount 

of clay matrix can be identified in only three samples on the top of the Hangu Formation sandstone 

(Table 2). Based on (Folk, 1968), the content of quartz, feldspar, and lithics in the Hangu 

Formation sandstones was recalculated to 100% (Table 3). Correspondingly, the sandstones can 

be classified as sub-arkose, arenite, and arkose (Fig. 8). 

[Fig. 8 about here.] 

 

Fig. 8. Mineralogical classification of the sandstones of the Hangu Formation on a QFL diagram 

(Folk, 1968). 
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Table 2 Mineralogical composition of the Hangu Formation sandstone. Metam., Metamorphic; Sedim., Sedimentary; Limest., Limestone

 

[Table 2 about here.] 
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Table 3 Recalculated sandstone detritus of the Hangu Formation. 

 

[Table 3 about here.] 

 

4.3.1. Sub-arkose facies 

This sandstone facies directly overlies the previously described bauxite deposits. The fresh 

color of this sandstone is light gray, whereas the weathered rocks attain rather dark brown colors. 

This facies is relatively coarse-grained, pebbly, and appears to be fractured. The total thickness of 

the sub-arkose within the studied Yagdaar Section is ca. 1.5 m, with individual beds reaching 

thicknesses of ca. 15 cm. The contained pebbles are generally 2–4 mm in size. A total of ten thin 

sections (YH1–YH10) represent this facies. Recalculated quartz percentages range between 87% 

and 94% (Table 3). The quartz grains are mostly polycrystalline (Qp) and are 0.05-1 mm in size 

(Fig. 9A-D). However, in a few samples, monocrystalline quartz (Qm) can also be observed (Fig. 

9A–D). Most of the quartz grains are angular to subangular, with a few being subrounded. 

Reworked, rounded quartz grains are also found (Fig. 9D). The grains are poorly sorted but closely 

packed (Fig. 9C and E). Fractured quartz grains are filled with hematite, which shows parallel 

leaching due to previous contact with water (Fig. 9F). 

In thin sections, recalculated feldspar percentages range from 6 to 11%. (Table 3; Fig. 9B). 

This facies lacks rock fragments and matrix (Table 2). Chert and hematite veins have a percentage 

of 4-6% and 1-4%, respectively (Table 2; Fig. 9C–E). Silica cement is the most common, with 

contents ranging from 3-22%, while hematite cement has contents ranging from 2-5%. In general, 

the facies can be described as a cherty silicate sub-arkose sandstone. 
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 [Fig. 9 about here.] 

 

Fig. 9. Photomicrographs of the sub-arkose thin sections of Sf1: (A) close packing of 

polycrystalline quartz (X-PL); (B) plagioclase grain (X-PL); (C) orthoclase grains (X-PL); (D) 

detrital rounded quartz grain (X-PL); (E) hematite vein (X-PL); (F) parallel leaching of hematite 

(PPL). 

4.3.2. Quartz-arenite facies 

The quartz-arenite facies consist of coarse-grained, light gray sandstones with individual 

bed thicknesses ranging from 10 to 75 cm. In the Yadgaar Section, the total thickness of this facies 

ranges from 50 to 75 cm. This facies is represented by eight thin sections (YH11–YH18). The 

recalculated quartz percentages range from 95 to 98%. (Table 3). The majority of the quartz grains 

are monocrystalline, with a few polycrystalline quartz grains present in a few samples (Fig. 10A). 

The grains typically range in size from 0.05 to 1.5 mm. They are angular to subangular in shape, 

with non-undulatory quartz dominating and dissolution features (quartz replaced by silica cement) 

typically found in grain corners (Fig. 10B). 

Recalculated percentages of feldspar range from 2–5% in this rock. Rock fragments and 

matrix are absent. In a few samples, hematite veins can be observed. Silica and hematite cements 

are found in almost equal amounts, with a range between 1–20% and 4–10%, respectively.  

 [Fig. 10 about here.] 
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Fig. 10. Textures and mineral content in the quartz-arenite sf2: (A) close packing of the quartz 

grains; (B) dissolved quartz boundaries and silica cement; (C) alteration of biotite into muscovite 

and further change into chlorite; (D) alteration of orthoclase into sericite; (E) tourmaline grain; (F) 

pyrite grain and inclusion of igneous zircon in quartz. 

Furthermore, a variety of alteration features can be observed, such as biotite being changed to 

muscovite while chlorite (Fig. 10C) and orthoclase are altered to sericite (Fig. 10D). In addition, 

tourmaline and igneous zircon inclusions in quartz have been observed (Fig. 10E and 10F).  

4.3.3. Arkose facies 

The topmost facies of the sandstone deposits of the Yadgaar Section is characterized by 

medium-grained arkose. The total thickness of this facies is 2 m, with individual beds ranging 

between ca. 10 and 24 cm in thickness. The color of the sandstone is dark brown to golden brown. 

Five thin sections represent this facies (YH19–YH23). Recalculated percentages of quartz display 

a range between 68–75%. Both monocrystalline and polycrystalline quartz grains are observed in 

almost equal amounts. The quartz grains are poorly sorted and fractured (Fig. 11A and B). The 

shape of the quartz grains varies from sub-angular to sub-rounded (Fig. 11A–D). In contrast to the 

previous facies, the corners of the quartz grains show less or no dissolution features.  

Recalculated values of the feldspar grains range between 25–32% in this facies. Alteration 

zones in orthoclase and perthite grains (feldspar) indicate sericitization (Fig. 11B). Zircon grains 

can be observed in several samples (Fig. 11D and E). The typical concentration of hematite veins 

in rocks of this facies is between 1–4%. Hematite is also the most common cementing material, 

accounting for 3–5%. Silica cement may reach 1–2% of the total rock in the samples (Fig. 11F). 
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A minor clay matrix, ranging in content from 2–3%, can be found within a few thin sections 

encountered towards the top of this facies.  

 [Fig. 11 about here.] 

 

Fig. 11. Texture and mineral content of the studied arkose samples sf3: (A) large quartz grains; (B) 

K-feldspar (orthoclase) being altered to sericite; (C) perthite alteration into sericite and muscovite; 

(D) an opaque phase of zircon; (E) zircon inclusion in quartz; (F) hematite cement. 

4.3.4. The mineralogical trend of the Hangu Formation sandstone 

The petrographic studies on the sampled sandstones reveal a clear mineralogical trend from 

the base to the top of the studied section (Table 2). The modal mineralogical values of quartz, 

feldspar, and lithics are recalculated to infer their composition. The mean values are Qt88F28L0.2 

(Table 3). The range of lithic fragments (QmFLt %Lt) is 6–75%. Monocrystalline quartz 

(QmFLt%Qm) ranges from 0–79%. The majority of the samples from the base to the center only 

contain polycrystalline quartz. In the samples from the middle of the sandstone succession, 

suddenly, monocrystalline quartz starts to appear while polycrystalline quartz starts to decrease. 

Moving up the section, the monocrystalline quartz grains show a minor increase toward the top 

(Table 2). Feldspar (QmFLt%F) ranges from 2–25% (Table 3). Plagioclase can be observed in rare 

amounts in a few samples at the base of the section, while it occurs abundantly at the top. K-

feldspar (orthoclase) is observed consistently throughout the formation. However, its abundance 

is highest in the top (arkose) and lowest in the middle facies (quartz arenite). Recalculated values 

of feldspar reveal that the average values of K-feldspar are much higher than plagioclase (Qm25 

± 1 P0.5 ± 0.2 K7.9 ± 1; Tables 2 and 3).  
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4.4. Integrated facies assessment of the Hangu Formation limestone 

 

[Table 4 about here.] 

 

The relatively thin limestone layers (12 cm) at the top of the Hangu Formation can be classified 

as mudstone according to the Dunham classification (Table 4). Micrite is the dominant constituent 

of the rock, with hematite and calcite veins as minor constituents. Bioclasts are partially to 

completely micritized and are frequently replaced by hematite. Pyrite is found in both framboidal 

and hematized forms. Quartz grains can also be found randomly scattered in small amounts.  

Table 4. Mineralogical composition of the thin sections from limestone facies. 

 

 

5. Discussion 

5.1. Interpretations from petrographic indicators of bauxite 

Bauxite is a residual sedimentary rock rich in alumina and iron oxide and depleted in silica and 

alkalis (Sidibe and Yalcin, 2019). The most common climatic conditions for the formation of 

bauxite are tropical to subtropical conditions with abundant rainfall. The rate and intensity of 

weathering can be influenced by the type of bedrock, chemical conditions, groundwater pH, 

tectonic setting, and geomorphology (Nurhawaisyah et al., 2021). The key parameters for the rate 

of chemical weathering that converts laterite to bauxite are water abundance, time, and temperature 

(Ramadhan et al., 2014).  
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Diaspore and gibbsite are the most common hydrated aluminum oxide forms (Sidibe and 

Yalcin, 2019) found in bauxite deposits. Diaspore is the dominant mineral in the majority of the 

collected samples, particularly at the base and the center of the deposit, but it was found to be 

absent in the samples from the top of the deposit (Figs. 6 and 7). Diaspore is typical of karst bauxite 

(Ling et al., 2015; Yang et al., 2017b). The carbonates of the underlying Abbottabad Formation 

are characterized by a karst depression on the carbonate platform (Fig. 3). The discovery of 

diaspore-dominated strata above the karst setting therefore confirms that the lower to middle 

portion of the facies is a karst bauxite (Table 1). 

Gibbsite is the most common aluminum-rich mineral in samples from the center to the top of 

this facies (Fig. 7; Table 1). The presence of gibbsite stipulates that these samples belong to the 

lateritic bauxite (Nurhawaisyah et al., 2021). The high percentage of gibbsite may suggest a high 

economic value of this lateritic bauxite, as it is the most important source of aluminum in bauxite 

in the world (Table 1). The occurrence of both types, gibbsite and diaspore, in one stratum is an 

interesting discovery that has been rarely reported in the world (Fig. 1; c.f. (Schulte and Foley, 

2014)). This inverse relation between diaspore and gibbsite therefore confirms that the lower part 

of bauxite is karst bauxite and the middle to top portion of the bauxite deposit is a lateritic bauxite 

(Table 1; Fig 12A). This interpretation is further supported by observations from the field study 

that show that the lower contact of the Hangu Formation’s bauxite is markedly unconformable 

with the underlying Cambrian dolostone of the Abbottabad Formation (Fig. 2B). Previous studies 

(Ramanaidou, 2009) have shown that the formation of gibbsite may also be related to the existing 

morphology and the formation of a paleoslope. This may be seen as evidence for the deposition of 

the lateritic bauxite on top of the sloping karst landscape. Commonly, the precursor mineral for 

gibbsite is kaolinite Al2O3Si2O5(OH)4 after the removal of Si from granites. The kaolinite, in 
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turn, can then alter further to gibbsite Al (OH)3 (Figs. 6E and 12B) (Violante et al., 2005; Elias 

and Alderton, 2020). Furthermore, when the gibbsite is dehydrated, it can alter into a monohydrate 

diaspore (Goldman, 1955).  

The diaspore shows an inverse relationship with gibbsite and kaolinite (Table 1; Fig. 12A). Its 

existence in the studied section may be an indication that most of the gibbsite has been frequently 

altered into the diaspore. However, the gibbsite is directly related to the occurrence of kaolinite 

(kaolinite is the pseudomorph of goethite; Fig. 12B) within the section. The presence of kaolinite 

in the samples suggests that the precursor rock had a high concentration of gibbsite (Table 1). A 

high presence of kaolinite generally indicates a plateau environment. Goethite indicates a slope, 

while hematite indicates a slope–plateau environment (Ramanaidou, 2009). For instance, 

weathered dolerite near a sloping plateau may be the source of hematite. In a slope environment, 

hematite grains are depleted in the cementing material and thus fail to preserve the original 

structure of hematite. Mineral migration occurs on this slope, where hydrous aluminum oxides and 

clay minerals are transported to their final place of deposition (Allen, 1952). The evidence for 

mineral alteration indicates an elevated provenance that was exposed to high rainfall and intense 

chemical and physical weathering along a slope. The rock-water interaction in such an unstable 

area resulted in mineral alterations and an environmental shift from high-slope weathering towards 

a low-lying area (Hara and Tsuchiya, 2004). A minor amount of biotite in the samples at the top 

of the bauxite (Table 1) indicates that the precursor rock may have been granodiorite, basalt, or 

gabbro (Nurhawaisyah et al., 2021). 

A set of mineral variation diagrams is used to find the correlation between different 

constituents of bauxite in the Yadgaar Section. It can be observed that the correlation between 

gibbsite and diaspore is strongly negative (Fig. 12A), whereas it is moderately positive between 
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gibbsite and kaolinite (Fig. 12A). Furthermore, the correlation between hematite and kaolinite is 

strongly negative (Fig. 12C), while it is moderately positive between hematite and diaspore (Fig. 

12D). The correlations between hematite and gibbsite, as well as diaspore and kaolinite, are both  

[Fig. 12 about here.] 

 

Fig. 12. Mineral variation diagrams for the studied bauxite minerals. (A) diaspore vs. gibbsite; 

(B) kaolinite vs. gibbsite; (C) kaolinite vs. hematite; (D) diaspore vs. hematite; (E) gibbsite vs. 

hematite; (F) kaolinite vs. diaspore.  

moderately negative (Fig. 12E and F). Most of the diagrams show negative correlations. This 

indicates a very strong process of mineral alteration. High amounts of mineral alteration point 

towards an unstable chemical and physical environment under tropical or humid conditions (Ueki 

and Iwamori, 2017; Pazand et al., 2021). 

5.2. Paleoclimate, sedimentary environment, and facies associations 

The IB in Pakistan consists of Precambrian–Cenozoic strata (Table 5). Most of the Paleozoic–

Mesozoic strata start to disappear as progress from the Southern Indus Basin (SIB) to the UIB 

(Table 5; (Bilal et al., 2022b). This is marked by an unconformity, which is overlain by the studied 

bauxite deposits (Table 5; Fig 13A). After intense chemical weathering and leaching in a tropical 

to subtropical environment, the remnants of the weathered and eroded Permian–Cretaceous strata 

gave rise to the karst bauxite of the Hangu Formation (Khan et al., 2022a). This process was 

prolonged for a significant time, resulting in the enrichment of aluminum hydroxide and minor 

impurities of iron oxide and silica. 
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After the geological events of uplift and erosion in the southern part of the Central Indus 

Basin (CIB), the deposition of karst bauxite took place (Singh and Khan, 2017). The karst bauxite 

deposits formed in mildly brackish mires on the backside of barrier systems (flood tidal delta 

planes) on karstified limestone (Yang et al., 2017a). A unique landform of irregular surfaces has 

been identified as karst depression, which was developed (before the deposition of bauxite) due to 

the dissolution of underlying carbonate beds. In the Yadgaar Section, a typical cockpit-type karst 

depression could be identified (Fig. 13A).  

Just above this karst bauxite (B1), the lateritic bauxite (B2) was deposited in the region when 

the rate of chemical weathering started to become more intense (Fig. 13B). Intensive degradation 

of excessive organic matter in reducing conditions is often associated with coal (Kalaitzidis et al., 

2010; Yang et al., 2022). The thin coal layer (C1) may have formed due to similar conditions (Fig. 

13C). The generation of coal was followed by an increased input of siliciclastic material (Sf1–3; 

Fig. 13D–F), which was subsequently followed by the formation of further coal (C2; Fig. 13G) and, 

finally, the formation of limestone (L; Fig. 13H) in the basin.  

Table 5. Stratigraphic sequences in the different areas of the Indus Basin (IB) (modified after 

(Bilal et al., 2023).  

 

[Table 5 about here.] 

 

The thin coal layer (C1) represents the initial development of a failed peatland (Fig. 13C), 

which was overloaded by the clastic influx (Fig. 13D–F) just after its formation. Peatland surfaces 

are often prone to dramatic failures due to various in-situ factors such as rainfall and drought 
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conditions (Dise, 2009; Dai et al., 2020; O'connor and Courtney, 2020). Sulfate-rich acidic 

solutions observed in the outcrop are the product of the oxidation of pyrite in the coal layer (Fig. 

4D). This oxidation of coal reportedly occurs at the advanced stage of peat formation in a lagoon 

or drainage-rich continental transgressive environment (Kalaitzidis et al., 2010). These facies are 

equivalent to the FZ9B (humid near-coast brackish regions) facies of (Flügel and Munnecke, 

2010). 

[Fig. 13 about here.] 

 

Fig. 13. (A) Histogram of the Hangu Formation profile; (B–H) evolution of the topology in 

response to tectonic events, sedimentary environment and facies shift during the deposition of the 

facies suit. 

The clastic influx led to the deposition of three fluvial-deltaic intercalated sandstone facies 

(Figs. 13D–F). The pebbly sub-arkose (Sf1) at the base of the sandstone succession indicates 

deposition under high-energy conditions in a transitional fluvial to deltaic or nearshore 

environment (Fig. 13D) (Van De Kamp, 2010; Jafarzadeh N et al., 2022). This is also supported 

by the scarcity of fossils (Aigbadon et al., 2022). Furthermore, the absence of cross-bedding 

indicates a strong unidirectional paleocurrent, which also points toward a facies association with 

high-energy fluvial conditions in a delta system (Okolo et al., 2020; Okoro et al., 2020). The 

diagram in Fig. 14 further confirms that the parental environment was sub-humid (also see Table 

6). The high amount of silica cement (Fig. 9C) indicates that the basin may have exhibited acidic 

conditions, which led to the dissolution of silica. However, during the deposition of this rock, the 

conditions turned towards alkalinity (Montgomery et al., 2000; Haihua et al., 2015; Li et al., 2020). 

Dissolved quartz boundaries further confirm the presence of initial acidic conditions (Fig. 9C). In 
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the later alkaline conditions, silica cement was deposited in pores and in the free space between 

the grains (Perri et al., 2008; Barbera et al., 2011). The low mica contents (Table 2) in the sub-

arkose provide evidence for sub-humid conditions. Sub-humid conditions facilitate the alteration 

of the mica during the transportation process (Scarciglia et al., 2005; Scarciglia et al., 2007). 

Parallel hematite lines indicate the leaching of hematite on a wet, sloping medium (Fig. 9F). 

[Fig. 14 about here.] 

 

Fig. 14. Paleoclimatic interpretation from the QFL ternary diagram for the sandstones of the Hangu 

Formation (based on (Suttner and Dutta, 1986).  

A humid climate aided in the transgression on the carbonate platform and the quick 

sedimentation rate in the fluvial continental environment. These humid conditions caused the 

deposition of arenite (Sf2) on top of the sub-arkose and facilitated the dissolution of less stable 

minerals (Fig. 13E). In a warm to hot climate with severe chemical weathering, this facies reflects 

a coastal or shore depositional environment (Fig. 13E) (Van De Kamp, 2010). The rock's super-

mature quartz (Fig. 10A) may have undergone extensive eolian reworking before being carried to 

coastal areas like the foreshore/backshore, tide flat, shoreface, delta, or mouth/lower delta plain 

(Chakraborty and Sensarma, 2008; Barbera et al., 2011; Lorentzen et al., 2018; Seraine et al., 

2020). The parental setting is depicted in Fig. 14 as humid to hot-humid.  

Textural interpretations show that the close packing of the quartz grains indicates that the rock 

is arenite, while the angular to sub-angular appearance depicts a less distant and high-energy 

transport (Fig. 10A). The absence of a matrix and the high abundance of quartz (Table 2) illustrate 

intense weathering and a transport process that removed the matrix from the detritus. The absence 

of rock fragments suggests that the detritus does not originate from an orogeny. Furthermore, this 
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facies possesses a high content of silica cement and small amounts of chert. Increasingly acidic 

conditions in the basin dissolved high levels of silica, which were eventually deposited under 

alkaline conditions during the formation of the arenite facies. Dissolved quartz boundaries further 

confirm the initial presence of intense acidic conditions in the basin (Fig. 10B). The high amount 

of silica cement in the arenite sandstone facies also confirms a high-energy depositional setting in 

a subaerial (delta) sedimentary environment (Table 6; Fig. 13E). It goes on to say that there was 

enough time for the sand grains to cement together and the silica to precipitate in a warm and arid 

environment. The alteration of orthoclase and biotite into muscovite and sericite (Figs. 10C and 

10D) indicates a chemically unstable environment. Mica depletion in this facies (Table 2) points 

to hot and humid conditions, which altered the mica during transport. 

Arkose is a versatile rock that can be deposited in various sedimentary environments. Very 

often, it is associated with high-energy alluvial, fluvial, and coastal environments (Jafarzadeh and 

Hosseini-Barzi, 2008; Sunderlin et al., 2014; Seraine et al., 2020). The arkose facies (Sf3) of the 

Hangu Formation represents high-energy, braided river channels in a fluvial environment with 

deposition in a semi-arid climate (Table 6; Fig. 13F). High amounts of feldspar (Table 2) suggest 

arid to semi-arid and subtropical–tropical climates, with a possible origin from granitic rocks (Van 

De Kamp, 2010). The diagram in Fig. 14 suggests an arid to semi-arid environment for the 

formation of this facies. The dominant hematite cement (Fig. 11F) in this facies points towards a 

subaerial sedimentary environment associated with a river and/or coastal plain. Oxidation of iron-

rich minerals in a subaerial environment led to the formation of hematite. During the deposition of 

this facies, the sediments were exposed to the atmosphere for a particular time, which facilitated 

the oxidation. Zoning alteration in orthoclase (Fig. 11B) and muscovite into sericite (Fig. 11C) 

indicates a chemically unstable environment. However, the quartz boundaries are not dissolved 
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(Fig. 11A–F) as compared to previously described facies, which indicates a shift in chemical 

conditions within the basin from acidic to alkaline (Haihua et al., 2015; Oye et al., 2020). 

An additional coal layer (Fig. 13J) is found above the sandstones, which may have formed 

after a regression in the area due to peatland formation in a low-lying area. As a result, the coal-

sandstone-coal sequence could be evidence for a rhythmic repetition of transgression and 

regression cycles during the continental-marine transition. The formation of the peatland was a 

relatively complex process. Several factors are known that may have influenced this, including a 

de-oxygenated environment, slow-moving water, heavy rainfall, a faster rate of plant productivity, 

a high water table, and the area’s poor drainage capacity (Kreuzburg et al., 2018). Furthermore, 

low subsurface flow and slow decomposition resulted in the enrichment of decaying organic matter 

(Dise, 2009). Continuous weight addition caused load compression and increased heat in the peat's 

organic matter, resulting in coal formation (Fig. 13G). The water influx in the peatland 

environment was most likely caused by river floods or seawater following a regression. The area 

of deposition was most likely characterized by a low-lying topography, such as a coastal plain or 

river delta (Fig. 13G) (Kreuzburg et al., 2018), with relatively high subsidence. 

Soon after the deposition of the coal, a transgression event led to the deposition of a thin layer 

of marly limestone (mostly concealed and rarely exposed), a fine-grained micritic carbonate rock 

that can be classified as mudstone according to Dunham (1962). This transitional phase marked 

the shift from a continental to a shallow marine environment (Figs. 2K and 5E). The presence of 

abundant hematite in this facies’ samples (Table 4) indicates an oxic environment in a shallow 

marine setting, whereas the low amount of pyrite reflects de-oxic conditions. This suggests that 

the hematite formed in situ in an oxic environment and began to change into pyrite when the 

conditions changed to deep water and de-oxygenated conditions prevailed (Bilal et al., 2022b).  
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Minor quartz grains within the carbonate rock may also be evidence for pedogenic carbonate, 

which is most likely deposited in a continental–marine transitional environment associated with 

karst settings (Table 6). Pedogenic carbonates indicate the reworking of both carbonate and clastic 

components (Flügel and Munnecke, 2010). Therefore, this facies may be equivalent to the FZ9B 

(near-coastal brackish regions) and FZ10 (paleokarst, caliche, and other terrestrial and terrestrial-

to-marine settings) facies (Flügel and Munnecke, 2010). The facies’ sedimentary environment is 

transitional terrestrial–marine, and it most likely formed at the platform interior’s edge in a 

brackish and humid environment (Table 6; Fig. 13K). 

Table 6 Facies descriptions and their interpretations. 

 

[Table 6 about here.] 

 

5.3. Facies shift under sedimentary dynamics 

Within a specific area, a facies shift is defined as a gradual change in the characteristics of 

sedimentary rock formations, such as rock types, mineral content, texture, thickness, and 

sedimentary structures. Changes in the dynamics of a sedimentary environment cause these shifts, 

which are further influenced by factors such as sea level changes, tectonics, and climate change 

(Allen and Johnson, 2011). 

The facies shift within the Hangu Formation and its associated sedimentary dynamics are 

pioneering work. Based on field studies and petrographic results from the Hangu Formation, a 

facies shift has been revealed to have formed within a complex environment (Fig. 13A–H). 

Overall, the studied continental to marine transitional facies demarcates two bauxites, two coal, 
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three sandstone, and one limestone deposit in the Yadgaar Section (Table 6). After an uplift of the 

Permian basin on the Indian Plate, the area was exposed to a warm and humid climate (Fig. 14) 

(Singh and Khan, 2017). This triggered an extreme erosion rate of the strata, which in turn resulted 

in the deposition of bauxite in the lowland region (Fig. 13B). Within the study area, the dissolution 

of the underlying carbonate rock developed a karst depression, which eventually led to the 

deposition of karst bauxite at the base of the section. The climate during that time was 

characterized by low rainfall and less intense weathering. When the climate started to become 

harsher, it led to a shift in facies. Hence, a facies shift took place from the karst bauxite towards 

the lateritic bauxite (Fig. 13B). The climate shifted to a high-rainfall tropical region, which 

eventually led to the formation of peatland (Van De Kamp, 2010). A transgressive event converted 

this lowland into peatland for a short period (with the deposition of coal; Fig. 13C). However, this 

did not last long because a sudden sedimentary shift toward fluvial conditions took place, which 

provided a heavy clastic influx in the area (Fig. 13D). This could have occurred as a result of a 

new topological change that caused a shift from low-angle topology to the development of a 

medium-steep slope. This tectonically induced increasing slope topology possibly caused the 

formation of high-energy river channels and deltas, allowing for an increased sedimentation rate 

in the area (Fig. 13D). This resulted in a further facies shift from bauxite towards the sedimentation 

of coarse-grained, feldspar-rich clastic detritus and the formation of sub-arkose sandstone. 

Increasing humidity (Fig. 14) raised the extent of chemical weathering and caused feldspar 

grains in the sediment to dissolve (Table 2), resulting in a transition from sub-arkose to quartz-

arenite sandstone (Table 3). While the fluvial environment persisted, along with an ongoing 

transgression, the climate shifted to semi-arid conditions, resulting in the deposition of the arkose 

facies (Fig. 13E).  
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With increasing subsidence in the area, the conditions for the formation of mature peatlands 

began to emerge. The low-lying areas became flooded, while faster sedimentation rates prevailed 

and plant debris started to accumulate within a de-oxygenated environment (Kreuzburg et al., 

2018). Heavy rainfall aided not only the accumulation of plant debris but also the inflow of river 

floods and associated detritus. As a result, the facies shifted from sandstone to coal (Fig. 13F–G). 

These conditions persisted for a short time before the transgression continued, resulting in a rise 

in the water level to the point where the area became a shallow shelf platform (Bilal et al., 2022b) 

(Fig. 13H) that became part of the Ceno-Tethys Ocean (Fig. 5E). As a result, the facies shifted 

from coal to a shallow shelf marly-limestone (FZ9B–10) (Fig. 5E).  

This limestone facies was the last or topmost lithology of the Hangu Formation. The facies has 

direct contact with the base of the overlying Lockhart Limestone, which is reported as a mudstone–

wackestone facies deposited at the toe of a slope and is equivalent to FZ4 facies (Flügel and 

Munnecke, 2010). This shows an abrupt jump in the facies from FZ9B and FZ10 to the FZ4 facies 

(Flügel and Munnecke, 2010). In a carbonate platform model, both of these facies can be found at 

almost opposite ends of the continuum. On the carbonate platform, FZ9B and FZ10 are present on 

the shallower side of the edge, while FZ4 is present at the deeper water levels where de-oxic and 

a-photic zones prevail (Flügel and Munnecke, 2010). This facies shift indicates a quick 

transgression in the area, which points towards an unusual event that may have caused the 

transgression and sea level rise.      

5.4. Tectonic framework and basin evolution 

The Indian Shield basement rocks within the IB are part of Gondwana, on which Precambrian 

to recent sedimentary strata have accumulated (Shah, 2009). However, the absence of Paleozoic–

Mesozoic strata in the study area represents a massive unconformity (Bilal et al., 2022a) (Table 
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5). As a result, the Paleocene Hangu Formation directly overlies the Precambrian–Cambrian 

sediments within the basin (Fig. 4A). The reasons for the development of the unconformity are 

several. One of the reasons was a large-scale regional uplift event during the Permian that affected 

the Aravalli Range, Kirthar Orogen, Nagar Parker, and Melani Ranges and led to wide-ranging 

erosion on the Indian Plate (Singh and Khan, 2017; Khan et al., 2022b). This uplift not only played 

an important role in the shaping of the IB (formation of the Salt Range), Himalayas, and Tibetan 

Plateau but also affected the climatic conditions of the region by promoting increased aridity and 

the formation of a desert environment (DiPietro et al., 2021). Furthermore, the Indo-Eurasian intra-

oceanic subduction in the Tethys Ocean (Fig. 15A–B) during Triassic–Jurassic times massively 

shaped the physio-geological conditions of the basin and eventually led to the appearance of the 

Kohistan Island Arc (KIA) in the Tethys Ocean (Fig. 15B) (Bignold and Treloar, 2003; Khan et 

al., 2009).  

The excessive erosion led to the deposition of bauxite on the evolving carbonate ramp 

platform in the Tethys Ocean (Fig. 13B). The ongoing interoceanic subduction terminated its 

activity during the closure of the Tethys Ocean. During this phase, the Indian Plate collided with 

the KIA, which allowed the transgressive epeiric sea incursion inward from the plate margins (Fig. 

16A–B) (Bilal et al., 2022c). Active tectonism prevailed over those conditions, which facilitated 

the deposition of the described facies of the Hangu Formation (Fig. 16B). These conditions 

included episodic subsidence throughout the deposition of the Hangu Formation. The formation 

of peatland was followed by a clastic sedimentary influx with alluvial–deltaic conditions 

developing on the plate margins (Fig. 13C–F). It is thought that the development of a sedimentary 

environment and subsidence episodes in the study area strongly persisted due to ongoing 

convergent tectonism in the north (KIA) and a divergent push from the south (Figs. 15 and 16).  
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[Fig. 15 about here.] 

 

Fig. 15. (A) Regional tectonism from the Late Cretaceous to the Middle Paleocene around the 

Tethys Ocean (modified after (Chatterjee and Bajpai, 2016). The red square shows Fig. 15B. (B) 

Tectonic model showing intra-oceanic subduction of the Indo-Eurasian plates, related processes, 

and the sedimentary environment at the initial time of the deposition of the Hangu Formation 

(modified after (Yang et al., 2019). 

[Fig. 16 about here.] 

 

Fig. 16. (A) Regional tectonism from early to middle Paleocene around the Tethys Ocean 

(modified after (Chatterjee and Bajpai, 2016). The red square shows Fig. 15B. (B) Tectonic model 

showing the collision phase of the Indian continental plate and the KIA and its relationship with 

the climatic conditions and the sedimentary environment during the time of the deposition of 

Hangu Formations’ facies suit (modified after (Yang et al., 2019). 

The formation of low land under the effect of load subsidence in the foredeep was a geotectonic 

process associated with the formation of an intra-oceanic arc (KIA) (Khan et al., 2009). The epeiric 

sea formation was the key factor that converted this subsided part into peatland, which in turn 

facilitated the deposition of coal. Active tectonism and rock strain near the hinterland during the 

Himalayan orogenic cycle converted this facies into tectonically deformed coal (TDC) (Wang et 

al., 2020; Khan et al., 2022a). The continuation of the Indo-Eurasian intra-oceanic subduction and 

the rise of the KIA led to an extension of the epeiric sea conditions towards the continent, where 

shallow shelf conditions started to develop (Figs. 13H and 15B) that eventually facilitated the 
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deposition of the marly limestone at the top of the Hangu Formation. The substantial differences 

in the sedimentary environments of the limestone at the top of the Hangu Formation and the first 

facies at the base of the overlying Lockhart Limestone (Bilal et al., 2022b) point to a significant 

tectonic event at that period. This was the time (60 Ma) when India collided with the KIA in the 

north, which caused high rates of subsidence and a rapid transgression of sea water in the study 

area (Fig. 15B) (Chatterjee and Bajpai, 2016). As a consequence, the facies changed from shallow 

marine (brackish) to deep marine conditions, which is convincing evidence that regional tectonics 

influenced how the corresponding facies were deposited.   

6. Conclusion 

The Paleocene Hangu Formation of the Yadgaar Section is made up of several sedimentary 

facies, such as residual, clastic, biochemical, and chemical rocks. This work demonstrated that the 

investigated bauxite, sandstone, limestone, and coal facies were deposited in karst landscapes, 

fluvial near-shore to deltaic, shallow marine platform environments, and peatland catchments, 

respectively. The described facies and their corresponding sedimentary environments strongly 

suggest that their deposition took place during a continental-to-marine transition. The 

paleoclimatic conditions during the deposition of these facies association were intense humid, sub-

humid to semi-arid, humid tropical to near coast brackish humid, respectively. The extensive 

sedimentological observations reveal a strong link between tectonism, sedimentation, and climatic 

control. In particular, the regional tectonism controlled and promoted the continuous shifts in the 

sedimentary environment, while the availability of water throughout the episodic transgression and 

regression within the studied area influenced climatic conditions and rock weathering. All the 

aforementioned points lead to the conclusion that on the active continental margin, the regional 
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active tectonism created a physio-geological environmental mechanism that caused the 

development of particular continental–marine transitional facies. 
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Table 1 Mineralogical composition of studied bauxite deposits. The minerals are sorted according 

to their economic value. Sample numbers HB1–2 represent karst, while HB3–6 represent lateritic 

bauxite. 

Distance 

from base  

Sample 

no. 

Gibbsite Diaspore 

(%) 

Goethite 

vein (%) 

Biotite 

(%) 

Hematite 

 vein (%) 

Hematite 

cement (%) 

Kaolinite 

(%) 

84 cm HB6 34 - 5 1 - 37 23 

72 cm HB5 33 - 6 2 1 38 20 

48 cm HB4 31 4 - - - 45 20 

36 cm HB3 30 5 - - - 47 18 

4 cm HB2 3 25 -  4 52 16 

2 cm HB1 2 28 - - 5 50 15 
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Table 2 Mineralogical composition of the Hangu Formation sandstone. Metam., Metamorphic; Sedim., Sedimentary; Limest., Limeston

 

Sample No. 
YH

1 

YH

2 

YH

3 

YH

4 

YH

5 

YH

6 

YH

7 

YH

8 

YH

9 

YH

10 

YH

11 

YH

12 

YH

13 

YH

14 

YH

15 

YH

16 

YH

17 

YH

18 

YH

19 

YH

20 

YH

21 

YH

22 

YH

23 

Above from base-top of each 

facies, respectively 
equal interval of 15 cm equal interval of 9 cm 

equal interval of 30 

cm 

Facies Sub-arkose (Sf1) Arenite (Sf2) Arkose (Sf3) 

Quartz 

Poly >3 grains 62 61 60 65 64 44 45 72 70 73 75 74 8 10 44 40 5 8 30 40 27 30 28 

Mono 
Qnu - - - - - 40 38 - - - - - 77 73 25 30 78 79 18 22 37 35 35 

Qu - - - - - - - - - - - - - - - - - - - - 5 - - 

Feldspar 

Plagioclase 1  1 - - - - - - - - - - - - - - 1 2 1 1 2 2 

Perthite 1  1 1 1  - - - - - - - - - - - 1 5 4 3 4 5 

Orthoclase 6 6 7 6 7 5 4 5 5 5 4 3 3 2 3 3 2 1 15 16 13 17 18 

Rock 

fragments 

Igneous Basalt - - - - - - - - - - - - - - - - - - 1 1 - - - 

Metam. Chert - - - - - - - - - - - - - - - - 1 1 - - - - - 

Sedim. Limest. - - - - - - - - - - - - - - - - - - 1 1 - 1 - 

Accessory 

minerals  

Rutile 1 1 1 1 1 - - - - - - - - - 1 1 - - - - - - - 

Tourmaline 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 - - - - - - - 

Apatite - - - - - - - - - - - - - - - - - - 1 1  1  

Zircon 1 1 1 1 1 1 1 1 1 1 1 1 1 1 - - 1 1 1 1  1  

Hematite - - - - - - - - - - - -   - - - - 3 4 2 1 2 

Muscovite - - - - - - - - - - - - 1 1 - - - - - -    

Biotite - - - - - - - - - - - - 1 1 - - - - - - 1 1 1 

Chlorite - - - - - - - - - - - - 1 1 - - - - - - - - - 

Garnet - - - - - - - - - - - - - - - - 1 1 - - - - - 

Sericite 1 1 1 1 1 1 1 1 1 1 1 1 - - 2 2 1 1 2 1 - - - 

Pyrite - - - - - - - - - - - - - - - - 1 - 1 1 1 1 1 

Cementing 

material  

Calcite - - - - - - - - - - - - - - - - - - 1 1 - - - 

Sillica 14 16 15 13 15 3 4 20 22 19 18 20 2 3 8 6 2 1 2 2 2 1 1 

Hematite 5 5 4 4 3 2 2 - - - - - 5 7 10 8 5 4 3 4 5  3 

Dolomite - - - - - - - - - - - - - - 1 1 - - - - - - - 

Matrix 

Clay - - - - - - - - - - - - - - - - - - - - 2 2 3 

Hematite vein 2 2 1 2 2 3 4 - - - - - - - 5 8 - - 4 - 1 3 1 

Calcite grain - - - - - - - - - - - - - - - - 1 1 - - - - - 

Chert vein 5 6 6 5 4 - - - - - - - - - - - - - - - - - - 

Total (%) 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
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Table 3 Recalculated sandstone detritus of the Hangu Formation. 

 

Sample no. 

F
ac

ie
s QtFL%  QmFLt%  QmPK%  QtF% 

Qt F L Qm F Lt Qm P K Qt F 

MH1 

A
rk

o
se

 

91.1 11.7 0 0 8 62 0 1 7 88 12 

MH2 91 9.8 0 0 6 61 0 0 6 91 9 

MH3 86.9 13 0 0 9 60 0 1 8 87 13 

MH4 90.2 9.7 0 0 7 65 0 0 7 90 10 

MH5 88.8 11.1 0 0 8 64 0 0 8 89 11 

MH6 94.3 5.6 0 40 5 44 40 0 5 94 6 

MH7 95.4 4.5 0 38 4 45 38 0 4 94 6 

MH8 93.5 6.5 0 0 5 72 0 0 5 93 7 

MH9 93.3 6.6 0 0 5 70 0 0 5 93 7 

MH10 93.5 6.4 0 0 5 73 0 0 5 94 6 

MH11 

A
re

n
it

e 

95 5 0 0 4 75 0 0 4 95 5 

MH12 96.1 3.8 0 0 3 74 0 0 3 96 4 

MH13 96.5 3.4 0 77 3 8 77 0 3 97 3 

MH14 97.6 2.3 0 73 2 10 73 0 2 98 2 

MH15 95.8 4.1 0 25 3 44 25 0 3 96 4 

MH16 95.8 4.1 0 30 3 40 30 0 3 96 4 

MH17 94.3 4.5 0.1 78 4 6 78 1 3 95 5 

MH18 95.6 3.2 0.1 79 3 9 79 1 2 97 3 

MH19 

S
u
b
-a

rk
o
se

 

66.6 30.5 1.3 18 22 32 18 2 20 68 2 

MH20 72.9 24.7 2.3 22 21 42 22 1 20 75 25 

MH21 74.4 25.5 0 37 22 27 37 1 16 74 26 

MH22 73 25.8 1.1 35 23 31 35 2 21 74 26 

MH23 71.5 28.4 0 35 25 28 35 2 23 71 29 

Means  88.8 10.0 0.2 25.5 8.7 45.3 25.5 0.5 7.9 88.9 9.8 

Standard Deviation  9.42 3.3 0.5 5.0 2.9 6.7 5.0 0.7 2.8 9.4 3.1 
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Table 4. Mineralogical composition of the thin sections from limestone facies. 

 

 

  

 

Distance 

from 

base of 

bed 

Sample 

no. 

Micrite 

(%) 

Bioc-

lasts 

(%) 

C.M 

(%) 

Pyrite 

(%) 

Hema-

tite (%) 

Calcite 

(%) 

Quartz 

(%) 

Dunham 

classificati-

on 

10 cm YH5 80 2 2 2 7 6 1  

 

Mudstone 

8 cm YH4 79 1 3 1 8 5 1 

6 cm YH3 80 3 3 1 6 6 1 

4 cm YH2 78 2 2 2 8 7 1 

2 cm YH1 79 3 2 2 7 6 1 
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Table 5. Stratigraphic sequences in the different areas of the Indus Basin (IB) (modified after 

(Bilal et al., 2023).  
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Table 6 Facies descriptions and their interpretations. 

Lithology Field results Petrograp

hic results 

Facie

s 

Sedimentary environment Paleo-

climate 

Limestone Limestone lenses Micritic 

mudstone 

Lf1 Shallow marine carbonate 

platform 

Humid 

near-coast 

brackish 

regions 

Coal II Medium bedded - C2 Peat land, river/sea 

catchments 

Humid–

Tropical 

Sandstone 

III 

Medium bedded, 

coarse-grained, 

highly ferruginous, 

very hard  

Arkose Sf3 High-energy river channel-

fluvial 

 

Arid to 

semi-arid  

Sandstone 

II 

Medium bedded, 

coarse-grained, 

very hard 

Arenite Sf2 Constant high energy, coastal 

and nearshore 

Humid to 

hot-humid 

Sandstone 

I 

Hard but highly 

fractured (blocky), 

coarse-grained 

Sub-

Arkose 

Sf1 Transitional continental/ 

deltaic environment 

Sub-humid 

Coal I 1 cm thick lamina - C1 Failed peat land, river 

catchments 

Humid–

Tropical 

Bauxite II Black fireclay rock Gibbsite 

dominant 

B2 Intense chemical weathering 

of overlying lateritic deposits 

on carbonate platform 

Intense 

Humid 

Bauxite I Fine black 

powdered 

Diaspore 

dominant 

B1 Intense chemical weathering 

of overlying deposits above 

Karst and platform landscape 

Humid 
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Fig. 1. Global distribution of karst and lateritic bauxite and the location of the study region 

(modified after (Schulte and Foley, 2014). 
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Fig. 2. (A) A regional tectonic model and the location of the study area; (B) the tectono-

sedimentary setting of the Hazara Kashmir Syntaxis (HKS) (modified after (Bilal et al., 2022b). 
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Fig. 3. (A) The lithology, sedimentary environments, and facies of the Yadgaar Section. 
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Fig. 4. Field images of the Hangu Formation facies suit. (A) the unconformable lower contact with 

Abbottabad Formation (Ab. Fm.: Abbottabad Formation; B1: Bauxite layer 1; B2: Bauxite layer 2; 

C1: Coal layer 1; Sf1: Sandstone facies 1); (B) bauxite and coal strata; (C) limonite from the 

sandstone leaching onto the lower coal deposit; (D) sub-Arkose sandstone beds; (E) and (F) coarse-

graines sub-arkose sandstone (length of the blue cap of the pen is 2.5 cm). For abbreviations, please 

see Fig. 3. 
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Fig. 5. Field images of the Hangu Formation facies suit. (A) arenite facies; (B) arkose facies; (C) 

coal facies; (D) framboidal pyrite transitioning into hematite, which further replaces bioclasts in 

the micrite matrix (PPL); (E) limestone facies with upper contact to the overlying Lockhart 

Limestone; (F) green algae fossils that are partially micritized due to diagenesis (Bilal et al., 2022a) 

(PPL).  
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Fig. 6. Photomicrographs of the karst bauxite thin sections of (HB1– HB3): (A) diaspore and 

hematite (X-PL); (B) fractured quartz, hematite, and kaolinite (X-PL); (C) fractured quartz with 

fractures filled with hematite cement (X-PL); (D) gibbsite grains (PPL); (E) kaolinite and hematite 

(X-PL); (F) older hematite veins are cut by younger kaolinite veins (X-PL). The arrows denote the 

following minerals: dark blue: diaspore; brown: hematite; green: fracture quartzite; sky blue: 

kaolinite; sky blue arrows with red outline: kaolinite vein; red: gibbsite; brown arrows with red 

outlines: hematite veins. 
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Fig. 7. Photomicrographs of the lateritic bauxite thin sections of (HB4–HB6): (A-B) gibbsite 

grains (PPL); (C) lateritic circular hematite and kaolinite (X-PL); (D) goethite veins (X-PL); (E) 

hematite and kaolinite (X-PL); (F) gibbsite, hematite, and limestone clasts (X-PL). The arrows 

denote the following minerals: brown arrows with yellow outlines: lateritic circular hematite; 

purple: goethite; purple arrows with green outlines: goethite veins; yellow: limestone clasts. See 

figure caption of Fig. 3 for additional arrow colors. 
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Fig. 8. Mineralogical classification of the sandstones of the Hangu Formation on a QFL diagram 

(Folk, 1968). 
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Fig. 9. Photomicrographs of the sub-arkose thin sections of Sf1: (A) close packing of 

polycrystalline quartz (X-PL); (B) plagioclase grain (X-PL); (C) orthoclase grains (X-PL); (D) 

detrital rounded quartz grain (X-PL); (E) hematite vein (X-PL); (F) parallel leaching of hematite 

(PPL). 
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Fig. 10. Textures and mineral content in the quartz-arenite sf2: (A) close packing of the quartz 

grains; (B) dissolved quartz boundaries and silica cement; (C) alteration of biotite into muscovite 

and further change into chlorite; (D) alteration of orthoclase into sericite; (E) tourmaline grain; (F) 

pyrite grain and inclusion of igneous zircon in quartz. 
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Fig. 11. Texture and mineral content of the studied arkose samples sf3: (A) large quartz grains; (B) 

K-feldspar (orthoclase) being altered to sericite; (C) perthite alteration into sericite and muscovite; 

(D) an opaque phase of zircon; (E) zircon inclusion in quartz; (F) hematite cement. Jo
urn

al 
Pre-
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Fig. 12. Mineral variation diagrams for the studied bauxite minerals. (A) diaspore vs. gibbsite; (B) 

kaolinite vs. gibbsite; (C) kaolinite vs. hematite; (D) diaspore vs. hematite; (E) gibbsite vs. 

hematite; (F) kaolinite vs. diaspore.  
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Fig. 13. (A) Histogram of the Hangu Formation profile; (B–H) evolution of the topology in 

response to tectonic events, sedimentary environment and facies shift during the deposition of the 

facies suit. 
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Fig. 14. Paleoclimatic interpretation from the QFL ternary diagram for the sandstones of the Hangu 

Formation (based on (Suttner and Dutta, 1986).  
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Fig. 15. (A) Regional tectonism from the Late Cretaceous to the Middle Paleocene around the 

Tethys Ocean (modified after (Chatterjee and Bajpai, 2016). The red square shows Fig. 15B. (B) 

Tectonic model showing intra-oceanic subduction of the Indo-Eurasian plates, related processes, 

and the sedimentary environment at the initial time of the deposition of the Hangu Formation 

(modified after (Yang et al., 2019). 
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Fig. 16. (A) Regional tectonism from early to middle Paleocene around the Tethys Ocean 

(modified after (Chatterjee and Bajpai, 2016). The red square shows Fig. 15B. (B) Tectonic model 

showing the collision phase of the Indian continental plate and the KIA and its relationship with 

the climatic conditions and the sedimentary environment during the time of the deposition of 

Hangu Formations’ facies suit (modified after (Yang et al., 2019). 
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Highlights 

* An integrated petrological and sedimentological study has been carried out on the Hangu 

Formation 

* Lithofacies and microfacies approach used for the better understanding of the paleoclimate and 

sedimentary environment 

* Insight of paleoclimate was implemented to reconfirm the sedimentary environment 

* Integration of sedimentary environment, paleoclimate and facie shift is used to reconstruct the 

paleotectonic evolution 
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