
 

Chapter 1 

INTRODUCTION 

 

 

orming the southern ranges of the Himalaya, the sedimentary succession of the 

Siwalik Group was deposited in a peripheral foreland basin - "the Himalayan 

foreland basin", which formed on the downward flexed Indian plate lithosphere in 

response to the overriding of the Himalaya following the India-Asia convergence 

(Dewey and Bird, 1970: Lyon-Caen and Molnar, 1985) (Fig. 1.1). 

 

 

Fig. 1.1. Diagram showing development of Himalayan foreland basin due to sagging 
of the crust immediately south of the MBT (section based on Mascle et al., 1986).  

 

The development of this Himalayan Foreland Basin (HFB) started in Early 

Palaeocene time. Initially, in Palaeogene time it was a marine basin, known as the 

Sirmaur Foreland Basin (Valdiya, 2010). It longitudinally extended from the Potwar 

Plateau of Pakistan in the west to Arunachal Pradesh of India in the east (Fig. 1.2). 

With the advancement of the India-Asia collision and the emergence of the Himalayan 

highland, in the Early Palaeocene time a drastic reversal of drainage in the foreland 

basin occurred which was later accompanied by the final withdrawal of the sea from the 

Himalayan province and the beginning of fluvial sedimentation in a terrestrial setting at 

around 30 Ma (Burbank et al., 1996; Najman and Garzanti, 2000). With continued 
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tectonic activities, particularly the breaking of the crust along the MBT, a subsequent 

foreland basin developed in Neogene times – the Siwalik Foreland Basin. This basin at 

its initial stages of development was an elongate depression which became a great 

repository of detritus from the uprising Himalayan Mountain with total molassic 

sediment thickness of 7000 m. Later, in Quaternary times (around 0.5 to 0.2 m.y.) this 

foreland basin broke into two unequal parts along the HFT. The northern 25 to 45 km 

wide part evolved to the rising Sub-Himalaya (better known as the Siwalik Ranges) and 

the southern 200-450 km part became the subsiding basin – this active part of the HFB 

is better known as the Indo-Gangetic Basin (Fig. 1.3). 

 

 

Fig. 1.2. Google image showing extension of Himalayan foreland basin from the 

Potwar Plateau of Pakistan in the west to Arunachal Pradesh of India in the east. 

 

The exposed Siwalik sedimentary succession in the Siwalik Ranges is 

characterized by lateral lithofacies variation, faunal diversity and discontinuity of strata 

due to folding and thrusting (Parkash et al., 1980; Tandon, 1991; Willis, 1993; 

Tokuoka et al., 1990; Burbank et al., 1996) and has yielded a rich assemblage of 

vertebrate fauna. Nevertheless, the Siwalik Group has been subdivided into mudstone 

dominated Lower, sandstone dominated Middle and gravel dominated Upper Siwalik 

Subgroups of Early to early Late Miocene, early Late Miocene to latest Late Miocene 



 

and latest Late Miocene to Pleistocene ages respectively (Pilgrim, 1910; Tandon, 

1991). 

 

 

Fig.  1.3. Map showing extension of the Sub-Himalaya between Main Frontal Thrust 

(MFT) in the south and Main Boundary Thrust (MBT) in the north. Star mark the 

location of the present study area in the south-eastern Uttarakhand.  

 

1.1 Present state of knowledge 

The name Siwalik was given by R.D. Oldham in 1893 after a temple of Lord Shiva 

(Siwa) near Haridwar in Uttarakhand state of India. The whole of the Siwalik 

sedimentary succession is known for its remarkably preserved fluvial architecture, 

which provide insights into the ancient Himalayan river system and effects of 

Himalayan tectonics and climatic variations on the sedimentary processes of the 

foreland basin. A number of studies have been done during the past more than a decade 

to determine different aspects of the Siwalik such as geomorphology, geochronology, 

tectonics and sedimentology. Building upon these previous studies an account of the 

present knowledge about the Siwalik is summarized in the following paragraphs. 

The tripartite subdivision of the Siwalik Group by Pilgrim (1910), was further 

subdivided into seven formations by Colbert (1934, 1942). He subdivided the Lower 

Siwalik Subgroup into the Kamlial and Chinji formations, the Middle Siwalik 



 

Subgroup into Nagri and Dhokpathan formations and the Upper Siwalik Subgroup into 

Tatrot, Pinjor and Boulder Conglomerate formations. However, rapid lateral facies 

change, discontinuity of strata due to faults and thrusts and irregular distributions of 

fossiliferous sections led to the difficulties encountered in mapping and correlation of 

various units of the Siwalik succession. Nevertheless, regional geological map of the 

Siwalik Range was compiled by S.N. Talukdar and Y.S.N. Rao, which was published 

in Sahni and Mathur (1964). Much later, Karunakaran and Ranga Rao (1979) provided 

another regional geological map of the entire Siwalik Range, which, however, is not 

much different from that given by Talukdar and Rao (vide Sahni and Mathur, 1964). 

Sedimentological investigations reveal that the entire Siwalik succession has 

been deposited by southerly flowing river systems (Jain and Sinha, 2003; Kumar et al., 

2003; Shukla et al., 2009). However,  the fluvial sedimentation began much earlier at 

about 30 Ma (Burbank et al., 1996; Najman and Garzanti, 2000) with the deposition of 

the basal Dagshai succession (Najman et al., 1993, 1994). The prevailing climate 

during the greater part of the deposition of the Siwalik sediments seems to be warm and 

humid (Tandon, 1991). It has almost unequivocally been proposed that the Lower 

Siwaliks represent overbank deposits of the levee, flood basin and backswamp areas 

(Johnson and Vondra, 1972; Halstead and Nanda, 1973; Visser and Johnson, 1978; 

Behrensmeyer and Tauxe, 1982; Kumar and Tandon, 1985), the Middle Siwaliks 

represent the deposits of migrating braided system and alluvial fan sequences (Wells 

and Dorrs, 1987; Kumar and Nanda, 1989), and the Upper Siwaliks represent deposits 

of the  proximal braided streams and proximal stretches of alluvial fans (Raiverman, 

1975; Visser and Johnson, 1978; Kumar and Tandon, 1985). Few workers have worked 

on the fluvial recurrence patterns of the Siwalik sequence (Opdyke, 1982; Johnson et 

al., 1985).   

Various workers have studied the sedimentation pattern of the Lower Siwalik 

Subgroup which is exposed throughout the extent of the western as well as the eastern 

Himalaya. The oldest sequences of this succession are considered to be ~ 19 m.y. 

(Johnson et al., 1985). The Lower Siwalik Subgroup ranges from several hundred to 

over a thousand meters in thickness. Krynine (1937) and Munthe et al. (1979) 

described the sedimentary deposits of the Kamlial Formation in the Daud Khel area of 

Mianwali district in Pakistan. The Chinji Formation in the Daud Khel area has also 



 

been studied by Munthe et al. (1979), Willis (1993), Zaleha (1997). Friend et al. (2001) 

inferred a large channel-belt complex during the deposition of Chinji Formation in 

Pakistan. 

In the Indian part, the study of the Lower Siwalik Subgroup in Jammu Hills 

described the cyclic sedimentary sequences beginning with sandstone followed 

successively by siltstone, massive claystone, concretionary claystone, laminated 

claystone and olive-green claystone, which have been interpreted as the deposits of 

high sinuosity meandering streams with broad floodplains (Ranga Rao and Kunte, 

1987). The silty-heterolithic associations of the Lower Siwalik in the Jammu region, 

however, are considered to represent upland interfluve (doab) deposits of meandering 

rivers (Sharma et al., 2001). In Kumaun Himalaya, the Lower Siwalik sequences of the 

Kathgodam-Ranibagh-Amritpur sector have been interpreted as overbank and 

floodplain deposits (Shukla, 1984). Further, the qualitative and quantitative 

characteristics of Lower Siwalik palaeochannels have been considered to represent 

alluvial fan distributaries operative in the distal fan region (Shukla et al., 2001, 2006). 

Further, these relatively shallow and narrow distal fan channels were separated by 

vegetated interchannel areas where mud was deposited and under such a setting, 

dominant channel patterns were anastomosing and meandering types along with a few 

sandy braided streams (Shukla et al., 2001, 2006, 2009). The Lower Siwalik succession 

in the Ramnagar-Kaladhungi (Kumaun Himalaya) area has been considered to 

represent deposits of distal megafan-interfluve settings (Shukla et al., 2009). 

Morphological and hydrological parameters of the Lower Siwalik channels have been 

studied in the northern Pakistan (Willis, 1993; Zaleha, 1997), western Nepal (Ulak, 

2005) and south-central Uttarakhand (Shukla et al., 2009).  

Goswami and Pant (2007, 2008) studied the geomorphology and active 

tectonics of the Siwalik Range, in Kota–Pawalgarh Duns and present a model for the 

tectonic evolution of these piggy-back basins within the Kumaun Sub-Himalaya. 

Bhattacharya and Agarwal (2008) studied the thrust geometry of the Siwalik rocks in 

the Mohand area located south of Dehradun. Goswami and Deopa (2012) reported 

Quaternary block-tilting in the Siwalik as well as Lesser Himalayan tectonic blocks of 

Kumaun Himalaya in response to active tectonic deformation. 



 

Sedimentology of the Middle Siwalik Subgroup has been determined in 

different areas. The Middle Siwalik Subgroup on the northern limb of the Mohand 

anticline in the Dehradun region has been measured as an 1800 m thick interval (Kumar 

and Nanda, 1989). A sequence of thick multistoried sandbody complexes 

corresponding to the Nagri time interval were reported from Haritalyanagar section of 

the Punjab re-entrant of Himachal Pradesh (Johnson, 1977; Johnson et al., 1983). These 

sand complexes also occur in other widely separated areas such as the Potwar plateau 

and Dehradun (Johnson et al., 1983; Johnson et al., 1985; Kumar and Nanda, 1989). 

Lithofacies analysis of the Middle Siwalik sequence in the Ravi re-entrant, between the 

rivers Ravi and Chakki, has been done by Tandon and Narayan (1981) and Rangaraj 

(1978). The Middle Siwalik in the Jammu region is characterized by multiple storeys of 

sandstone bodies representing channel fills of rivers that drained in the SSE direction 

(Sharma et al., 2001). This is considered to indicate that the meandering rivers of the 

Lower Siwalik time transformed into braided rivers during the Middle Siwalik time 

(Sharma et al., 2001). During the Nagri time interval (10 m.y. to 8.0 m.y.), thick 

accumulations of multistoreyed sand complexes (channel bars and fills) with kyanite as 

an important heavy mineral, were laid within the Siwalik Basin. These SE flowing 

channels were within 1-2 km wide flood belt, 80 to 200 m wide and 4 to 13 m deep 

with channel-bank discharge of the order of 400-800 m
3
/second (the full flood-belt 

discharge being 1,500-2,000 m
3
/second) (Willis, 1993; Zaleha, 1997). The Dhokpathan 

Succession indicates nearly the same palaeoenvironmental setting (Khan et al., 1997). 

The Siwalik Group in the western Nepal and the central Nepal have been studied by 

Nakayama and Ulak (1999) and were described as the deposits of meandering river 

setting gradually changing to braided followed by debris-flow-dominated gravelly 

braided systems. The study indicated the change of fluvial styles from about 10.5 Ma to 

2.4 Ma. Further, in western Nepal, Ulak (2005) carried out palaeohydrological 

reconstruction and estimated the palaeoflow velocity varying between 0.32 and 4.76 

m/s of palaeochannel gradient ranging from 5.29x10
-5

 to 9.59x10
-4

 m/m, and 

palaeodischarge fluctuations from 1 to 104 m
3
/s. 

Much later, Khan and Tewari (2011) studied the palaeochannel and 

palaeohydrology of the Middle Siwalik Subgroup in the south central Kumaun 

Himalaya. Their estimates indicate that the Middle Siwalik sequence was emplaced by 

a system of rivers, with individual channels ~ 400 m wide and 5.2–7.3 m deep; the low 



 

sinuous channels were draining and flowed over a gentle depositional surface (sloping 

53 cm/km). This 700-km long Middle Siwalik drainage system had an extensive 

drainage basin of  42925 km
2 

area in the north–northeast and flow velocities of 164–

284 cm/s. The bed-load of the main stream was about 15% of the total load, whose 

annual discharge fluctuated between 346 and 1170 m
3
/s normally and rose to 

approximately 1854 m
3
/s during periodic floods. The Froude number of 0.22 suggests 

that the flows in these channels were tranquil, which accounted for the profuse 

development of cross-bedded units in the sandstone. The estimated palaeochannel 

parameters, bedding characteristics and the abundance of coarse clastics in the lithic fill 

are rather similar to the modern braided rivers of Canada and India such as South 

Saskatchewan and Gomti, respectively (Khan and Tewari, 2011). Khan and Tewari 

(2015), further studied the palaeocurrent, palaeohydraulics, and palaegeography of 

Early Miocene-Pliocene Middle Siwalik Subgroup of Kuluchaur area, Uttarakhand, 

North India and reported that the unimodal and locally bimodal palaeocurrent 

distribution of data with a high magnitude of resultant (𝑅*
 = 0.7337) oriented towards 

south-southwest (206
o
 ± 42.27

o
). Palaeochannel morphological attributes suggest that 

the depositing river system was about 230m wide and 4.5m deep. Kundu et al. (2011) 

studied the depositional environment and provenance of Middle Siwalik sediments in 

Tista valley, Darjiling District of eastern Himalaya. 

The depositional settings of the Upper Siwalik Subgroup have been studied in 

parts of Potwar Plateau and Jhelum re-entrant in Pakistan (Visser and Johnson, 1978, 

Pivnick and Khan, 1996), in the area east of Chandigarh (Kumar and Tandon, 1985) 

and in Dehradun and Subathu regions (Kumar et al., 2003). The Upper Siwalik 

sediments were deposited by northward-flowing streams in the basin on the backside 

of, and attached to, the Potwar sub-basin on the hanging wall of the Salt-range, 

following uplift of the Shinghar range (Pivnick and Khan, 1996). In the Haripur-Kolar 

belt of Himachal Pradesh, the 2,800 m thick Upper Siwalik is made by a braided river 

system, occupying the plain characterized by calcrete nodules in alfisol soil (Thomas et 

al., 2002). Brozovic and Burbank (2000) studied the dynamic fluvial systems and 

gravel progradation in the Himalayan foreland basin in the Himachal sector of North-

India. Behrensmeyer and Quade (2007) used stable isotope variation within individual 

Mio-Pliocene palaeosols to investigate subkilometer-scale phytogeography of late 

Miocene vegetation change in southeast Asia between ca. 8.1 and 5 Ma. Bhat et al. 



 

(2008) studied the ash beds occurring as  bentonitized tuff bands and tuffaceous 

mudstones in the Pliocene Upper Siwalik Subgroup in the Jammu region of India and 

reported a chain of four contemporaneous, palaeo-lake basins at this stratigraphic level, 

which ranged in length from 2 to 7 km.  

In terms of India’s plate motion, Lyon-Caen and Molnar (1983) have modeled 

the evolution of the basinal fill of the Siwalik basin. Others also worked on the foreland 

basin tectonics and sediment accumulation rates in the Siwalik basin (Sahni and 

Mathur, 1964; Karunakaran and Ranga Rao, 1979; Raynolds and Johnson, 1985). In the 

Siwalik belt of Pakistan, data on sediment accumulation rates (Visser and Johnson, 

1978; Johnson et al., 1985; Raynolds and Johnson, 1985) are derived through extensive 

data based on the Magnetic polarity stratigraphic studies. In the Indian part, the 

dynamics of sediment accumulation is yet not well understood. Some workers have 

attempted these studies only a few sections (Johnson et al., 1983; Tandon et al., 1984; 

Ranga Rao et al., 1988). The sediment accumulation rate in the Siwalik Basin in the 

northern Pakistan increased during the Middle Siwalik time. It became three times 

faster than what it was in the Lower Siwalik period (Johnson et al., 1983). Similarly, in 

the Indian part in the period 10.8 to 9.5 Ma, there was a notable rise in the 

sedimentation rate in Himachal-Uttarakhand sector when the Nagri sediments were laid 

down.  

In the Suraikhola belt in West-Central Nepal, flooding increased dramatically in 

the interval 10.5 to 9.5 Ma and the fluvial style changed from meandering to the 

braided system between 9.0 and 6.5 Ma and again to the gravelly braided system after 

3.0 to 2.5 Ma (Nakayama and Ulak, 1999). The Siwalik succession of the Arungkhola-

Binaikhola represents deposits laid down in the early stage by low discharge, low relief 

meandering rivers that became flood dominated at 9.9 Ma and braided sandy after 8.2 

Ma, primarily due to intensification of rainfall. The gravel deposits in the braided rivers 

are attributed to the tectonic resurgence at 2.5 Ma related to movements on the Main 

Boundary Thrust. Evidently, the ground slope had steepened and there was profuse 

influx of very coarse detritus, presumably due to accelerated erosion in the uplifted and 

rising Great Himalaya domain. 



 

The largest fluctuation in sedimentation occurred after 1.7 Ma, when the 

Boulder Conglomerate was emplaced over a very extensive belt at the top of the 

Siwalik succession. The gravelly sediments of the Upper Siwalik were deposited at the 

rate of 70 cm/1000 years in the Dehradun sub-basin and 39 cm/1000 years in the 

Subathu sub-basin (Kumar et al., 1996, 2003). The rate of accumulation of gravelly 

sediments in the Haripur sector increased from 45 cm/1000 years to 54 cm/1000 year 

after 2.6 Ma (Sangode and Kumar, 2003). In west-central Nepal, the average rate of 

sedimentation varied from 20-150 cm/1000 years to 32-50 cm/1000 years (Tokuoka et 

al., 1990; Gautam and Rosler, 1999). There was also an increase in the abundance of 

the volcanic tuff horizons in the Upper Siwalik Subgroup after 3.0 m.y. (Johnson et al., 

1982). 

The geometry of sandbodies is useful for predicting channel type and behavior 

(Campbell, 1976; Friend et al., 1979; Allen, 1983). This aspect of Siwalik Group has 

been lacking due to the difficulty of equating laterally placed sections. The vast lateral 

extent and thickness of the Siwalik Group is in itself a pointer towards complex 

sedimentation patterns in the basin. However, some of the preliminary studies 

regarding this aspect have been done by few workers (Visser and Johnson, 1978; 

Behrensmeyer and Tauxe, 1982; Tandon and Kumar, 1984; Kumar and Tandon, 1985). 

The data on the palaeocurrent of the Siwalik Group, considering its extent 

(length, width and thickness), is meager (Tandon, 1971; Parkash et al., 1974, 1975; 

Tandon et al., 1985; Kumar and Nanda, 1989). In the Lower and Middle Siwaliks, 

palaeocurrent directions are southerly to southeasterly and eastward in India (Tandon, 

1971; Parkash et al., 1974; Rangaraj, 1978; Kumar and Nanda, 1989; Mandal et al., 

2014). The palaeocurrent data in Pakistan, on the other hand, reveal a general flow 

from West to East (Stix, 1982; Behrensmeyer and Tauxe, 1982; Sheikh and Shah, 1984; 

Johnson et al., 1985). For the Upper Siwaliks, variable palaeoflow directions, towards 

SE, SW or SE, are obtained due to basinal tectonics (Tandon et al., 1985).  

Petrographic studies reveal that quartz, feldspar, micas, rock fragments and 

matrix are the main framework constituents of the Siwalik sandstones and in many 

cases these sandstones are cemented by calcite (Krynine, 1937; Tandon, 1976; Tandon 

and Rangaraj, 1979; Parkash et al., 1980; Bora and Shukla, 2005). Different types of 



 

rock fragments identified in the Siwalik sandstones include schists, chert, argillite 

shale, quartzite, aggregate quartz and rarely found granite and gneiss fragments are also 

present (Misra and Valdiya, 1961; Chaudhri, 1971; Basu et al., 1975; Tandon and 

Rangaraj, 1979; Abid et al., 1983; Gill, 1985; Bhatia, 1986; Varshney, 1987; Abbasi 

and Friend, 1985; Critelli and Ingersoll, 1994; Ghosh and Kumar, 2000; Qayyum et al., 

2003; Jalal et al., 2011; Jalal and Ghosh, 2012). QFL percentages of the Siwalik Group 

generally plot out in the field of litharenites, sublitharenites and feldspathic litharenites 

(Tandon, 1976; Rangaraj, 1978; Parkash et al., 1980; Abid et al., 1983, Jalal et al., 

2011). Huyghe et al. (2005) studied the deposits of the Siwalik Group (west-central 

Nepal), and Ganga River system for clay mineralogy and reported increasing 

seasonality and aridity linked to variability of the Asian monsoon since the past 8 Ma. 

Gilbaud et al. (2012) studied the petrographic and diagenetic data of fluvial sandstones 

from the Miocene-Pliocene Siwalik Group in western-central Nepal and reported 

Higher and Lesser Himalayan provenance for these sandstones. 

Heavy mineral studies reveal that the Lower Siwalik is marked by the incoming 

of staurolite and epidote (Raju, 1967; Sinha, 1970; Chaudhri, 1972). Other minerals of 

the heavy mineral assemblage include garnet, tourmaline, zircon, rutile, chlorite and 

opaque minerals. The Middle and Upper Siwalik rocks are marked by the incoming of 

kyanite and hornblende, sillimanite respectively (Raju and Dehadrai, 1962; Johnson et 

al., 1985). Excessive delivery of kyanite with garnet, staurolite and epidote during the 

Middle Siwalik period in the temporal span of 11.5 Ma to 5.1 Ma implies exhumation 

or exposure at higher elevation and attendant denudation of the Great Himalaya 

complex at about 11 Ma. This was the time of a strong and momentous tectonic 

movement (Johnson et al., 1985). 

Focusing on oil and gas prospect of the basin, Raiverman et al. (1979) 

subdivided the Siwalik succession into eight energy sequences, on the basis of grain 

size variation. Intensive magnetostratigraphic investigations have been carried out in 

Siwalik Group of the Pakistan. Such efforts were initially focused on the Upper Siwalik 

Subgroup (Keller et al., 1977; Opdyke et al., 1979). These studies were further 

extended into the Lower and Middle Siwalik Subgroups (Barndt et al., 1978; Johnson 

et al., 1982; Tauxe and Opdyke, 1982; Johnson et al., 1985). The magnetostratigraphic 

data in the Indian part has been studied by few workers and in limited sections (Nanda, 



 

1973, 1981; Yokoyama, 1981; Azzarolli and Napoleone, 1982; Johnson et al., 1983; 

Tandon et al., 1984; Ranga Rao et al., 1988). 

Several workers have carried out the integration of biochronological, fission 

track dating (thermochronological) and magnetic polarity stratigraphic data and a 

refined stratigraphic framework has now been developed for the Siwalik Group of 

Pakistan (Opdyke et al., 1979; Opdyke, 1982; Johnson et al., 1982; Johnson et al., 

1985). Ranga Rao et al. (1988) have provided dates on two bentonised tuff horizons 

within the Nagrota Formation of the Upper Siwalik Subgroup of Parmandal-Utterbeni 

section of Jammu Hills. Another fission track dating from a bentonite band in the 

Nagrota Formation of Utterbani area of Jammu Hills gave the age of 1.6 m.y. (Tripathi, 

1986).  

Bernet et al. (2006) and Van Der Beek et al. (2006) carried out fission track 

dating (apatite fission track and Zircon fission track) along with Uranium-Lead (U-Pb) 

double dating of  the Miocene to Pliocene Siwalik Group, and from modern rivers, in 

western and central Nepal and their results provide evidence for widespread cooling in 

the Nepalese Himalaya at about 16.0 ± 1.4 Ma, and continuous exhumation at a rate of 

about 1.4 ± 0.2 km/Myr thereafter. Thermochronologic and sediment petrologic 

analyses of the middle Siwalik Formation in eastern Nepal show two static peaks at 

about 14 and >140 Ma (Chirouze et al., 2012). Nd and Hf isotopic data as well as 

apatite and zircon fission-track analyses of the Miocene–Pliocene Siwalik Group of the 

Kameng River section in Arunachal Pradesh, northeastern India reveal deposition of 

Siwalik Group sediments between 13–7 and < 2.6 Ma that were mainly derived from 

Higher Himalayan source rocks (Chirouze et al., 2013). 

Chakraborty et al. (2013) studied trace fossils from the Middle Siwalik, 

Neogene deposits of Darjeeling Himalaya and suggest that the tracemakers dominated a 

floodplain habitat. Kundu et al. (2011) studied the sedimentary Facies and Soft-

sediment Deformation Structures in the Late Miocene-Pliocene Middle Siwalik 

Subgroup of eastern Himalaya in the Darjiling District, India and reported the presence 

of seismites in Siwalik rocks of the area. 

 



 

1.2 Present Work 

Careful perusal of the literature makes it clear that despite the fact that the vast lateral 

extent makes the Siwalik Group an ideal assemblage for documenting and 

understanding diverse fluvial processes within a large peripheral foreland basin, its 

sedimentology has so far been determined only along a few sectors in northern 

Pakistan, northern India and western Nepal  (e.g. Prakash et al., 1974; Visser and 

Johnson, 1978; Behrensmeyer and Tauxe, 1982; Kumar and Tandon, 1985; Zaleha, 

1997; Nakayama and Ulak, 1999; Brozovic and Burbank, 2000; Friend et al., 2001; 

Sharma et al., 2001; Kumar et al., 2003; Huyghe et al., 2005; Shukla et al., 2009; Khan 

and Tewari, 2011). Many other sectors have not been investigated (see Burbank et al., 

1996; Sinha et al., 2007), apparently owing to inaccessibility due to thick forest cover. 

Admittedly, the regional picture of the Siwalik fluvial systems and processes is still 

incomplete and, thus, call for detailed investigations along the unstudied sectors. 

Detailed sedimentological investigations, therefore, are needed to be carried out along 

many other sectors to obtain a clear regional picture of the Siwalik fluvial systems 

including their channel patterns, morphologies, flow patterns, hydrology, lithofacies 

and petrofacies analysis. One such unstudied sector of Siwalik is the present study area 

(Fig. 1.4) which is completely overlooked and where no sedimentological 

investigations have ever been attempted.  

The present study, thus, has been conducted to determine the sedimentology of 

a hitherto unstudied sector of the Siwalik, between rivers Nandhaur and Sarda in 

eastern Uttarakhand (Fig. 1.4). 

The specific objectives of the study were : 

1. Understanding the depositional processes and depositional 

environment/subenvironment through detailed lithofacies analysis along various 

across strike sections. 

2. Understanding/determining the palaeohydrology of the Siwalik system. 



 

3. Inferring the provenance of Siwalik sediments and their dispersal pattern 

through detailed petrographic, petrofacies and palaeocurrent analysis.  

1.3 Study Area 

 

1.3.1 Location and Approach 

The present study area roughly lies between the Nandhaur River in the west and 

the Sarda River in the east in the state of Uttarakhand, India. It is located between 

longitudes 79
o
41

'
 to 80

o
15

'
 E and latitudes 29

o
07

'
 to 29

o
11

'
 N, and is covered in the 

Survey of India toposheet numbers 62 C/4, 53 O/16 and 53 O/12 on 1:50,000 scale. The 

major townships of the area are Haldwani and Tanakpur in the western and eastern 

parts respectively (Fig. 1.4). Nandhaur wildlife sanctuary in Chorgaliya and Purnagiri 

Temple near Tanakpur are the major landmarks of the area. Khatima, Nanakmatta, 

Sitarganj and Chorgaliya are the other small townships in the study area. 

Both of these places are well connected with Delhi, Dehradun and Lucknow by 

road network and railways and have suitable accommodations available. The nearest 

railway stations are at Kathgodam, Haldwani, Lalkuan and Tanakpur, which are at a 

distance of ~ 5-30 km from the study area. One can always hire a taxi or can find an 

Uttarakhand roadways bus or a private bus from these stations to the destination. The 

study area has a network of rural, metalled or un-metalled roads which finally connects 

to the NH-74 (Bareilly-Tanakpur National Highway) and NH-125 (Tanakpur-Tawaghat 

National-Highway). 

Sedimentary sequences exposed along the road cuts and streams have been 

investigated in this study; however, majority of the measured vertical stratigraphic 

sections are located along the streams. 

1.3.2 Physiography 

Rising abruptly up to 1650 m amsl (meter above mean sea level) to the 

immediate north of the Indo-Gangetic Plains, the Siwalik Mountains constitute the



 

 

Fig. 1.4. Location of and approach to the study area. 



 

southernmost Himalayan Ranges. In the study area, the Siwalik Mountains are up to ~1200 m 

amsl and transversely extend for 7-18 kms in N-S direction. These ridges are generally 

elongated, made up of dangerous and vulnerable mudstone - sandstone alternation (Fig. 1.5) 

and have rounded tops.  

Other than this, these ranges are sandwiched between southwards moving Lesser 

Himalayan Mountains and northwards moving Indo-Gangetic Plain leading to severe 

deformations manifested in the form of very immature topography and a very rugged terrain. 

The rocks here are highly deformed and prone to further disintegration (Fig. 1.7 and 1.8).  

The combination of powerful tectonic forces and easily deformable rocks eventually leads to 

deforming the whole landscape of the Siwalik region. Huge amount of debris is thus 

generated through slow to fast mass wasting process. (Fig. 1.9).  

Therefore, these ranges are characterized by a number of scarps, triangular and planar 

slope facets, landslides, cascades and waterfalls. The slope facets for landslides and talus 

deposits are convex in the accumulation zones and concave in scarps. Landslides are 

particularly common along the southern flanks of the hills. Many embayments are developed 

all along the Siwalik Mountain-front rendering zigzag physiographic boundary against the 

plains. 

 

 

 

Fig. 1.5. Siwalik Hills overlooking the Ganga Plain's piedmont Zone in the western part of 

the study area. 

 

 



 

 

 

Fig. 1.6. Siwalik succession depicting sandstone-mudstone alternation in the eastern part 

of the study area along the Kiroda-Nala. 

 

 

Fig. 1.7. Fault induced generation of debris in the Siwalik terrane in the eastern part of the 

study area along the Tanakpur-Champawat motor road. 

 



 

 

 

Fig. 1.8. Folding in the silty-mudstone rocks of the Siwalik terrane in the eastern part of 

the study area along the Tanakpur-Champawat motor road. 

 

 

Fig. 1.9. Severely deformed Siwalik Hills. Huge amount of debris is being  generated along 

the Kiroda-Nala stream in the eastern part of the study area. 

 



 

1.3.3 Drainage 

The Nandhaur and Sarda are the major rivers in the study area (Fig. 1.4). Both of 

these rivers originate in Himalayan hinterland, are of 5
th

 order and antecedent to the Siwalik 

terrane. The Nandhaur River has the 4
th

 order Kundal-Gad, Lowar-Nala, Naula-Gad and 

Selakhal-Nala streams as its major tributaries. The Sarda River has the 3
rd

 and 4
th

 order 

Kiroda-Nala, Kalaunia-Nala, Bhawani-Gad, Thuli-Gad, Batna-Gad, Huddi-Nadi and Bhumia-

Gad as its major tributaries.  

Interestingly, there are striking deflections along the courses of both the rivers. The Nandhaur 

as well as the Sarda River flow westwards within the Siwalik terrane and then takes a 

semicircular turn to debouch into the Ganga Plain through water gaps along the Chorgaliya 

and the Tanakpur faults respectively (Fig. 2.4) (Goswami, 2012).  

 The river valleys in the Siwalik are generally remarkably ‘V’ shaped but anomalous 

along many stretches, being very wide, incised narrow, compressed meandering or straight 

(Goswami and Deopa, 2012). These are often lined with fluvial terraces, small alluvial fans, 

talus cones and landslide fans. The streams generally exhibit dendritic to subdendritic, 

subparallel or semirectangular patterns. All the streams debouch into the Ganga Plain's 

Piedmont Zone through embayment along the mountain-front (Goswami and Yhokha, 2010). 

1.3.4 Climate 

The study area is located in a sub-tropical region and has three well-defined climatic 

seasons: winter, summer and monsoon. Winter starts from the early November and continues 

till the end of February and this is the best season for fieldwork in the area. Summer begins 

from the end of March and continues till the middle of October. The mean annual 

temperature varies from 22
o
C to 26

o
C, with a maximum of ~40

o
C during daytime in summer 

and a minimum ~7
o
C during winter nights. The rainfall in the area is influenced by the 

southwest monsoon, the Indian Summer Monsoon, with a maximum rainfall during July and 

August. Westerlies contribute ~ 5 – 8% to the annual rainfall during the months of December 

to February. According to Indian Meteorological Department, during the last decade, the 

average rainfall in the region has been 2076 mm/year with a maximum rainfall during the 

months of July and August varying between 590 and 600 mm/year. 



 

1.3.5 Flora and Fauna 

The study area has rich and luxuriant flora and fauna population. It is covered with 

dense, multistoried, sub-tropical rain forest characterized by deciduous plants such as Shorea 

Robusta (Sal), Acacia caesia, Acacia Catechu (Khair), Adina Cardifolia, and Pinus 

Roxburghi (Chir Pine) as the tree species. Other than these, there are several species of herbs 

and shrubs in the region. The dense forest cover has made inaccessible a large part of the 

study area; which apparently hampered field work and, thus, geological  investigations. 

These dense forests support very rich wildlife and a large part of the study area comes 

under the Nandhaur wildlife sanctuary. There are numerous mammals and reptiles that 

includes, tiger, elephant, cheetal, sambhar, barking deer, hog deer, nilgai, wild boar, jackal, 

fox, monitor lizard, python, black cobra, krait etc. This region is also rich in both local and 

migratory avifauna. 

 



 

 

Chapter 2 

GEOLOGICAL SETTING 

 

 

he Himalaya has originated as a result of continent-continent collision between 

Indian and Eurasian plates, which caused stacking of crustal sheets of the 

northern margin of Indian plate along south propagating intra-crustal faults/thrusts 

(Molnar, 1986). From north to south, these intracrustal thrusts are known as, the South 

Tibetan Detachment (STD), the Main Central Thrust (MCT), the Main Boundary 

Thrust (MBT) and the Main Frontal Thrust (MFT) [also known as Himalayan Frontal 

Thrust (HFT)] (Fig. 2.1).  

 

 

Fig. 2.1. Formation of Himalayan tectonic blocks following the Indian-Asian plate 
convergence. (after Valdiya, 2010). STD, South Tibetan Detachment; MCT, Main 

Central Thrust; AT, Almora Thrust; MBT, Main Boundary Thrust; MFT, Main Frontal 

Thrust. 

 

Consequently, the Himalaya is subdivided into four distinct lithotectonic 

terranes (Fig. 2.2). The northernmost of these terranes is the Tethys Himalaya of 

Proterozoic to lower Tertiary rocks, which extends between the Indus Tsangpo-Suture 

T 



 

 

Zone (ITSZ) in the north and the STD in the south. The STD is a normal fault and 

separates the Tethys Himalaya from its Precambrian metamorphic basement, the Great 

Himalaya terrane of the south. The Great Himalaya is thrust southwards over the Lesser 

Himalaya terrane along the MCT. The Lesser Himalaya, composed of Precambrian to 

 

 

Fig. 2.2 Map showing lithotectonic subdivisions of Himalaya. ITSZ, Indus Tsangpo 

Suture Zone; STDZ, South Tibetan Detachment Zone; MCT, Main Central Thrust; 

MBT, Main Boundary Thrust; MFT, Main Frontal Thrust; IGB, Indo-Gangetic Plain. R. 
– River. Stars mark the locations of studied Lower Siwalik sectors. 1 – Chinji 

(southern Potwar Plateau); 2 – Khaur (northern Potwar Plateau); 3 – Jammu; 4 – 

south-central Uttarakhand; 5 – southeastern Uttarakhand (present study area); 6 – 

Surai Khola. 

 

Lower Cambrian sedimentary rocks and low grade metamorphic rocks, in turn, is thrust 

southwards over the Tertiary sedimentary succession of the Sub-Himalaya along the 

MBT. The Sub-Himalaya, and thus the whole Himalaya, is then thrust over the 

alluvium of the Indo-Gangetic basin (Auden, 1934; Gansser, 1964; Valdiya, 1980).  



 

 

The sedimentary succession of the Sub-Himalaya (more commonly known as Siwalik) 

represents the deposits of the foreland basin of Himalaya. As already mentioned in 

Chapter 1, the development of this Himalayan Foreland Basin (HFB) started in Early 

Palaeocene time. Initially, in Palaeogene time, it was a shallow marine basin and 

stretched from the Ranikot-Laki belt in Sindh of Pakistan in the west to Meghalaya in 

India and farther eastward. It was connected with the Bay of Bengal through the Bengal 

basin in the east and with the Arabian Sea through western Rajasthan in the Kachchh in 

the west (Fig. 2.3). Gradually, with the advancement of the India-Asia collision, the sea 

withdrew and it became a fluvial foreland basin at around 30 Ma (Najman et al., 1993, 

1994). The fluvial sedimentation in the basin is still continued, despite that it had 

broken into two unequal parts along the MFT during Quaternary times, uplift along 

which evolved the rising Sub-Himalayan (Siwalik) Ranges. 

 

 

Fig. 2.3. Extent of the Himalayan Foreland Basin encompassing both Sirmaur and 
Siwalik basins (From Valdiya, 2010). 

 

 

The Palaeogene deposits of the basin are exposed only along a few sectors of 

Sub-Himalaya and have different names in different areas. On the other hand, the 

Neogene alluvial strata are exposed continuously all along the length of the Sub-

Himalaya and known everywhere as the Siwalik Group (Table 2.1).  



 

 

 

Table 2.1. Correlation, lithological associations and subdivisions of the Himalayan Foreland Basin. 

 
 

 

 

 



 

 

The overlying Quaternary deposits of the active part of this foreland basin in Ganga 

Plain have been subdivided into Older Varanasi Alluvium of Middle to Late Pliestocene and 

younger Newer Alluvium of Holocene age (Raiverman et al., 1983; Kumar et al., 1996). The 

broad lithostratigraphy of the Himalayan foreland basin is summarized in Table 2.2. 

 

Table 2.2. Lithostratigraphy of the Himalayan foreland basin (compiled from Raiverman et 

al., 1983, Kumar et al., 1996). 
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name Siwalik was given by Oldham (1893) after a temple of Lord Shiva (Siwa) near 

Haridwar in Uttarakhand state of India. As already mentioned in Chapter 1, Pilgrim (1910) 

Age Lithostratigraphy 

 

Holocene 

 

Newer Alluvium 

Channel Alluvium and colluvial 

fan depostis. Lacustrine grey 

silt and clay. Terrace Alluvium. 

Alluvial fan deposits. 

------------------------------------------ Disconformity ------------------------------------- 

Middle to Late Pleistocene Varanasi Alluvium Polycyclic sequence of boulder 

beds, and silt-clay with 

calcrete. 

------------------------------------------ Unconformity ------------------------------------- 

Early Miocene to Early 

Pleistocene 

Siwalik Group 

Late Eocene to Early Miocene Dharmshala Group 

Late Paleocene to Late Eocene Subathu Group 

------------------------------------------ Unconformity ------------------------------------- 

Precambrian Basement 



 

 

divided the Siwalik succession (Group) into three units, Lower, Middle and Upper Siwalik 

(Subgroups) and assigned them Middle Miocene, Late Miocene to Early Pliocene and Late 

Pliocene to Early Pliestocene ages respectively on the basis of rich vertebrate fauna. 

Precisely, the base of the Siwalik Group in Indian part falls at ca. 13 Ma whereas the 

boundaries between Lower, Middle and Upper Siwalik Subgroups fall at ca. 11.5 and 7 Ma 

(Meigs et al., 1995; Brozovic and Burbank, 2000). Colbert (1934, 1942) further subdivided 

the Lower Siwalik Subgroup into the Kamlial and Chinji formations, the Middle Siwalik 

Subgroup into Nagri and Dhokpathan formations and the Upper Siwalik Subgroup into 

Tatrot, Pinjor and Boulder Conglomerate formations (Table 2.3).  

It is now well established that the three subgroups of the Siwalik Group are 

characterized by a definite pattern of variation of heavy mineral composition (Dehadrai, 

1958; Sinha, 1970 and Chaudhri, 1972). The Lower Siwaliks comprise staurolite as the 

dominant heavy mineral component, whereas the kyanite and hornblende are the dominant 

heavy minerals in the sediments of the Middle and the Upper Siwaliks respectively. 

Lithostratigraphic subdivisions of the Siwalik Group are given in the Table 2.3 and is 

described in the following text. 

In general, the Siwalik succession coarsens upwards from mudstone-sandstone 

dominated Lower Siwalik Subgroup; sandstone dominated Middle Siwalik Subgroup, to 

conglomerate sandstone dominated Upper Siwalik Subgroup. 

The Kamlial formation in the type area near Khaur oil field in Pakistan comprises about 600 

to 1000 m thick succession of dark coloured hard sandstone, purple shale and pseudo-

conglomerate. The Kamlial formation exposed in Jwalamukhi area in Himachal Pradesh 

consists of green sandstone. The Chinji formation named after the type area in Pakistan 

comprises 400 to 1800 m thick bright red nodular shale, clay, grey sandstone and 

conglomerate. The formation is exposed in Ramnagar, Tawi valley and Poonch areas of 

Jammu. 

Table 2.3: Lithostratigraphic Subdivisions of Siwalik (After Pilgrim, 1913; Colbert, 1934; 

1942 and Tandon, 1991). 
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The Nagri formation first described from the village Nagri in Attock district 

(Pakistan) consists of intercalated massive micaceous sandstone, clay, shale and 

conglomerate. The formation is well exposed in Tawi valley (Jammu) and Hartalyanagar 

(H.P.). The overlying Dhokpathan formation named after a village of that name in Pakistan 

consists of a section of variegated coloured sandstone, shale and clay and some beds of 

conglomerate. The formation exposed in the Hartalyanagar area laterally grades into the 

upper parts of the Nagri formation. 

GANGA PLAIN ALLUVIUM 

----------------------------------------------------gradational-------------------------------- 

 

Upper (Upper 

Pliocene to Lower 

Plieostocene) 

Boulder Conglomerate Coarse-boulder 

conglomerate, clay, sand, 

grit 

Pinjor Conglomerate, sandstone, 

clay 

Tatrot Sandstone, clay,  

conglomerate 

------------------------------------------------------gradational------------------------------ 

Middle (Upper 

Miocene to Lower 

Pliocene) 

Dhokpathan Sandstone, shale, clay, 

pebbly at the top 

Nagri Massive sandstone, shale, 

red clay 

 

Lower (Middle 

Miocene) 

Chinji Nodular shale, clay, 

sandstone 

Kamlial Formation Dark hard sandstone, red 

and purple shale 

-------------------------conformable---------------and---------------gradational------- 

KASAULI FORMATION    (UPPER MURREES) 



 

 

 The transition between the Middle and the Upper Siwalik is marked with a phase of 

folding. The Tatrot formation well exposed in the North of Chandigarh and Narayangarh 

Tehsil of the Ambala district comprises soft grey, brown to red massive sandstone, silt, 

variegated clay and conglomerate. The faunal assemblage of the formation contains a number 

of genera common to the underlying Dhokpathan formation. The fauna is suggestive of a 

Late Pliocene age for the formation. The Pinjor and the Boulder Conglomerate formations 

comprising the upper part of the Upper Siwalik has been assigned a Quaternary (Pliestocene) 

age. The Neogene-Quaternary boundary defined on the faunal evidence either lies in the basal 

part of the Pinjor formation or at the contact of the Pinjor and Tatrot formation. 

 The Pinjor formation named after a town near Kalka in Haryana comprises a 

succession of coarse grit, siltstone, clay and claystone intercalated with several beds of 

conglomerates. The red and pink colours are characteristics of the fine sediments of the 

formation. The conglomerates become frequent towards the top of the succession. Halstead 

and Nanda (1973) have shown the cyclic nature of the Pinjor succession deposited in an 

environment of flat flood plain with meandering rivers. Eight cyclothems representing eight 

major cycles of deposition have been recorded from a section near Chandigarh. 

The overlying Boulder Conglomerate formation (commonly known as Boulder 

Bed) contains boulders, pebbles and cobbles of granite, quartzite, slate and limestone derived 

from the fast eroding Lesser Himalaya. The formation generally occurring at the point of 

emergence of large rivers grades laterally and upwards into the Holocene alluvial sediments 

of the Indo-Gangetic Plain. 

 

 

2.2 Regional stratigraphic correlation 

The stratigraphic correlation of the Siwalik succession of the Sindh (Pakistan), Arunachal 

Pradesh and Assam is given in Table. 2.4. The Lower Siwalik, known as the Manchar 

formation, in Sindh, the Dafla formation in Arunanchal Pradesh, and the Tipam-Girujan 

formation an Assam comprises alternation of muddy sandstones and maroon mudstone and 



 

 

shale with occasional beds of pebbly conglomerate in the lower part. The Middle Siwalik and 

the coeval, the Upper Manchhar formation in Sindh, the Subansiri formation in Arunachal 

Pradesh, and the Dupitila/Namsang formation in eastern India are made up of micaceous, 

calcareous lithic arenite and sublitharenites with subordinate grey and maroon shale. The 

Upper Siwalik described as the Kimin formation in Arunachal Pradesh and the Dihing 

formation in Assam and adjoining region, consists of coarse sandstones becoming increasing 

pebbly and locally conglomeratic towards the upper part, as seen in the Dehradun and Pinjor 

duns. The top of the Upper Siwalik is a thick sheet of boulder conglomerate of vast lateral 

spread. 

 

 

Table 2.4. Columns illustrating the lithological associations and subdivisions of the Siwalik 

succession. 

 

2.3 Life in Siwalik 

The palaeobiological record of the Siwalik Group (Nanda, 1973, 1981, 2004; Nanda and 

Sehgal, 1993; Corvinus and Nanda, 1994; Nanda and Cornivus, 2000; Nanda and Shukla, 

2001; Sehgal and Nanda, 2003; Patnaik et al., 2009; Patnaik, 2011; Sehgal, 2013) reveals that 

during the Siwalik period, warm and humid climate conditions prevailed making the place 

sustainable and favourable for living beings. The floodplains were clothed with thick 

rainforests, particularly during the early Siwalik time. Evidently, numbers of plant fossils are 

present in the Siwalik sediments. A rich and varied life flourished dramatically due to the 

abundance of food available from forests and water being aplenty in the land of network of 

rivers, lakes and swamps. The streams were inhabited by reptiles like crocodile and turtles, 

swamps were populated by rhinos and hippos. A variety of mammals inhabited the forests 



 

 

like tigers, elephants, buffaloes, cows, deer, goats and tree climbing primates. From as far as 

northern Eurasia, Africa and North America, being attracted by abundance of food, water and 

other favourable conditions, herds of Quadrupeds came to this land.  

In the rainforests of Lower Siwalik time, pigs like Listriodon, Conohyus and  

Dicoryphochoerus were abundant in the marshy tracts along with mammals with long, 

mobile and nose-like head (proboscids), such as Dinotherium, Anthracotherium and 

Gomphotherium, the carnivores Dssipsalis and Vishnufelis, the anthracotherids Hemimeryx 

and Hyaboops and the girrafids Girrafa and Girrafokeryx. Primates such as Sivapethicus 

lived on trees dominated by Dipterocarpus and Callophyllum. A variety of reptiles including 

a giant turtle, Colossochelys atlas, lived in the water bodies of marshy land. 

By the Middle Siwalik time, the climate had become drier and the Pine (Pinus) 

succeeded in securing a foothold and patches of grassland appeared in the forests. In the 

community of above mentioned animals appeared the three toed-horse Hipparion with 

Vishnutherium and Brahmatherium, the proboscids like Stegodon, the carnivores Amphicyon 

and Sivanasua, the girrafids like Hydaspitherium megacephalum and Girrafa punjabiens, and 

the pigs Dicoryphochoerus vinayaki and Dorcabune nagrii. There were Late Miocene 

bivalves, Charophyte Nitellopsis and ostracode Ilyocypris, testifying to the existence of 

permanent lakes of cool water (Bhatia, 2003) in the Middle Siwalik floodplain. In certain 

parts of forests in Punjab lived a Macacus monkey with apes like Sivapethicus. 

During the Upper Siwalik time, the terrain was covered by savanna-type grassy plains 

dotted sparsely with trees. Grazing and browsing animals became preponderant in the forests 

dominated by trees such as Terminalia (‘sain’), Magnifera (‘aam’), Bauhinia (‘kachnaar’), 

Albizzia (‘siris’) and Acacia (‘khair’) (Awasthi, 1982; Vishnu-Mitre, 1984). In the forests and 

grasslands lived the primates Pongo, Presbytes and Procynocephalus, the proboscids 

Mastodon sivalensis and Gomphotherium, Stegodon bombifrons, Stegodon insignis and 

Elephas hysudricus, the hoofed mammals (ungulate) Rhinoceros, Equus sivalensis, 

Hexaprotodon sivalensis (hippo), the three toed horses Hipparion antilopium and 

Cormohipparion, the giraffids Indratherium and Sivatherium, Baluchitherium, the pig (Sus), 

the camel (Camelus), the carnivores Sivafelis, Canis, Hyaena, Panthera and Felis, the bovids 

or mammals of the cattle family Bubalus (buffalo), Bos (cow), Leptobos, Hemibos and Bison 

and the deer (Cervus). 



 

 

2.4  Tectonic development in Siwalik terrane  

At about 1.6 Ma i.e. towards the end of the Pliestocene, the revival of tectonic movement on 

the MBT and associated faults brought the Lesser Himalayan rocks riding over the Siwalik. 

Deformation of the Siwalik sedimentary succession gave rise to range after range of hills, 

many of which were latitudinally cut by faults and thrusts along the strike. The intensity of 

deformation was strongest close to the MBT zone. Folds were tightened and split along axial 

planes and squeezed out as imbricated stacks in this zone. Away from MBT, the structural 

architecture varies from tight to open upright folds affected by reverse faults in the middle 

zone to gentle broad folds in the south. To the west of the 79
o
 longitude, open synclines 

alternate with tight anticlines, commonly faulted along their axial planes. Some of the 

synclines were later filled with sub-recent to recent gravel deposits, giving rise to flat 

intermontane plains called duns. The sediment input in Duns is mainly through mass wasting 

and sheet flow processes; anthropogenic activities further redistribute the sediments. 

Landforms of Duns have been continuously modified under the influence of tectonic 

activities along longitudinal as well as transverse faults and these duns are still in a phase of 

evolution (Goswami and Pant, 2007, 2008; Malik et al., 2014).  

To the east of 87
o
 longitudes, the Siwalik terrane is represented only by imbricating 

stacks of the Siwalik rocks that were involved in duplex tectonics. The Siwalik succession 

have undergone thickening of its original lithologic layers to accommodate the additional and 

persisting stresses. The present-day Siwalik sequence may be described to occur in a 

structurally thickened state (Bhattacharya and Agarwal, 2008).  

Various geomorphic features such as paired and unpaired river terraces, triangular 

fault facets, escarpments, train of landslides, entrenched rivers, anomalies along the river 

courses and drainage patterns indicate active tectonic movements along the block defining 

faults/thrust and, thus, tectonic unrest in the Siwalik block in eastern Uttarakhand region. 

Geomorphic indices of the drainage basins of the Siwalik block indicate gentle to steep tilting 

due to quaternary tectonic movements. The Siwalik block is possibly up-tilted in the NE to 

SE. The easterly uptilting of the Siwalik Block seems to be due to its differential uplift along 

the HFT; being more intensive in the east. Further, the sharp deflections in the Gola and 

Nandhaur rivers’ courses from southwards in Lesser Himalaya to northwestwards along the 

northern margin of or in the Siwalik Block and then again southwards to debouch into the 



 

 

Ganga Plain possibly indicates gradual, east to west progression of the Siwalik Block 

(Goswami, 2012; Goswami and Deopa, 2012). 

2.5  Geologic setting of the area 

In the study area, the Siwalik Range rises abruptly against the vast Ganga Plain. The MBT 

and HFT define its northern and southern structural boundaries, respectively (Fig. 2.3). The 

HFT thrusts the Siwalik rocks over alluvium of the Ganga Basin (Talukdar and Rao, vide 

Sahni and Mathur, 1964; Karunakaran and Ranga Rao, 1979), whereas the Lesser Himalayan 

sequence is thrust over the Siwalik sequence along the MBT (Auden, 1934). In the eastern 

part of the study area, only the Lower and Middle Siwalik Subgroups are exposed (Goswami 

and Yhokha, 2010). The whole strata are folded into a large syncline (Fig. 2.5). The Middle 

Siwalik is in the core, whereas the Lower Siwalik is exposed in the 25° to 80° NW-dipping 

southern limb and 28° to 70° SW- to SE-dipping northern limb of the syncline (Fig. 2.5). The 

Kalaunia Fault (KF), Tanakpur Fault (TF), Bastia Fault (BF) and an unnamed thrust traverse 

the area (Karunakaran and Ranga Rao, 1979; Goswami and Yhokha, 2010) (Fig. 2.4). The 

latter two of these trend parallel to the Himalayan strike, whereas the former two trend 

transverse to it and are extensions of the basement structures of the adjoining Ganga foreland 

basin (Goswami, 2012). The Lower Siwalik Subgroup, comprising purple, dark to pale brown 

compact mudstones interbedded with fine grained sandstones and siltstones, was deposited 

during ca. 12.5 to 11 Ma (Kotlia et al., 2008). In many places the sequence is dominated by 

mudstone and siltstone, but in some other places it is dominated by sandstones. The overlying 

Middle Siwalik Subgroup, comprising salt-and-pepper grey, medium- to coarse-grained 

sandstones and subordinate brownish grey to reddish mudstones, was deposited during ca. 

11.0 to 4 Ma (Kotlia et al., 2008). 

In the western part of the study area, Lower, Middle and Upper Siwalik Subgroups are 

exposed (Talukdar and Rao, vide Sahni and Mathur, 1964; Karunakaran and Ranga Rao, 

1979) but a large part of it is quite inaccessible due to dense forest cover and luxurious wild-

life. The Chorgaliya Fault (CF) traverse the area (Fig. 2.4) (Karunakaran and Ranga Rao, 

1979, Goswami, 2012). Purple, buff, dark to pale brown compact mudstones interbedded 

with fine to coarse grained sandstones and siltstones forms the Lower Siwalik Subgroup of 

the area. The sequence is largely dominated by sandstones. 



 

 

Unlike in the other sectors of the Himalayan foreland basin, the Siwalik Subgroup in 

the study area cannot be differentiated up to formations. Hence, in the present study, only the 

subgroups of the Siwalik are taken into consideration, which have earlier been delineated by 

Talukdar and Rao (vide Sahni and Mathur, 1964) on the basis of absence of thick mudstone 

units and lesser induration of rocks.  

Geomorphologically, the Siwalik Hills in the area rise up to ~ 1200 m amsl. The 

antecedent Sarda and Nandhaur Rivers and their tributaries drain the eastern and the western 

terrane respectively. The Sarda River originates in the perennially snow-clad High Himalayan 

ranges, and Siwalik streams join it either in the Siwalik terrane itself or in the adjoining 

Ganga Plain through deeply cut ‘V’-shaped valleys. The Siwalik Range in the area has a 

conspicuous sigmoid shape formed owing to bending of strata caused by the continuous 

northward pressing by a basement spur of the Ganga–Siwalik foreland basin (Goswami, 

2012). This spur is one of the several digitations of the Delhi–Hardwar Ridge in the basement 

of the foreland basin (Raiverman et al., 1983). Interestingly, the Sarda River and the 

Nandhaur River also have similar sigmoid courses in the area owing to bends along their 

channel from the SW to WNW, again to the SW and finally to the S (Fig. 2.4). 

 



 

 

Fig. 2.4. Geological map of the study area. (Compiled from Talukdar and Rao, vide Sahni 

and Mathur, 1964 and Goswami, 2012). 

 

The Lower Siwalik Subgroup in the area is best exposed along the Tanakpur-

Purnagiri motor road, the Tanakpur-Champawat motor road, the Kiroda-Nala (also called 

Hathi Khor), and the Nandhaur-River sections (Fig. 2.4). These are the only accessible 

sections in the area where comparatively good exposures are available albeit the lack of 

lateral persistency and vertical continuity due to dense forest cover and mass-wasting. The 

detailed description of these four major stratigraphic sections is as follows. 

2.5.1  Tanakpur-Purnagiri motor road section 

The Lower Siwalik strata in a large part of this section is concealed below thick 

aprons of debris supporting dense vegetation. Only two measurable exposures of the strata 

are available about 3 km before the Tunyas locality near Purnagiri Temple (S1 in Fig. 2.4). In 

this section the rocks are intensely deformed and steeply (60
o
–70

o
) NE dipping. The exposed 

Lower Siwalik strata comprises of approximately 70% sandstone and 30% mudstone-

siltstone. The sandstone horizons are medium to coarse grained and the mudstone horizons 

are generally alternating with thin siltstone bands.  

2.5.2  Tanakpur-Champawat motor road section 

Rocks of Lower and Middle Siwalik Subgroups are exposed along this section (S2 in 

Fig. 2.4). The whole strata are folded into a large syncline (Fig. 2.5). The Middle Siwalik is 

in the core, whereas the Lower Siwalik is exposed in the 25
o
- 80

o 
NW-dipping southern limb 

and 28
o 

-70
o 

SW- to SE-dipping northern limb of the syncline. The Lower Siwalik Subgroup 

comprises purple, dark to pale brown compact mudstones interbedded with fine grained 

sandstones and siltstones. The sequence is generally dominated by mudstone and siltstone, 

but at some places it is sandstone-dominated. The Middle Siwalik Subgroup in the area 

comprises greyish brown and grey coloured, salt-and-pepper sandstone units with subordinate 

reddish to brownish mudstone units. The Kalaunia Fault (KF), Tanakpur Fault (TF), Bastia 

Fault (BF) and an unnamed thrust traverse the area (Karunakaran and Ranga Rao, 1979; 

Goswami and Yhokha, 2010). The latter two of these trend parallel to the Himalayan strike, 

whereas the former two trend transverse to it and are extensions of the basement structures of 



 

 

the adjoining Ganga Basin (Goswami, 2012). A total of nine sections constituting thickness 

of about 705 m have been measured owing to non exposure of the strata due to extensive 

mass wasting and/or dense vegetation cover. 

 

 

Fig.  2.5. Cross-sectional view of the study area along the Tanakpur-Champawat motor 

road section showing the arrangement of strata in the area. 

 

2.5.3. Kiroda-Nala (stream) section 

The Kiroda-Nala section lies in juxtaposition with the Quaternary alluvium deposits and the 

HFT (S3 in Fig. 2.4). This is a freshly cut stream section so the outcrops are well exposed 

here. The rocks are moderate to steeply (38
o
–65

o
) NW dipping. The Lower Siwalik strata are 

exposed beyond 3 km north of the Bastia village. The sequence is divisible into three 

measurable sections (Fig. 3.4. a, b and c). About 450 m thick sequence of alternating 

sandstone and mudstone is exposed along the section. The fine to coarse grained sandstone 

bodies are whitish, greyish and buff in colour whereas the siltstone and mudstone horizons 

are dark greyish, greenish to purple coloured. The Middle Siwalik is in the core, whereas the 

Lower Siwalik is exposed in the 25
o
- 80

o 
NW-dipping southern limb and 28

o 
to 70

o 
SW- to 

SE-dipping northern limb of the syncline. The geology of the Tanakpur-Champawat motor 

road section (S2) and the Kiroda-Nala section (S3) is almost similar as both the section are 

running almost parallel to each other. However, the syncline could not be traced in the 

Kiroda-Nala section and the further measurement of the section is hindered because it is not 

accessible in its upper reaches as the narrow stream is blocked by landslide driven huge 

boulders and debris. 

2.5.4.  Nandhaur-River section 



 

 

This section is exposed along the Nandhaur-River to the north of Chorgaliya village, 

located ~ 40 km west of Kiroda-Nala section. It is within the protected Nandhaur Wildlife 

Sanctuary (S4 in Fig. 2.4). The strata are exposed beyond about 6 km north of the Chorgaliya. 

Rocks of Lower and Middle Siwalik Subgroups are exposed here. The rocks are steeply (75
o
 

82
o
) NW dipping. Thickness of the sequence is about 290 m and it is exposed in two sections 

(a and b) due to hindrance caused by debris cover. The sequence is sandstone dominated with 

only subordinate mudstone horizons. The sandstone horizons are medium to coarse grained 

and often greyish and buff coloured. The associated mudstone horizons are grey, buff and 

purple coloured. 



 

 

 



Chapter 3 

LITHOFACIES ANALYSIS 

 
 

 

he term "facies" was introduced in to the subject of Geology by Nicholas Steno 

(1669), which meant the entire aspects of a part of the earth's surface during a 

certain interval of geological time (Teichert, 1958). The word itself is derived from the 

latin word facia or facies, implying the external appearance, or look of something. 

Gressley (1838) coined the name "facies" for the rock units, which were characterizing 

similar lithological and palaeontological aspects of a stratigraphic unit. The word facies 

has also been applied to any aerially restricted part of designated stratigraphic units 

which exhibit characters significantly different from those of the other parts of the units 

(Moore, 1949). However, today sedimentologists most commonly use the word 'facies' 

for certain rock units characterized by a definite set of features, such as grain size, 

geometry and structures that distinguish it from the other units. A facies has five 

definite parameters viz, geometry, lithology, palaeontology, sedimentary structure and 

palaeocurrent pattern (Selley, 1970). Middleton (1978) pointed out that facies 

ultimately be given an environmental interpretation. 

Walther (1894) defined facies as "the sum of all primary characteristics of a 

sedimentary rock". He also proposed the "law of correlation of facies" as "facies 

sequence observed vertically is also formed laterally". His actual statement translated in 

English literature is more subtle: "The various deposits of the same facies area and, 

similarly, the sum of the rocks of different facies areas were formed beside each other 

in space, but in a crustal profile we see them lying on top of each other......". It is a 

basic statement of far-reaching significance that only those facies and facies areas can 

be superimposed primarily which can be observed beside each other at the present time 

(Walther, 1894). 

T 



The word facies is now used in both as descriptive or an interpretive sense and 

the word itself may have either a singular or plural meaning. Descriptive facies include 

lithofacies and biofacies, both of which are used to refer to certain observable attributes 

of sedimentary rock bodies that can be interpreted in terms of depositional or biological 

processes. A lithofacies is a rock unit defined on the basis of its distinctive lithological 

features, including composition, grain size, bedding characteristics, and sedimentary 

structures. Each lithofacies represents an individual depositional event. Lithofacies may 

be grouped into lithofacies associations or assemblages, which are genetically related 

facies of some environmental significance or a particular depositional environment 

(Collinson, 1969). These assemblages form the basis for defining lithofacies models 

which are needed for  explaining the whole depositional history of a deposit in terms of 

environment or condition prevailed in the past. Miall (1978) has given lithofacies 

scheme for the fluvial deposits. 

In the present study the term 'facies' or 'lithofacies' has been used strictly in the 

sedimentological sense (de Raaf et al., 1964; Selley, 1970; Miall, 1978; Reading, 1978; 

Walker, 1984). The various lithofacies has been identified based on the field parameters 

such as, general lithological composition, grain size, geometry of individual units, 

primary sedimentary structures and palaeocurrent pattern etc. and each one is assigned 

to a specific depositional process and thus sub environments. Finally the association of 

genetically related facies has been used to infer the depositional model of the Siwalik 

Group. 

Lithofacies analysis in the present work has been done in order to determine the 

depositional processes and flow velocities in a part of Himalayan Foreland Basin, 

corresponding to our study area, during the Lower Siwalik depositional stage. Middle 

Siwalik rocks were, however, not studied considering its very limited spatial 

distribution in the area. The Middle Siwalik rocks in the eastern part of the study area 

are present only in the core of a syncline with very limited exposures whereas in the 

western part of the study area these rocks are difficult to access owing to thick and 

dense forest cover and dynamic wild-life activity.  

Cumulative physical characters of lithofacies such as grain size, bed geometries 

and sedimentary structures have been used to infer sediment transport modes, flow 



characters and depositional processes (e.g. Miall, 1978; Walker and Cant, 1984). Given 

that the different kinds of sub-aqueous bedforms (and their internal structures) 

represent specific flow conditions (Allen, 1985; Miall, 1996), the sedimentary 

structures and grain size (representing bedforms)  of individual lithofacies are used to 

determine its flow conditions (Miall, 1990). As a matter of fact, relationships between 

flow conditions, grain size and resulting bedforms have been empirically established by 

several workers on the basis of several studies in flume as well as natural channels (see 

reviews by Allen, 1985; Miall, 1996). One important derivation of these studies is the 

established relationship between flow velocity, grain size and resulting bedforms 

(Southard, 1971; Harms et al., 1975; Costello and Southard, 1981; Ashley, 1990). More 

recently, Stow et al. (2009) have described the bedform-velocity matrix for varying 

grain sizes by compiling a huge volume of data from different sources. This matrix 

facilitates estimation of current velocities on the basis bedform type (Stow et al., 2009). 

Flow velocities in the present study have been estimated by following the same 

approach. 

3.1  Lithofacies analysis of the Lower Siwalik Subgroup 

The Lower Siwalik succession exposed in the area generally represents mudstone 

horizons interbedded with fine to coarse grained sandstone and siltstone horizons. 

Sedimentological attributes have been noted at all the outcrops, but lithologs prepared 

only along the four measureable stratigraphic cuts namely, S1, S2, S3 as S4 (Chapter 2. 

Section 2.6; Fig. 2.4) of these mutually parallel sections (Fig. 3.1, 3.2, 3.3, 3.4 and 3.5). 

The tectonically deformed and disturbed, and partially debris or vegetation covered 

stratigraphic cuts have not been measured for litholog preparations.  

In order to fulfil the essential requirement of submitting this thesis, a 

preliminary account of the facies associations and detailed hydrological data of the 

Lower Siwalik sedimentary succession of the eastern part of the study area has already 

been published as Goswami and Deopa (2015). 



 

Fig. 3.1. Sedimentological logs along the Kiroda-Nala section (marked S1 in Fig. 2.4). 

Inset is showing the location of measured stratigraphic sections. PS : Parallel 

laminated pebbly sandstone; CS : Cross bedded sandstone; RS : Ripple laminated 

sandy siltstone; SMA : Cross laminated sandstone-mudstone alternation; LS : Lensoid 

to prismatic sandstone; BM : Bioturbated mudstone; C : Carbonaceous mud; MH : 

Mottled siltstone-mudstone heterolith. Index for the lithologs is given in fig. 3.4. 

 



 

Fig. 3.2. Sedimentological logs along the Tanakpur-Champawat motor road section 

(marked S2 in Fig. 2.4). Inset is showing the location of measured stratigraphic 
sections. Index of the insets is same as given in the inset of Fig. 3.1. Index for the 

lithologs is given in fig. 3.4. 

 



 

Fig. 3.3. Sedimentological logs along the Tanakpur-Champawat motor road section 

(marked S2 in Fig. 2.4). Inset is showing the location of measured stratigraphic 

sections. Index of the insets is same as given in the inset of Fig. 3.1. Index for the 
lithologs is given in fig. 3.4. 

 

 



 

 

Fig. 3.4. Sedimentological logs along the Tanakpur-Purnagiri motor road section 
(marked S3 in Fig. 2.4). Inset is showing the location of measured stratigraphic 

sections. Index of the insets is same as given in the inset of Fig. 3.1. 

 



 

Fig. 3.5. Sedimentological logs along the Nandhaur-River section (marked S4 in Fig. 

2.4). Inset is showing the location of measured stratigraphic sections. Index of the 

insets is same as given in the inset of Fig. 3.1. Index for the lithologs is given in fig. 

3.4. 



3.2 Lithofacies 

A total of eight major lithofacies have been identified on the basis of geometry 

of lithounits, grain size, sedimentary structures and palaeocurrent. Brief description vis-

à-vis interpretation of these lithofacies is given below. The grain-size of sandstones of 

different lithofacies have also been determined quantitatively during the petrography of 

a total of 32 thin sections. The average of grain size for sandstones is also included in 

the description of different lithofacies.  

3.2.1. Parallel laminated pebbly sandstone 

Present in almost all the measured stratigraphic sections, this unit is showing its 

extensive development in the Kiroda-Nala and the Nandhaur-River sections. The 30 to 

70 cm thick lithofacies units comprise, 18–32 cm thick,  lenticular beds of coarse to 

very coarse grained, poorly sorted, grey to buff coloured sandstone containing 1–5 cm 

long pebbles (Fig. 3.6). Having an erosional base, the lithofacies fills-up 20–48 cm 

deep erosional scours and shows distinct fining upward character. The lithofacies 

contains population of up to 5 cm long, subangular to rounded intrabasinal mudstone, 

and extrabasinal quartzite and vein quartz clasts as well as reworked ferruginous and 

calcrete nodules and coal pieces (Fig. 3.6). The mudstone clasts are generally in the 

form of curls and flakes. The lithofacies often has crudely developed parallel 

laminations in the lower-middle part. Low angle discordances among the laminations 

are present at a few places in the lower-middle part of the lithofacies. At a few places in 

the upper part of the lithofacies, 11–31 cm thick trough cross-laminations are 

developed, along the laminae of which the clasts are aligned. The lithofacies at few 

places is devoid of any sedimentary structure. Along Tanakpur-Purnagiri road section 

this lithofacies is anomalously ~7m thick having well rounded to rounded extrabasinal  

pebbles-granules (quartzites of Himalayan affinity) along with other intrabasinal clasts 

(Litholog ‘b’ in Fig. 3.4).  

Interpretation 

This lithofacies is considered to represent the channel lag deposits, emplaced 

over basal erosional surfaces by strong traction currents under turbulent flow conditions 



(Allen, 1970; Reineck and Singh, 1980). In the channel, these represent the coarsest 

available material depositing in the deeper parts and indicates channel base. Basal 

erosion surfaces are representing the lateral migration of the erosional thalwegs 

(Walker and Cant, 1984). From a wide range of particle sizes transported by a river, silt 

and clay are carried away as suspension and deposited in flood basins whereas the 

coarser material - gravels and pebbles lag behind while the sand moves as bed load. 

The channel lag represents residual concentration and accumulates as discontinuous 

lenticular patches in the deeper parts of the channel as channel lag deposit. These 

coarse grained accumulations at the channel bottom quickly becomes covered by fine-

grained sediments and is preserved. These deposits, if present, indicates the base of the 

channel. Mackin (1937) suggested that the maximum depth of a coarse-grained channel 

deposit, if there is no deposition on bars etc., is equal to the maximum depth of 

effective flood scours. 

The intraformational clasts were originated in the nearby cut banks due to 

erosion by laterally migrating channels (Smith, 1972; Reineck and Singh, 1980). The 

mud curls and clasts are mostly locally originated and these show great affinity with the 

mudstone horizons of the Lower Siwalik Subgroup.  

The crudely developed large trough cross-beds are produced by migrating 

sinuous-crested to linguoid dunes whereas the parallel laminations are formed by 

relatively higher flow velocities (Allen, 1982). Development of parallel lamination in 

the lower-middle part and large trough cross-beds in the upper part of the lithofacies 

indicates progressively decreasing flow strength from lower part of upper flow regime 

to upper part of the lower flow regime (Miall, 1978) within the flow velocities of 0.6 to 

2.0 m/s (Fig. 3.7) (cf. Stow et al., 2009). The anomalous thick development of the 

lithofacies along the Tanakpur-Purnagiri road section represents an episodic increase in 

sediment and water budget when the sediments were rapidly emplaced through vertical 

accretion under upper flow regime of persistent but waning flow in aggrading channels 

(Teisseyre, 1976; Miall, 1996) most plausibly induced by source area rejuvenation.  



 

Fig. 3.6. Lower part of the pebbly sandstone lithofacies showing alignment of clasts 

along parallel laminations developed along the Kiroda-Nala section in the eastern part 

of the study area. Length of the hammer is 26 cm. 
 

3.2.2 Cross-bedded sandstone 

Profusely developed in almost all the measured stratigraphic sections, multistoried units 

of this lithofacies are made up of up to 3 m thick, fining upward individual units of 

0.43–2.6m thick beds of fine to coarse (0.17 to 0.63 mm) grained, greyish salt-and-

pepper textured, cross-bedded sandstone (Fig. 3.8). The sand bodies are mostly sheet-

like. At many places the lithofacies gradationally overlies the parallel-laminated pebbly 

sandstone lithofacies. Up to 82 cm thick trough, planar or low angle cross-beds of the 

lithofacies occur either solitarily or in cosets (Fig. 3.9, 3.10). In a particular unit where 

both trough and planar cross-beds are there the latter generally overlie the former. 

Moreover, the cross-bed set thicknesses in individual units generally decrease upwards, 

being 28–82 cm thick in lower parts and 24–9 cm thick in upper parts. Furthermore, the 

cross-beds generally amalgamate, have several reactivation surfaces and indicate NW 

to SE directed palaeocurrent directions (Fig. 3.8, 3.10). At some places the cross-beds 

have distorted laminae. The other sedimentary structures of the lithofacies include 



parallel laminations (Fig. 3.11), low angle discordance surfaces, ripple bedding, low 

angle cross-laminations and many scour-and-fill structures (Fig. 3.12).  

Interpretation 

The thick sandstone bodies represent channel deposits and each storey within 

these bodies is interpreted as the bar deposit (Miall, 1978; Reineck and Singh, 1980; 

Walker and Cant, 1984). The large scale cross-beds are formed through lateral 

accretion of migrating 2D and 3D dunes in the lower bar environment (Collinson, 

1970; Allen, 1982; Ashley, 1990) with a velocity of 0.30 to 1.0 m/s (Fig. 3.7) (cf. 

Costello and Southard, 1981; Stow et al., 2009). The occurrence of trough cross-beds in 

the lower part and planar cross-beds upward in the sequence indicates decreasing flow 

strength within the lower flow regime (Miall, 1978)  Their abundance in the Lower 

Siwalik sandstones indicates lateral accretion in bars of less sinuous rivers (cf. Nichols, 

2009). The low-angle cross-beds may form under very shallow energetic flows of upper 

flow regime (Frostick and Reid, 1977; Bridge and Best, 1988). The decrease in the 

cross-bed set thicknesses upward in the units is considered to represent decreasing 

water levels. The amalgamated cross-beds indicate superimposition of successive 

depositional events whereas the deformation in cross-bed foresets represents rapid 

deposition and/or rapid river stage fluctuation induced liquefaction (Coleman, 1969). 

The combination of plane bedding with ripple bedding implies flood event fluctuations 

(Leeder, 1973). The reactivation surfaces and scour-and-fill structures are also 

attributed to episodic high energy pulses during the sedimentation. 

Braid or channel bars are the characteristic feature of braided channel systems. 

These channel systems are in general a network of constantly shifting low-sinuosity 

courses. Continuous formation of channel bars causes thalwegs to diverge until they 

meet up with another channel course. Deposition on these bars is mainly controlled by 

the process of lateral and vertical deposition, together with channel cutting and 

abandonment (Reineck and Singh, 1980).  



 

Fig. 3.7. Plot of sandstone grain sizes on the simplified Grain size – Bedform – Flow 
velocity diagram of Stow et al. (2009) showing current velocities during the bedload 

emplacement of different lithofacies. The numbered bold lines show grain size ranges 
and point symbols depict mean grain size of the sandstones. 1, cross stratified pebbly 
sandstone lithofacies; 2, cross-bedded sandstone lithofacies; 3 ripple-laminated sandy 
siltstone lithofacies; 4, coincident for fine sandstone–mudstone alternation, lensoid to 
prismatic sandstone, and mottled siltstone-mudstone heterolith lithofacies. Star mark 

on 4 represents mean grain size of the sandstone of fine sandstone–mudstone 
alternation lithofacies and rectangle represents grain size of the sandstone of lensoid 
to prismatic sandstone lithofacies. Plots for ripple-laminated sandy siltstone and 

mottled siltstone-mudstone lithofacies are based only on qualitative field observations. 



 

Fig. 3.8. Trough cross-beds in the cross-bedded sandstone lithofacies developed 
along the Kiroda-Nala section in the eastern part of the study area. Length of the pen 

in 13 cm. 

 

 

Fig. 3.9. Planar cross-bed in the cross-bedded sandstone lithofacies developed along 

the Kiroda-Nala section in the eastern part of the study area. Length of the hammer is 

26 cm. 



 

Fig. 3.10. Trough (in the lower part) and planar (in the upper part) cross-beds 
developed along the Nandhaur-River section in the western part of the study area. 

Length of the hammer is 26 cm. 

 

 

Fig. 3.11. Parallel laminations in the cross bedded sandstone lithofacies developed 

along the Kiroda-Nala section in the eastern part of the study area. Length of the pen 

is 13 cm. 



 

Fig. 3.12. Scour channels in the cross-bedded sandstone lithofacies developed along 
the Kiroda-Nala section in the eastern part of the study area. Length of the hammer is 

26 cm. 

 

3.2.3 Ripple-laminated sandy siltstone 

Profusely developed in all the stratigraphic sections, the 1.8 to 2.5 m thick 

sandy siltstone units of this lithofacies are characteristically climbing-ripple cross-

laminated (Fig. 3.13), often mottled and have centimeter to decimeter thick 

discontinuous mudstone capping. The other sedimentary structures of the lithofacies 

include small-scale (up to 5.3 cm thick) trough and planar cross-laminations, parallel 

laminations, flaser bedding, lenticular bedding, convolute laminations, load structures, 

and desiccation cracks (Fig. 3.14, 3.15, 3.16, 3.17). The cross-laminations sometimes 

also show deformation structures. Wherever developed, this lithofacies gradationally 

overlies the cross-bedded sandstone lithofacies. 

Interpretation 

 The abundance of ripple cross-laminations in fine grained sandy siltstone 

suggests the deposition of this lithofacies by the migration of small current ripples in 

lower part of the lower flow regime (Miall, 1978; Horton and Schmitt, 1996) with flow 



velocity of 0.09 ̶ 0.20 m/s (Fig. 3.7) (cf. Stow et al., 2009). These are formed at the 

submerged bar tops under falling discharge and energy conditions in the waning stages 

of floods (Reineck and Singh, 1980). The convolute laminations and load structures 

indicate rapid river level fluctuations, heavily fine-grained sediment laden currents, and 

intensive scouring and steeping of bar slopes (Reineck and Singh, 1980). Lenticular 

bedding develops when larger bedforms ceased migrating and deposition took place 

mainly in the troughs of the larger bedforms. The silty layers composition and are 

deposited during slack water where mainly suspended sediment is deposited (Reineck 

and Singh, 1980). The mudstone capping is the suspension fallout deposition in bar top 

hollows following the river level lowering. 

 

 

Fig. 3.13. Climbing ripple cross laminations in the ripple laminated sandstone 

lithofacies developed along the Nandhaur-River section in the western part of the 
study area. Length of the pen is 13 cm. 
 

3.2.4 Cross-laminated sandstone-mudstone alternation 

Developed prominently along the Kiroda-Nala and Tanakpur-Champawat motor 

road section, this lithofacies is made up of the 80 cm to 1.3 m thick, prismatic or wavy, 

fine grained (0.14–0.25cm) sandstone to silty sandstone units alternating with 2 to 3.5 

m thick mudstone units. Up to 6 cm thick trough and planar cross-laminations, ripple 

bedding, parallel laminations and ripple marks are well developed in the sandy units 

(Fig. 3.18, 3.19). The mudstone units are nodular and mottled and thicken towards the 



top of individual sequences. The lithofacies is bioturbated, contains ubiquitous plant 

fossils, coal chips and chunks (Fig. 3.20) and rootlets. The lithofacies sharply overlies 

the cross-bedded sandstone lithofacies. 

 

 

Fig. 3.14. Convolute lamination in the ripple-laminated sandy siltstone lithofacies 
developed along the Kiroda-Nala section in the eastern part of the study area. 

Diameter of the coin is 2.4 cm. 

 

Fig. 3.15. Parallel laminations in the ripple laminated sandy siltstone lithofacies 

developed along the Nandhaur-River section in the western part of the study area. 

The lithofacies has a gradational contact with the underlying cross bedded sandstone 

lithofacies. Length of the hammer is 26 cm.  



 

Fig. 3.16. Lenticular bedding in the ripple bedded sandstone lithofacies developed 
along the Nandhaur-River section in the western part of the study area. Length of the 

pen is 13.5 cm. 

 

 

Fig. 3.17. Slump structure in the ripple laminated sandy siltstone lithofacies 

developed along the Nandhaur-River section in the western part of the study area. 

Length of the pen is 13 cm. 

 

 



Interpretation 

The lithofacies represents deposition of alternating traction and suspended load. 

It was deposited by overbank flows on natural levees, which support much plant 

growth and where pedogenesis is common (Reineck and Singh, 1980; Walker and 

Cant, 1984). The internal structures developed during the phases of episodic flood 

indicate deposition of sand mainly through migration of ripples by traction currents 

having flow velocities of 0.1 to 0.35 m/s (Fig. 3.7) (cf. Stow et al., 2009). The 

thickening of mudstone strata towards the top of each sequence represents distal fining 

upward trend and is suggestive of rapid fallout sedimentation on the levee top due to 

deceleration of overbank sheet floods during peak discharge events (Fielding et al., 

1993).  

 

 

Fig. 3.18.  Trough cross-lamination in the sandstone of the fine sandstone–mudstone 
alternation lithofacies developed along the Kiroda-Nala section in the eastern part of 

the study area. Length of the pen lid is 5 cm.  

 



 

Fig. 3.19.  Cast of sinuous crested ripple marks developed on the underside of 
parallel laminated sandstone of fine sandstone–mudstone alternation lithofacies. 

Length of the pen is 13.5 cm. 

 

 

Fig. 3.20. Coal chips and chunks in the fine sandstone of the fine sandstone–

mudstone alternation lithofacies developed along the Kiroda-Nala section in the 
eastern part of the study area. Diameter of the coin is 2.4 cm. 

 



3.2.5 Lensoid to prismatic fine sandstone 

Developed only along the Kiroda-Nala and Tanakpur-Champawat motor road 

section, this lithofacies comprises lensoid to prismatic units of medium to fine grained 

(0.16–0.27 mm) sandstone that are essentially embedded within the cross laminated 

sandstone-mudstone alternation lithofacies. Having erosional lower contact, the sand 

units of the lithofacies have a maximum thickness of 2 m and significantly variable 

width from few meters to tens of meters. The sedimentary structures of the lithofacies 

include parallel laminations which at places show low angle discordances (Fig. 3.21), 

climbing-ripple cross-laminations and a few small cross-laminations. The smaller units, 

however, are generally massive. 

Interpretation 

The lithofacies is interpreted as the deposit of crevasse splays where 

sedimentation took place mainly through sand laden supercritical flows of traction 

currents at the peak or early falling stages of channel floods when large quantities of 

flood water and sediment is diverted into an adjacent flood basin during the condition 

of high floods. (Reinick and Singh, 1980; Fielding et al., 1993). The sedimentary 

structures were formed in response to rapid sand supply to the overbanks and sudden 

increase in the flow energy under flow velocities of 0.1 to 0.3 m/s (Fig. 3.7) (cf. Stow 

et al., 2009).  

3.2.6. Bioturbated mudstone 

Profusely developed in all the measured stratigraphic sections, this lithofacies is 

made up of 1.3 to 2 m thick units of grey, green, purple and chocolate brown coloured, 

variegated and bioturbated mudstone (fig. 3.22). Having silt dominated lower part, the 

lithofacies gradationally overlies the cross-bedded sandstone or ripple laminated sandy 

siltstone lithofacies. The lithofacies is finely parallel laminated at some places. 

Abounding in ferruginous and calcrete nodules, the lithofacies also contains plant 

fossils, coal chunks, rootlets and trace fossils (fig. 3.23). Sometimes, the units are 

feebly colour banded ascribed to the presence of less common mottles and sporadic 

ferruginized nodules.  



 

Fig. 3.21. Laminations with low angle discordances in the lensoid to prismatic 
sandstone lithofacies developed along the Kiroda-Nala section in the eastern part of 

the study area. Length of the pen lid is 5 cm. 

 

 

Fig. 3.22. Bioturbated, massive to parallel laminated buff coloured mudstone with 

thin, light coloured silty bands of the bioturbated mudstone lithofacies developed 

along the Tanakpur-Champawat motor road section in the eastern part of the study 

area. Diameter of the coin is 2.4 cm. 



 

Fig. 3.23. Burrow tube (indicated by arrow) in the bioturbated mudstone lithofacies 
developed along the Tanakpur-Champawat motor road section in the eastern part of 

the study area. Length of the hammer is 26 cm. 

 

Interpretation 

The lithofacies represents suspension fallout in the bar tops or overbank areas, 

which support rich faunal and floral life (Reineck and Singh, 1980; Bridge, 1984). 

Presence of ferruginous and calcareous nodules suggests intense pedogenic 

modifications of the lithofacies (Reineck and Singh. 1980). It represents a highly 

disturbed soil zone which is burrowed and also contains plant roots. Similar bioturbated 

mudstone units with calcrete patches in the Lower Siwalik Subgroup of Jammu region 

have been interpreted to have deposited in the flood plains (Singh and Sudan, 1997). 

However, such sediments also form the final capping of the bar deposits and are several 

decimetres thick.  

3.2.7 Massive carbonaceous mud 

Developed only along the Tanakpur-Champawat motor road (litholog "c" and 

"d" in fig. 3.2) and Tanakpur-Purnagiri road section (litholog "b" in fig. 3.4) in the 



eastern part of the study area, this lithofacies overlies the cross-bedded sandstone 

lithofacies. Having a maximum overall thickness of 6m the lithofacies is made up of 

dark greyish mud units. The units appear to be lensoid with not more than a few tens of 

meters width. The lithofacies shows a sharp or gradational lower contact and the 

proportion of clay increases upwards within the lithofacies. 

Interpretation 

The grey coloured, carbon rich mud deposits underlain by the sandstone bodies 

represent deposition through suspension in the cut-off channels or in channel pools or 

swamps (Reineck and Singh, 1980; Miall, 1996). The cut-off process is generally 

related to the meandering streams and occurs whenever the stream can shorten its 

course and thus locally increase its slope.  

3.2.8 Mottled siltstone-mudstone heterolith 

This lithofacies comprises red, maroon and reddish brown, nodular, mottled, 

variegated and bioturbated mudstone and siltstone alternations; clay and silt contents 

are highly variable laterally as well as vertically (Fig. 3.24). The siltstone at many 

places is silty sandstone to very fine sandstone and sometimes finely laminated. The 

lithofacies is characterized by the presence of bedded calcrete (up to 35cm thick), 

concentrated and coalesced calcrete nodule horizons, disseminated calcrete and 

ferruginous nodules, and coal stringers and chunks. At some places, few < 1.5 m thick 

solitary, lensoid units of fine sandstone are embedded within the lithofacies (Fig. 3.25). 

These sandy units begin with erosional to sharp lower contact and become siltstone 

upwards. The lithofacies shows poorly preserved small trough and planar cross-

laminations and climbing ripple cross-laminations. Several cycles of it are stacked 

together to form 20 to 36 m thick complexes that cover vast areas (Lithologs ‘a’, and 

‘e’ in Fig. 3.3). A peculiar feature of this lithofacies is that it is seldom associated with 

any major (channel) sandstone body and has sharp contacts with the bounding 

lithofacies. 



 

Fig. 3.24. The mottled siltstone-mudstone heterolith lithofacies developed along the 
Tanakpur-Champawat motor road section in the eastern part of the study area. 

Length of the hammer is 26 cm. 

 

Interpretation 

The vast expansion of this lithofacies and its dissociation with any major 

channel sandstone body is interpreted to represent deposition by sheet flows, shallow 

channelized flows and suspension fallouts in the upland interfluves regions/surfaces 

that have diversified depositional systems independent of any major channel process 

(Singh et al., 1999). Redistribution and reworking of pre-deposited fluvial sediments by 

rain water is the dominant process taking place in the higher sloping surfaces, low flat 

surfaces, gullies, small channels, ponds and lakes of such interfluve areas (Singh et al., 

1999; Sharma et al., 2001). The thin lensoid fine sandstone bodies are the deposits of 

traction currents flowing 0.1 to 0.35 m/s (Fig. 3.7) (cf. Stow et al., 2009) in the small 

shallow ephemeral channels, which become active only during heavy rains (Singh et 

al., 1999). Similar upland interfluve deposits are also well developed in the Lower 

Siwaliks of Jammu area (Singh et al., 1999; Sharma et al., 2001). The modern 

analogues of this lithofacies are developed at a number of places in the upland 



interfluve regions of the Ganga foreland basin as described by Singh et al. (1999), 

Sinha et al. (2007) and Yadav et al. (2010). 

 

 

Fig. 3.25. Lensoid units of the fine sandstone within the siltstone-mudstone heterolith 
lithofacies developed along the Tanakpur-Champawat motor road section in the 

eastern part of the study area. Bedded calcrete of the mottled siltstone-mudstone 

heterolith lithofacies is also marked by arrows in the lower part of the photograph. 

Length of the hammer is 26 cm. 

 

3.3 Facies Associations 

The eight lithofacies of the Lower Siwalik Subgroup of the area constitutes separate 

facies associations for the eastern part of the study area (Tanakpur-Purnagiri motor road 

section, Tanakpur-Champawat motor road section, Kiroda-Nala section) and the 

western part of the study area (Nandhaur-River section) owing to their long (> 60 km) 

aerial distance from each other. 

3.3.1 Eastern part 

All the eight lithofacies of the eastern part of the study area show marked lateral 

and vertical variations in characters as well as distribution. Nevertheless, they form 



three distinct facies associations. Of the three, one is sand dominated lithofacies 

association (FA ‘A’), second is sand-mud dominated lithofacies association (FA ‘B’) 

and the third is mud dominated lithofacies association (FA ‘C’).  

Each one of these associations represents a specific depositional setting, albeit 

one or more of the constituent lithofacies of an association is generally missing in many 

sections. Variations in characteristics within the associations have been identified 

mainly by the vertical profiling of the successions. The typical sedimentological logs of 

these three lithofacies associations, compiled from all the measured sections, are shown 

as (a), (b) and (c) in Fig. 3.26. 

The generalized sequence of facies in these associations is as follows: 

FA ‘A’ : Parallel laminated pebbly sandstone → cross-bedded sandstone → 

ripple laminated sandy siltstone → bioturbated mudstone 

The association composed of thick units of the cross stratified pebbly sandstone 

lithofacies This lithofacies grades upwards into the cross-bedded sandstone lithofacies. 

The lithofacies then grades upwards into a ripple-laminated sandy siltstone lithofacies 

followed by bioturbated mudstone lithofacies having a sharp lower contact and often 

alternating with siltstone units. The sequence of lithofacies renders an overall fining-

upwards character to this facies association. 

The association shows bimodal palaeocurrent pattern (having vector means of 

152° and 298° respectively) with more pronounced SSE (Fig. 4.2. Chapter 4) 

(Goswami and Deopa, 2015).  

FA ‘B’:  Cross-bedded sandstone → (± Carbonaceous mud) bioturbated 

mudstone/cross laminated sandstone–mudstone alternation → lensoid to prismatic 

sandstone → cross laminated sandstone–mudstone alternation. 

This facies association begins with cross-bedded sandstone lithofacies. Sharply 

overlying this lithofacies is either the bioturbated mudstone lithofacies or the fine 

sandstone–mudstone alternation lithofacies.  Embedded within the fine-sandstone-



mudstone alternation lithofacies is the lensoid to prismatic sandstone lithofacies having 

an erosional lower contact. 

The association shows variable palaeocurrent directions swinging between ESE 

and WSW, but dominantly towards southeast (having vector mean of 139°) and 

southwest (having vector mean of 245°) (Fig. 4.2. Chapter 4) (Goswami and Deopa, 

2015). 

FA ‘C’ : Mottled siltstone-mudstone heterolith (+ fine, lensoid sandstone 

units) 

It includes mottled siltstone–mudstone heterolith lithofacies and fine sandstone 

lithofacies. However, the latter is less common and occurs as lenses within the former. 

Several cycles of this association are generally stacked together to form 20 to 36 m 

thick multistoreyed complexes. Covering vast areas, this facies association has sharp 

contacts with the other two facies associations, but it is seldom associated with their 

channel sand bodies. 

3.3.2 Western part 

The lithofacies of the western part of the study area form a distinct sand 

dominated lithofacies association (FA ‘A’) representing a specific depositional setting. 

Variations in characteristics within the association have been identified mainly by the 

vertical profiling of the successions. The typical sedimentological logs of the lithofacies 

association is shown as (d) in Fig. 3.26. 

The generalized sequence of facies in this association is as follows: 

FA ‘A’ : Parallel laminated pebbly sandstone → cross-bedded sandstone → 

ripple laminated sandy siltstone → bioturbated mudstone. 

The association composed of thick units of the cross stratified pebbly sandstone 

lithofacies grading upwards into the cross-bedded sandstone lithofacies. Cross bedded 

sandstone lithofacies grade upwards into ripple-laminated sandy siltstone lithofacies 



followed by bioturbated mudstone lithofacies having a sharp lower contact and often 

alternating with siltstone units. At a few places subordinate cross laminated sandstone-

mudstone alternations are developed followed by very little or negligible appearance of 

mottled siltstone-mudstone heterolith. The sequence of lithofacies renders an overall 

fining-upwards character to this facies association. 

The association shows unimodal palaeocurrent pattern having vector mean of 

205
o 
 with prominent palaeoflow direction towards SSW (Fig. 4.2. Chapter 4)  

Each of the facies association indicates the characteristics of a particular 

channel form, its morphology and depositional dynamics. In the eastern part of the 

study area, the FA ‘A’, is exposed only along the Kiroda-Nala section. The lower bar of 

this association consists of a dominant portion of coarser material which is overlain by 

repeated units of trough cross stratified coarse sand deposits each initiated by erosional 

bases. This indicates deposition in deeper channels (3m or deeper) of braided river (c.f. 

Walker and cant, 1984). The complex multistoried and amalgamated sandstone bodies 

indicate frequent channel switching and deposition by large braided river system in 

Lower Siwalik Group of the area. Thick planar bedding found in the association 

implies the development of sandflats in cross channel bars and small scale ripple 

cross/plane bedded bar tops and less commonly found vertical accretion deposits 

denotes braided river sedimentation with narrow and poorly developed flood plains 

(Allen, 1983; Walker and cant, 1984; Miall, 1996).  

In the FA ‘B’, the trough/planar cross bedded units in the lower bar, the 

abundance of mudstone-sandstone strata, cross bedded sandstone horizons abruptly 

overlain by mudstone deposits respectively indicates in-channel and point-bar deposits, 

natural levees, crevasse splays and cut-off channels of the floodplain deposits of 

meandering river system (c.f. Walker and cant, 1984; Miall, 1996). Prevalence of thick 

muddy units, extensive calcretization, ferruginization and oxidation of sediments, and 

dissociation with any major channel sandbody of rivers suggest that the mud dominated 

FA ‘C’ developed far away from the active channel belt. It is considered to represent 

deposits of older flood plains that were located at elevations higher than the active 

flood plains, away from the active river channels, analogues to upland interfluve 



 

Fig. 3.26. Sedimentological logs showing the (a) sandstone-dominated ‘Facies Association A’, (eastern part)  (b) sandstone–mudstone-

dominated ‘Facies Association B’, (eastern part)  (c) mudstone-dominated ‘Facies Association C’ (eastern part)   and (d) sandstone-

dominated 'Facies Association A' (western part) identified in the Lower Siwalik sequence of the study area. Roses and arrows are 

depicting the palaeoflow direction of individual lithofacies. 



regions (also known as Doab) of the Ganga plain (Singh et al., 1999; Sharma et al., 2001; 

Sinha et al., 2007). 

On the other hand, in the western part of the study area, the sandstone dominated FA 

‘A’ is exposed along the Nandhaur-River section. The lower bar of this association consists 

of a dominant portion of coarser material which is overlain by repeated units of trough cross 

stratified coarse sand deposits each initiated by erosional bases indicating deposition in 

deeper channels (3m or deeper) of braided river (c.f. Walker and cant, 1984). The complex 

multistoried and amalgamated sandstone bodies indicate frequent channel switching and 

deposition by large braided river system in Lower Siwalik Subgroup of the area. Thick planar 

bedding found in the association implies the development of sandflats in cross channel bars 

and small scale ripple cross/plane bedded bar tops and less commonly found vertical 

accretion deposits denotes braided river sedimentation with narrow and poorly developed 

flood plains (Allen, 1983; Walker and cant, 1984; Miall, 1996). The solitary occurrence of 

sandstone-mudstone alternation and negligible mottled siltstone-mudstone heterolith 

lithofacies represent narrow development of floodplain and possibly channel margin. 

3.4 Depositional model 

Detailed lithofacies analysis reveals that this part of the Lower Siwalik foreland basin 

was being fed by braided and meandering river systems, which are represented by FA ‘A’ 

and FA ‘B’ lithofacies associations respectively. The presence of small to large scale traction 

current generated sedimentary structures like cross-stratification, ripple marks, climbing-

ripple cross-laminations etc. in sandstone bodies suggests that the streams were perennially 

flowing with adequate sediment-water budget.  

Detailed palaeocurrent analysis (Chapter 4) reveals that the eastern part of the study 

area had a regional WNW-ESE directed radial outward flow pattern, but dominantly towards 

SSW (Goswami and Deopa, 2015). Distinct radial outward flow is particularly shown by the 

meandering streams (Fig. 4.1). The regional radial outward palaeoflow pattern suggesting 

convex-up transverse surface profile, dominant sand size of fine to medium and general 

absence of extrabasinal coarse sediments together suggest that the braided and meandering 

streams of the area were constituting a distributive fluvial system (cf. Hartley et al., 2010) 

that was feeding the middle-distal part of a megafan (Fig. 3.27). However, the bimodal flow 



of the braided streams (Fig. 4.1) might have been controlled by the basement structure of the 

basin (Goswami and Deopa, 2015). It may be pointed out that such basement structures had 

even caused drainage reversals in the Himalayan foreland basin (Tandon and Kumar, 1984).  

 

 

Fig. 3.27.  Schematic diagram depicting conceptual fluvial landscape of the Lower Siwalik 

foreland basin (modified after Goswami and Deopa, 2015). The streams of the study area 

were positioned in medial-distal megafan (MF), interfan (IF) and upland interfluve (UI) 

setting. MBT, Main Boundary Thrust. 

 

The western part of the study area shows unimodal palaeocurrent pattern having 

vector mean of 205
o 

with prominent palaeoflow direction towards SSW (Chapter 4; Fig. 4.2). 

It must be emphasized here that the absence of radial outward drainage pattern in the western 



part of the study area precludes the presence of megafan setting in this part and the overall 

hydrological characteristics of the braided river (Chapter 4) indicates the interfan setting for 

the river. 

The complex fining up, multistoried and amalgamated cross-bedded sandstone bodies 

of FA ‘A’ indicate frequent channel switching in a large incised, braided river system. Each 

storey represents a channel bar. Lateral coalescence of bars ultimately formed planar bedded 

sandflats in cross channel bars and small scale ripple cross/plane-bedded bar tops. The 

scarcity of vertical accretion deposits indicates that the flood plain was either not developed 

or at the most or narrow and poorly developed (cf. Allen, 1983; Walker and Cant, 1984; 

Miall, 1996). The sedimentation in the channel was mainly by traction currents, which 

deposited thick sand units in bars. However, the bar top and/or overbank mudstones were 

deposited by suspension fallout during receding floods, indicating moderate to highly flashy 

nature of the river. The sediments were subaerially exposed in between the successive flood 

events, thus causing desiccation and mottling as well as facilitating extensive bioturbation. 

Every new flood started with the reworking of existing bar deposits producing scours filled 

with intrabasinal clasts. The occasional presence of sandstone-mudstone alternation and 

mottled siltstone-mudstone heterolith between the successive cross bedded sandstone bodies 

is indicative of very narrow development of the overbank environment of the braided river in 

the western part. The mottled siltstone-mudstone heterolith also suggests the presence of 

braid bar at the channel margin which is adjacently placed to the flood plain and the upland 

interfluve region or uplifted older flood plain. 

The multistoried and amalgamated cross-bedded sandstone bodies of FA ‘B’ suggest 

continuous lateral migration and relocation of meandering channels, which ultimately 

produced laterally connected sheet-like sandbodies. Natural levees, crevasse splays, cut-off 

channels and floodplains were all well developed in the meandering river system (cf. Allen, 

1970; Miall, 1996; Khan et al., 1997). The cross-stratification, upper stage plane beds and 

climbing ripple cross-laminations found in the upper bar sequence suggest that the fine 

sediment laden meandering streams were dominated by flood-flows. An anomalously thick 

unit of massive, pebbly sandstone with many well rounded to rounded extrabasinal pebbles of 

Himalayan affinity in the dominatingly fine sandy meandering river channel suggests a pulse 

of increased sediment and water  budget in the channel, may be due to a flash flood induced 

quickened supply.  



Apart from these two major river systems, the fluvial landscape of the area had a well 

developed upland interfluve region or older flood plains located at elevations higher than the 

active flood plain, which is represented by FA ‘C’. The higher elevation of these older flood 

plains or interfluves indicates tectonically and/or climatically driven channel migration and 

incision. The present day analogues of the FA ‘C’ are extensively developed in upland 

interfluve regions of the middle to distal Ganga basin (Singh et al., 1999; Sinha et al., 2007), 

where they form many uplifted regions which appear as large plateaus or large upwarps with 

a few metres of vertical relief, a few kilometres of width and tens of kilometres of length 

(Singh et al., 1999). These regions are not fed by any major river channel and only ephemeral 

sheet and small, shallow channelized flows redistribute the pre-deposited fluvial sediments on 

them (cf. Singh et al., 1999; Sharma et al., 2001). The upland interfluve regions undergo 

sediment erosion which subsequently deposits in adjoining areas during the rainy seasons. 

There are also small drainage catchments (running for a few tens of kilometres) which 

transfer sediment from upstream parts to downstream parts in the direction of regional slopes 

(Singh et al., 1999; Sharma et al., 2001).  

The depositional setting of the studied part of the Lower Siwalik foreland basin is 

analogous to the present day middle-distal Kosi megafan of the eastern Ganga foreland basin 

of India (cf. Chakraborty et al., 2010). Despite the constraints of lacking lateral persistency 

and vertical continuity of measured sections, the spatial distribution of various lithofacies 

suggests that the main feeder channel of the megafan was a braided river and the upland 

interfluve region was developed largely between the distributive meandering streams in the 

northern region of the studied part of the megafan. 

 



Chapter 4 

PALAEOCURRENT, PALAEOHYDROLOGY, AND 

CHANNEL MORPHOLOGY 

 

 

he present study is focused to obtain detailed information on channel pattern, channel 

morphology, flow pattern, hydrology and geomorphic positioning of a Lower Siwalik 

river system in the southeastern Uttarakhand state of India (Location 5 in Fig. 2.2). The study 

is aimed to determine the flow pattern through statistical analysis of the palaeocurrent data, 

and computed morphological and hydrological parameters of the channels in terms of depth, 

width, width/depth ratio, sinuosity, meander wavelength, meander bend width, radius of 

meander curvature and slope, along with mean annual discharge, mean bankfull discharge 

and silt-clay load percentage using empirical equations developed by various workers and 

tested on many ancient and modern rivers given the analogy of climate, location, landscape 

and sedimentary processes between the Indo-Gangetic and Siwalik foreland basins (Jain and 

Sinha, 2003 and references therein), the geomorphic positions of these streams within the 

foreland basin have been determined by comparing their sediment characters, palaeocurrent 

patterns, morphologies and hydrological parameters with those of the modern rivers of the 

Ganga (Gangetic) foreland basin. Furthermore, an attempt has also been made to provide a 

glimpse of the regional fluvial landscape of the Siwalik foreland basin during Middle 

Miocene time by comparing the morphological, flow and hydrological parameters of these 

streams with those of the Potwar Plateau (Chapter 6, Table No. 6.1) (Locations 1 and 2 in 

Fig. 2.2) (Willis, 1993; Zaleha, 1997), Jammu (Location 3 in Fig. 2.2) (Sharma et al., 2001) 

south-central Uttarakhand (Location 4 in Fig. 2.2) (Shukla et al., 2009) and western Nepal 

(Location 6 in Fig. 2.2) (Nakayama and Ulak, 1999; Ulak, 2005). 

 

 

T 



4.1  Palaeocurrent analysis 

Palaeocurrent analysis is an essential part of the basin analysis and emphasizes the 

interdependence of geologic disciplines such as stratigraphy, sedimentary petrology, 

structural petrology etc. (Potter and Pettijohn, 1963). The technique involves the study of 

directional and other primary properties of sedimentary rocks from which current systems can 

be reconstructed. This technique can provide information on some major aspects of the basin 

development such as the direction of the local or regional palaeoslope, which reflects tectonic 

subsidence patterns; the direction of sediment supply i.e. the provenance; the geometry and 

trend of lithologic units and the depositional environment (Miall, 1976). The directional 

(vector) and the scalar (magnitude) are the two significant properties present in sedimentary 

rocks from which the current direction can be inferred. Directional properties indicate either a 

line of movement (e.g. two directional fabrics) or direction of movement (e.g. cross-bedding). 

Cross-bedding, sedimentary fabrics, flute marks, groove casts, striations, parting lineation, 

fossil orientation, ribs and furrows and tool marks are all good examples of directional 

features. Scalar properties are specified by magnitude alone and are represented by grain size, 

mineral proportion, formation thickness, clast ratio etc. In order to decipher current direction, 

scalars should be mapped across a region to convert them into directional derivative or 

gradient. For example, mean grain size of sand and shale, or the sand shale ratio when 

mapped across a region, shows significant down current changes. 

 In the present study, systematic statistical analysis of the palaeocurrent data has been 

done in order to determine the flow directions and patterns prevailing at the time of Lower 

Siwalik depositional stage. The palaeocurrent data have been measured from the cross 

bedded sandstones exposed along the stream and road-cut sections. Apart from all other 

sedimentary structures, a total of 306 trough, planar and low-angle cross-bed measurements 

were subjected to palaeocurrent, palaeomorphological and palaeohydrological investigations. 

168 of these cross-bed measurements belong to the eastern part (comprising Tanakpur-

Purnagiri motor road section, Tanakpur-Champawat motor road section and Kiroda-Nala 

section) and 132  cross bed measurements to the western part (Nandhaur-River section) of the 

study area. Cross-laminations having a set thickness of > 5 cm are considered and included in 

the calculations for palaeocurrent analysis. Separate analyses have been done for the braided 

and meandering streams. The cross-beds of braided and meandering streams have been sorted 

on the basis of detailed facies analysis as discussed in Chapter 3. 



The regional dip of the Siwalik rocks of the study area is invariably high owing to 

their immediate vicinity to the Himalayan Frontal Thrust (HFT), with a minimum dip of 25
o 

and a maximum dip of 82
o
. According to Potter and Pettijohn (1963), if the structural dip 

exceeds 25
o
 the effects of tilting must be removed. To remove the appreciable error due to 

tectonic tilting and to restore the original palaeocurrent of the strata, each and every of the 

azimuth readings has been corrected for tectonic tilt using a stereonet following Ramsay 

(1961), Potter and Pettijohn (1963) and Lindholm (1991).  

The palaeocurrent directions were grouped in 30° interval classes and rose diagrams 

were prepared (Fig. 4.1 and 4.2). Data dispersions for the braided and meandering streams 

have been determined by calculating the vector mean (θv), vector magnitude (L) and  circular 

standard deviations (S) as proposed by Davis (2002) (Table 4.1). The uncertainty of the 

vector mean is tested at the 95% confidence interval following Batschelet (1981) (Table 4.1). 

The chi-square (χ2) test has also been applied to ascertain the uniformity of palaeocurrent 

distribution (Table 4.1).  

In the eastern part of the study area, 130 measured cross beds belong to the bars of the 

braided stream and the remaining 38 belong to the bars of the meandering stream. In the 

western part of the study area, however, all the 132 cross-beds belong to the bars of the 

braided stream. The palaeocurrent and palaeohydrological analysis has been done separately 

for both the eastern and western parts of the study area. As mentioned in Chapter 3, the 

palaeocurrent, palaeohydrological and channel morphological data of the study area has 

already been published as Goswami and Deopa (2015) in order to fulfill the essential 

requirement of submitting this thesis. 

4.1.1. Flow patterns in the eastern part 

The palaeocurrent data of the braided stream show a bimodal distribution with 47% of the 

total measurements indicating a southeasterly direction and 35% indicating a northwesterly 

direction (Fig. 4.1.a). The remaining measurements indicate palaeocurrent directions in other 

azimuth classes but with an insignificant population of < 5% in each class, and, thus, are 

excluded from the rose diagram to enhance its clarity. The vector mean of all measurements 

is N204°, but with a smaller vector magnitude of 29%, a high standard deviation of 68° and a 

high 95% confidence interval value of ±24°. The low vector strength, and high values of the 



standard deviation and 95% confidence interval suggest sediment dispersal by multi-

directional currents in multiple channels of the braided system. However, the distinct bimodal 

dispersion of sediments is considered to indicate a bend in the river channel (Fig. 3.27). Such 

bends in foreland basin river channels could be topographically or tectonically controlled, 

e.g. along several river courses of the Ganga basin (Raiverman et al., 1983; Jain and Sinha, 

2005; Goswami, 2012). 

The dispersions for both these two modal classes have also been determined 

separately. The southeasterly directed modes have a N150° vector mean with a fairly high 

vector magnitude of 97%, and the northwesterly directed modes have a N298° vector mean, 

again with a fairly high vector magnitude of 91%. These two modal classes have standard 

deviations of 11° and 23°, respectively and 95% confidence interval values of ±3° and ±7°, 

respectively. The lower values of the standard deviation and 95% confidence interval for 

these two modal classes indicate that the vector means of these two modal classes are 

statistically significant. Moreover, the fairly high calculated chi-square (χ2) probability value 

of 209 (much higher than the critical value of 31.26 at 99.9% confidence level) reaffirms that 

the palaeocurrent data shows two significant preferential directions. 

The meandering river of the area shows a radial outward regional palaeocurrent 

pattern, swinging between ESE and WSW, but dominantly towards the southeast and 

southwest (Fig. 4.1.b). The vector mean of all the measurements is N210° with a low vector 

magnitude of 57%, high standard deviation of 53° and high 95% confidence interval value of 

±21°. The low vector strength, and high values of the standard deviation and 95% confidence 

interval suggest sediment dispersal by multi-directional currents, which might be related to 

avulsive, shifting channels on a megafan surface (cf. Leier et al., 2005). Nevertheless, the 

channels had prominent southeasterly and southwesterly flow directions, having a N139° 

vector mean with 89.00 vector magnitude and a N245° vector mean with 89.00 vector 

magnitude, respectively. The standard deviations of 26° and 25°, respectively, and 95% 

confidence interval values of ±14° and ±11°, respectively, indicate that that the calculated 

vector means for these two classes are more or less statistically significant. Moreover, the 

calculated chi-square (χ2) probability value of 35.36 (> critical value of 31.26 at the 99.9% 

confidence level) also shows that the palaeocurrent had significant preferential directions. 

 



 

Fig. 4.1. Palaeocurrent roses of the (a) braided and (b) meandering streams of the study 

area. Bold arrows depict the vector means of the whole data, whereas dashed arrows depict 

the vector means of the two distinct modal classes: southeastern and northwestern for the 

braided stream and southeastern and southwestern for the meandering stream. 

 

4.1.2. Flow patterns in the western part 

The palaeocurrent data of the braided stream of the western part of the study area is 

showing  a unimodal distribution with 87% of the total measurements indicating a 

southwesterly direction (Fig. 4.2). The southwesterly directed modes have a N205° vector 

mean with a fairly high vector magnitude of 94%, low standard deviation of 10° and low 95% 

confidence interval values of ±2°. The lower values of the standard deviation and 95% 

confidence interval for the braided stream indicate that the vector mean of the modal class is 

statistically significant and preferential unimodal, unipolar channel flow pattern. The 

calculated chi-square (χ2) probability value of 142 (> critical value of 31.26 at the 99.9% 

confidence level) shows that the palaeocurrent had significant preferential direction. 

    



 

Fig. 4.2. Palaeocurrent roses of the braided stream of the western part of the study area. 

Bold arrows depict the vector means of the whole data of the braided stream. 

 

4.2. Palaeohydrology and Channel morphology 

Palaeohydrological studies of ancient fluvial deposits are carried out mainly for quantifying 

their hydraulic parameters and for the reconstruction of former river flows, be they average 

flows of low to moderate magnitude and frequency, or infrequent high magnitude events. The 

latter are commonly reconstructed in bedrock settings using slack water deposits and other 

palaeostage indicators (Baker, 1987), and in alluvial settings using a threshold exceedence 

approach (Helley and LaMarche, 1973; Patton, 1988; Reinfelds, 1995). More commonly, 

alluvial palaeohydrology has focused on estimating flows  using palaeochannel dimensions 

and sedimentological characteristics to reconstruct palaeodischarges, palaeoenvironments and 

palaeoclimates (Schumm, 1968; Bowler, 1978; Williams, 1984; Knox, 1985; Page et al., 

1991; Fried, 1993; Bishop and Godley, 1994; Wohl and Georgiadi, 1994; Starkel, 1995; 

Leigh and Feeney, 1995). Such palaeohydrological reconstructions rely on the recognition 

and measurement of ancient fluvial deposits in the field, and are generally based on the 

following two methodological approaches : (i) the channel geometry method or regime 

approach (Baker, 1994; Goudie et al., 1994; Kolkberg and Howard, 1995; Wharton, 1995), 

wherein equations that relate gauged river discharges and channel dimensions are used to 

provide palaeodischarge estimates based on the dimensions of abandoned channels, and (ii) 

the sediment transport mechanics approach (Baker, 1994), wherein ancient river discharges 

are estimated from flow velocities needed to entrain and transport sediments sampled from 

the bed of abandoned channels (Maizels, 1983; Bishop and Godley, 1994). 



The channel geometry method or regime approach method, however, is the most 

commonly used method in palaeohydrological investigations of alluvial channels, and has 

been followed in this study too. Earlier, several workers attempted the estimation of channel 

dimension using fluvial sand body thickness with empirical relations to calculate channel belt 

width or channel width (Ethridge and Schumm, 1978; Collinson, 1978; and Lorenz et al., 

1985). These approaches and methodologie provide a rough estimation, but several problems 

render the estimation very imprecise (Bridge and Mackey, 1993a). In addition, the channel 

sinuosity, geometry, discharge, and sediment supply were not taken into account, and, 

moreover, preserved sand body thicknesses may not represent the maximum thickness at the 

bend apex. To overcome these problems, statistical approaches that use regression 

expressions to relate channel depth to channel belt width (Bridge and Mackey, 1993a; Bridge 

and Mackey, 1993b) have been attempted and  modern and ancient data from published 

literature was also incorporated to provide more reliable estimations, with errors that are 

statistically acceptable (Bridge and Mackey, 1993a).  

The  morphological and hydrological parameters of the channels of the Siwalik 

foreland basin have been computed in terms of depth, width, width/depth ratio, sinuosity, 

meander wavelength, meander bend width, radius of meander curvature and slope, along 

with mean annual discharge, mean bankfull discharge and silt-clay load percentage using 

empirical equations developed by various workers and tested on many ancient and modern 

rivers (Leopold and Maddock, 1953; Leopold and Wolman, 1960; Schumm, 1963, 1972; 

Allen, 1968, 1970; Cotter, 1971; Miall, 1976; Ethridge and Schumm, 1978; Gardner, 1983; 

Willis, 1993; Tewari, 2005; Gibling, 2006; Shukla et al., 2009; Khan and Tewari, 2011; 

Tewari et al., 2012). The origins of regime relations between these parameters can be traced 

back at least to British observations and design of irrigation canals in India in the 1800s 

(Blench, 1957; Ackers, 1972; Pickup and Rieger, 1979). Perhaps because of the successful 

modelling of the dimensions of irrigation canals, the development of similar equations for 

alluvial rivers became the focus of considerable research (e.g. Leopold and Maddock, 1953; 

Blench, 1957; Leopold and Wolman, 1957, 1960; Zeller, 1967; Leeder, 1973). 

The empirical equations used to compute various morphological and hydrological 

parameters of the Lower Siwalik streams of the study area are given in Table 4.1. The basic 

input for these calculations is the cross-bed thickness. It directly gives mean and bankfull 

channel depths (Dc and Dbf) (Allen, 1968; Ethridge and Schumm, 1978; Gardner, 1983). This 



is a relatively robust estimate of channel depths for ancient deposits (Bridge and Tye, 2000). 

Moreover, in the presence of good rock exposures, such as the present study area, this method 

yields results encouragingly consistent with more direct estimators such as point bar 

thickness (Leclair and Bridge, 2001). The estimated channel depth is then used as an input to 

compute channel width (Wbf) (Allen, 1968, 1970). These two parameters are then inputs for 

all other morphological and hydrological parameters (Table 4.1). As with the palaeocurrent 

analysis, these parameters have also been computed separately for the eastern and western 

part of the study area by only considering the cross-beds of > 5 cm thick foresets. 

4.2.1. Channel morphology and hydrology in the eastern part 

The cross-bed thicknesses for the braided and meandering streams in the area range from 7 ̶ 

82 cm and 6 ̶ 72 cm, respectively. However, about 50% of the former population is 16 ̶ 30 cm 

thick, and about 55% of the latter population is 11 ̶ 30 cm thick. The average values of the 

calculated parameters are given in Table 4.2. It is clear from the palaeocurrent analysis that 

the overall surface gradient in the area was south-southwesterly. However, the low-sinuosity 

meandering streams had a gentler channel slope than the braided stream. Both the braided 

and meandering streams generally had a tranquil and low-flow regime at Froude numbers of 

0.08 and 0.07, respectively, which account for the extensive development of cross-beds in the 

sandy units. 

 

Channel parameter Formula Reference 

Channel depth (Dc) H = 0.086 Dc
1.19 

Dbf= cc’Dc 

Allen (1968); Ethridge and 

Schumm (1978); Gardner 

(1983) 

Channel width (Wbf) Wbf= 1.5(42 Dbf
1.11 

) (for braided) 

Wbf= 42 Dbf
1.11 

 (for meandering) 

Allen (1968, 1970) 

Channel sinuosity (P) P= 3.5F
-0.27 

Schumm (1963, 1972) 

Mean annual discharge 

(Qm) 

Qm= Wbf
2.43

/18F
1.13 

Schumm (1972) 

Mean annual flood (Qma) Qma= 16 (Wbf
1.56

/F
0.66

) Schumm (1972) 



 

 

 

Parameter Braided Meandering 

Channel Depth (Dc) 0.95 m 1.3 m 

Bankfull channel depth (Dbf) 1.3 m 1.7 m 

Bankfull channel width (Wbf) 121 m 78m 

Width/Depth ratio (F) 93 46 

Meander wavelength (Lm) --- 893 m 

Meander belt width (B) --- 545 m 

Meander bend’s mean radius of curvature (Rc) --- 196.5 m 

Channel sinuosity (P) 1.02 1.26 

Channel slope (Sc) 21cm/km 16 cm/km 

Mean annual discharge (Qm) 36 m
3
/s 30 m

3
/s 

Percent mean silt-clay (M) P= 0.94 M
0.25 

Schumm (1963) 

Channel slope (Sc) Sc= 30 (F
0.95

/Wbf
0.98

) Schumm (1972) 

Flow velocity (Vc) Vc= Qm/W.Dc Schumm (1972) 

Froude number (Fr) Fr= Vc/(g.Dbf)
0.50 

Sengupta (2007) 

Meander wavelength (Lm) Lm= 10.9 W
1.01 

Leopold and Wolman (1960) 

Meander belt width (B) B = 0. 61 Lm Williams (1986) 

Meander bend’s radius of 

curvature (Rc) 

Rc = 0.22 Lm Williams (1986) 

Vector magnitude (L) L= r × 100;  r = R/n; 

R= √[(∑nSinθ)
2
+(∑nCosθ)

2
 

Davis (2002) 

Vector mean (mean 

Azimuth) (𝜃v) 

𝜃v = Tan
-1

(∑nSinθ /∑nCosθ) Davis (2002) 

Standard deviation (S) 180/π √2 {1-(1.0115 × r)} Batschelet (1981) 

95% confidence interval ±180/π × 1.96 × 1/√nrk Davis (2002) 

Chi square  (χ
2
) ∑ (Oj-Ej)

2
/Ej Davis (2002) 

Table 4.1. Formulae used for computing the morphological, hydrological and palaeocurrent 
parameters of the Lower Siwalik streams. Where, H= Cross-bed set thickness; c = compaction of 
sand during burial, which varies from 1.1 to 1.3 (Ethridge and Schumm, 1978), in present 
calculations a value of 1.3 is taken following Gardner (1983); c’= variation in depth between 
straight and sinuous reaches, which varies from 0.585 to 1.0 (Ethridge and Schumm, 1978), in 
the present calculations a value of 1 is taken following (Ethridge and Schumm, 1978); Dbf= 
Bankfull channel depth; Wbf= Bankfull channel width; F= width:depth ratio; g= force due to 
gravity; n = number of observations; π = a constant whose value is 3.14; k = concentration value 
corresponding to r value, which can be used in any statistics book; Oj= observed number of data 
in class j; Ej= expected number of data in class j (j varies from 1 to 12 for 30o class interval).  



Mean annual flood (Bankfull discharge) (Qma) 1379 m
3
/s 1164 m

3
/s 

Flow velocity (Vc) 0.28 m/s 0.3 m/s 

Froude number (Fr) 0.08 0.07 

Percent mean silt-clay (M) 1.39 % 3.12 % 

Table 4.2. Average values of estimated morphological and hydrological parameters of the 

Lower Siwalik streams of the eastern part of the study area. 

 

The mean silt-clay percentage of < 5%, along with a channel width/depth ratio of > 

40 suggest a bed-load nature for both the streams (cf. Schumm, 1968). Both the streams had 

variable hydrological parameters. The bankfull depth and width of the braided streams varied 

from 0.5 - 4.15 m and 31 - 305 m, respectively, whereas those of the meandering streams 

varied from 0.46 - 3.71 m and 18 - 180 m, respectively. The mean annual discharge of the 

braided and meandering streams varied from 2.30 - 515 m
3
 s

−1
 and 1.02 - 264 m

3
/s, 

respectively, while bankfull discharge varied from 227 - 7045 m
3
/s and 124 - 4070 m

3
/s, 

respectively. 

4.2.2  Channel morphology and hydrology in the western part 

The cross-bed thicknesses for the braided streams in the area range from 8 - 85 cm. However, 

about 55% of the former population is 16 - 30 cm thick. The average values of the calculated 

parameters are given in Table 4.3. It is clear from the palaeocurrent analysis that the overall 

surface gradient in the area was south-southwesterly. The braided stream generally had a 

tranquil and low-flow regime at Froude numbers of 0.07 which account for the extensive 

development of cross-beds in the sandy units. The mean silt-clay percentage of < 5%, along 

with a channel width/depth ratio of > 60 suggest a bed-load nature for the stream (cf. 

Schumm, 1968). The braided stream had variable hydrological parameters. The bankfull 

depth and width of the braided stream varied from 0.6 - 4.26 m and 35 - 315 m, respectively. 

The mean annual discharge of the braided stream varied from 3.13 - 505 m
3
/s, while bankfull 

discharge varied from 278 - 7374 m
3
/s. 

Parameter Braided 

Channel Depth (Dc) 1.4 m 



Bankfull channel depth (Dbf) 1.8 m 

Bankfull channel width (Wbf) 123 m 

Width/Depth ratio (F) 67 

Channel sinuosity (P) 1.12 

Channel slope (Sc) 15 cm/km 

Mean annual discharge (Qm) 58 m
3
/s 

Mean annual flood (Bankfull discharge) (Qma) 1822 m
3
/s 

Flow velocity (Vc) 0.33 m/s 

Froude number (Fr) 0.07 

Percent mean silt-clay (M) 1.92 % 

Table 4.3. Average values of estimated morphological and hydrological parameters of the 

Lower Siwalik streams of the western part of the study area. 

 

4.3.  Channel and flow characteristics 

The vast Lower Siwalik foreland basin was fed in different sectors by braided and 

meandering streams of different dimensions. In the eastern part of the study area, the braided 

stream had bimodal distribution of palaeocurrent data. The two dominant modes were 

southeast and northwest. The low vector strength, and high values of the standard deviation 

and 95% confidence interval suggested sediment dispersal by multi-directional currents in 

multiple channels of the braided system. The distinct bimodal dispersion of sediments is 

considered to indicate a bend in the river channel. Statistical analysis of both these two modes 

with fairly high value of vector magnitude and chi square test and low values of 95% 

confidence interval level and standard deviation reaffirmed that the palaeocurrent data shows 

two significant preferential directions.  

The meandering river of the eastern part of the study area shows a radial outward 

regional palaeocurrent pattern, swinging between ESE and WSW, but dominantly towards 

the southeast and southwest. The low vector strength, and high values of the standard 

deviation and 95% confidence interval suggest sediment dispersal by multi-directional 

currents, which might be related to avulsive, shifting channels on a megafan surface. The 

radial outward drainage pattern of shifting, smaller, meandering streams along with 

dominantly southeastward-flowing main braided channels having very gentle channel slopes 



(< 21 cm/km or 0.01°) and dominant sand size of fine to medium suggest that the Lower 

Siwalik rivers of the present area were located in the medial-distal megafan areas. 

 The braided stream flowing in the western part of the study area is showing a 

unimodal distribution of palaeocurrent data towards southeast. The fairly high vector strength 

and the low standard deviation and 95% confidence interval level values reaffirm the 

unimodal flow of the river. The absence of radial outward drainage pattern  suggests interfan 

setting for the braided river flowing in the western part of the study area. The braided streams 

of the Lower Siwalik Subgroup of the area had a tranquil and low-flow regime at Froude 

numbers of 0.07 which account for the extensive development of cross-beds in the sandy 

units. In addition, the mean silt-clay percentage of along with the channel width/depth ratio of 

the rivers suggest bed-load nature for the streams. The perennially flowing braided rivers of 

the Lower Siwalik Subgroup with high water discharge and sediment influx indicates the 

humid, subtropical to tropical and monsoonal palaeoclimatic conditions prevailing in the 

area. Whereas the low-sinuosity, avulsive meandering channel might have originated on the 

megafan analogous to those of the Kosi megafan.  

 



Chapter 5 

PETROGRAPHY AND PETROFACIES ANALYSIS 

 

 

etrographic studies of the rocks provide information about the nature of 

provenance, uplift history, diagenetic changes and evolution of orogenic belts. It is 

a useful approach to unravel sedimentary basin evolution in plate tectonic context, 

source area lithology, intensity of orogenesis (tectonic intensity) and subsequent 

unroofing by erosion (Dickinson and Suczek, 1979; Dickinson, 1985; Mack, 1984; 

Ingersoll, 1990). The provenance of sediments includes all aspects of the source area 

including source rock, climate and relief (Pettijohn et al., 1972). The tectonic setting of 

the provenance apparently exerts primary control on sandstone compositions 

(Dickinson et al., 1983), although relief, climate, transport mechanism depositional 

environment and diagenetic change, all can be important secondary factors. In the areas 

of intense tectonic activity, source-rock type determines sediment composition more 

than climate and relief (Dickinson, 1970). Where tectonism is negligible, climate and 

relief are more important in determining the final composition of clastic sediments 

(Basu, 1976). Mechanical transport before final deposition, abrasion-omission of labile 

rock fragments are the major factor responsible to shape the clastic rock texture. 

Moreover, post depositional diagenesis can dramatically modify all kinds of clastic 

rock signatures especially climatic and weathering (Dickinson and Suczek, 1979). 

 Although Henry Clifton Sorby (1826 - 1908) started petrographic analysis way 

back in the middle of nineteenth century, much of the development in the field of 

sedimentary petrographic analysis took place only after middle of the previous century 

when considerable geological investigations were focused on to the search of oil and 

gas trapped in the voids of sedimentary rocks. Gradually during the later half of the 

previous century quantitative petrographic analyses led to the modern concept of 

"petrofacies" in sedimentology. 

P 



The term ‘petrofacies’ is used to describe mineral assemblages that form the 

framework grains of sandstones and whose boundaries commonly do not follow the 

boundaries of lithofacies and lithostratigraphic units (Mansfield, 1971). The relative 

abundance of the detrital modes leads to the recognition of various petrofacies and 

deciphering the lithology as well as the tectonic setting of the provenance (Krynine, 

1943). The modern concept of petrofacies is developed by various workers including 

Dickinson (1970); Dickinson and Suczek (1979); Schwab (1986) and Ingersoll (1983). 

It has now been proposed that the detrital modes representing lithologically varied 

sources are related to a number of plate tectonic settings (Dickinson and Valloni, 1980; 

Schwab, 1986; Dickinson, 1988; Ahmed et al., 1994). 

Based on the tectonic setting, Dickinson and Suczek (1979) distinguished nine 

provenance types as : Craton interior, Transitional and Uplifted basement in 

Continental; Dissected, Transitional and Undissected in Magmatic arc; and Subducted 

complex, Collision orogen and Foreland uplift in Recycled orogen. 

Petrofacies analysis helps in elucidating the tectonic setting for ancient detrital 

sequences, particularly those far removed from their original setting. Also, the 

appearance of a particular mineral assemblage in a stratigraphic  succession may 

indicate an important tectonic event, such as uplift and erosion of an arc plutonic suite 

or an ophiolite assemblage along a suture, and this may help date the time of intrusion 

or of continental collision. The purpose and aim of performing petrofacies analysis in 

the present study is also the same. The vital applications of petrofacies data are an 

extension of the petrographic study and that not only can the data be used to determine 

the source area and palaeocurrent directions, but a plate tectonic interpretation can also 

be inferred from the same data.  

 With respect to the petrographic studies, Siwalik Basin has been paid attention 

since long back to unravel the source area lithology, tectonics, basin's thrust fold 

orogeny, subsequent unroofing, erosion and sedimentation in response to tectonics and 

climate (Detailed description given in Chapter 1 and references therein). Extensive 

studies have been done in the Siwalik Himalaya of Pakistan and Nepal. However, in the 

Indian context, petrographic and petrofacies analysis has been done only along a few 

sectors of the vast Siwalik Himalayan extent. The present study focuses on providing 



detailed information on the petrography and petrofacies of one such unstudied sector of 

the Siwalik Group. The study is aimed to provide detailed information on the source 

area lithology, tectonics and progressive unroofing and the depositional history of the 

Lower Siwalik Subgroup of the study area. 

A total of thirty five thin sections have been prepared from unweathered 

sandstone samples collected from different measured stratigraphic sections. Modal 

analysis has been done using Swift Point Counter and by following the Gazzi-

Dickinson technique, which only counts the coarse grains (d > 1/16 mm) in terms of 

their components and attempts to reconstruct the original composition of altered grains 

(Gazzi, 1966; Dickinson, 1970). The grid spacing used in point counting exceeded the 

grain size in order to avoid counting of individual grains more than once (cf. Vander 

Plas and Tobi, 1965; Rumelhart and Ingersoll, 1997). 500 framework constituents per 

thin section have been counted for high consistency and accuracy. The point counting 

parameters (Table 5.1) are those, excluding the matrix (Mx), defined by Dickinson 

(1970, 1988); Dickinson and Suczek (1979) and Valloni and Maynard (1981).  

Matrix and/or cement were counted as framework element for the purpose of 

classification of rocks into arenites and wackes (cf. Pant and Goswami, 1996). There is, 

however, only little fraction of cement in the rocks. Classification of sandstones was 

done in two steps; first the arenites and wackes were differentiated on the basis of 

matrix percentage and then their remaining framework constituents were recalculated to 

percentage, but excluding the accessories and plotted on the ternary diagrams.  

The classification and nomenclature of sandstones has been done following Dott 

(1964), Folk (1980) and Pettijohn et al. (1987). These recalculated percentages of 

different framework grains are described in Table 5.2. A detailed account of the 

petrography and petrofacies of the studied sandstones of the study area is given in the 

following paragraphs. 

5.1  Petrographic analysis 

The Lower Siwalik sandstones of the study area comprise arenites as well as wackes 

(Fig. 5.4). The sandstones of the eastern part of the study area (corresponding to S1, S2 



Counted Parameters: 

 

Q = Qm + Qp, where, 

Q Total quartzose grains 

Qm Monocrystalline quartz 

Qp Polycrystalline quartz 

F = P + K, where, 

F Total feldspar grains 

P Plagioclase feldspar 

K Potassium feldspar 

L = Ls + Lm + Lv, where, 

L Total lithic fragments 

Ls Sedimentary lithic fragments 

Lm Metamorphic lithic fragments 

Lv Volcanic (=Igneous) lithic fragments 

A Accessory Mineral 

Mx Matrix 

 

Table 5.1. Modal parameters used in the present study. 

 

and S3, Fig. 2.4) are dominantly lithic arenite (46.5%) and lithic greywacke (46.5%) 

with a subordinate proportion of sublithic arenite (7%). The average modal composition 

is: Q63F6L18 :Mx13 (lithic arenite), Q73F4L8 :Mx15 (sublithic arenite) and  Q59F3L15 :Mx23 

(lithic greywacke).  The sandstones in the western part of the study area (corresponding 

to S4, Fig. 2.4) are dominantly lithic arenite (40%) and  sublithic arenite (40%) with a 

subordinate proportion of lithic greywacke (20%). The average modal composition of 

the sandstone of the western part of the area is: Q62F4L23 :Mx11 (lithic arenite), Q66F4L16 

:Mx14 (sublithic arenite), and Q55F3L17 :Mx25 (lithic greywacke).  

Detrital composition versus stratigraphic height plots (Fig. 5.1, 5.2 and 5.3) 

show nearly identical composition throughout the measured stratigraphic sections. 

 



Sample 

No. 

Qm Qp P K Ls Lm Lv Matrix Cement Q F L Mx 

Kiroda-Nala section 

KT11 58 2 1 3 3 11 - 21 - 61 4 14 21 

KT12 46 18 1 3 3 13 - 15 - 65 4 16 15 

KT13 62 4 1 1 1 7 - 23 - 67 2 8 23 

KT14 67 6 1 5 1 5 - 15 - 73 6 6 15 

KT15 61 7 1 6 6 7 1 12 - 68 7 14 12 

KT31 54 9 1 6 8 7 - 15  63 7 15 15 

KT32 66 7 1 2 5 5 - 15 - 73 3 10 15 

KT33 63 4 - 4 5 9 - 14 - 67 4 14 14 

KT34 58 7 1 4 7 9 1 13 - 65 5 17 13 

KT35 54 13 1 5 3 9 - 14 - 67 6 12 14 

KT36 45 9 - 2 10 5 1 - 29 54 2 16 29 

KT37 49 13 - 6 4 16 1 11 - 62 6 21 11 

KT38 49 10 1 3 7 11 1 18 - 59 4 19 18 

KT39 50 11 1 3 4 9 - 22 - 61 4 13 22 

T11 51 12 - 2 2 5 - 27 - 63 2 7 27 

T12 51 9 3 2 4 10 - 20 - 60 5 14 20 

T13 42 11 1 1 5 10 1 - 29 53 2 16 29 

T15 45 20 1 2 3 9 - 20 - 65 3 12 20 

T16 53 11 - 2 7 12 1 14 - 64 2 20 14 

TT21 47 6 1 - 10 9 - - 27 53 1 19 27 

TT22 44 19 1 6 5 14 - 10 - 63 7 19 10 

TT41 43 16 1 2 2 21 - 14 - 59 3 23 14 

TT42 37 16 2 6 7 21 - 11 - 53 8 28 11 

TT51 57 10 - 1 3 11 - 18 - 67 1 14 18 

TT62 48 16 2 6 1 16 - 11 - 64 8 17 11 

TT81 45 11 2 3 6 14 - - 19 56 5 20 19 

TP11 40 6 2 3 4 14 - - 30 46 5 18 30 

TP22 40 15 1 7 5 16 1 15 - 55 8 22 15 

         Mean 62 4 16 18 

Nandhaur-River section 

CN11 60 11 2 1 3 6 3 14 - 71 3 12 14 

CN12 58 7 2 3 6 7 2 15 - 65 5 15 15 

CN13 56 6 - 1 7 7 1 - 22 62 1 15 22 

CN14 53 10 1 4 6 13 3 10 - 63 5 22 10 

CN15 49 12 1 3 4 18 2 11 - 61 4 24 11 

CN16 43 5 2 3 5 13 1 28 - 48 5 19 28 

CN17 51 12 1 2 3 16 2 13 - 63 3 21 13 

Mean 62 4 18 16 

 

Table 5.2. Framework components (point-counts) of the Lower Siwalik sandstone.

  



The sandstones of the area are composed of fine to coarse (0.17 - 0.63 mm) 

grained detrital components. The grains are sub-angular to sub-rounded in shape, 

however, some well-rounded quartz grains are also present with iron oxide generally 

rimming the grain or investing pellicle around the quartz grain. The sandstones are 

texturally immature as these are moderate to poorly sorted. Very large variation in grain 

size is visible in some of the sandstones. The grain to grain contact generally is long 

and slightly sutured in the Lower Siwalik sandstones, but floating grains are also 

present in the calcareous sandstones. Brief description of the framework grains of these 

sandstones is given below. 

 

 

Fig. 5.1.  Vertical variations in detrital grains of the Lower Siwalik sandstones of the 

Kiroda-Nala section. 



 

Fig. 5.2.  Vertical variations in detrital grains of the Lower Siwalik sandstones of the 

Tanakpur-Champawat motor road section. 

 

 

Fig. 5.3.  Vertical variations in detrital grains of the Lower Siwalik sandstones of the 

Nandhaur-River section. 



 

 

Fig. 5.4. Ternary plots (QFL) of the sandstones (Lower Siwalik Subgroup) of the 
eastern and western part of the study area (Q = Qm + Qp; F = P + K; L = Ls + Lm + Lv) 

after Pettijohn et al. 1987. 

 

 (i) Quartz 

Out of the total framework components of the sandstones, quartz constitutes 46 - 73% 

and averages about 62% in the eastern part of the study area. It averages about 75% of 

the recalculated QFL. Average percentage of monocrystalline quartz is 37 - 67% and of 

polycrystalline quartz is 2 - 20%. On the other hand, in the western region it constitutes 

48 - 71% and averages about 62%. In the recalculated QFL ternary plot it averages 

about 74%. The range of monocrystalline quartz in the area is 43 - 60% and that of 

polycrystalline quartz is 5 - 12%. 

 Sub-angular to sub-rounded monocrystalline quartz grains (Qm) show undulose 

as well as non-undulose extinction and display silica overgrowth. Fluid inclusions are 

also seen. Some of the grains are also showing embayments due to reaction with calcite 

cement leaving irregular grain boundary (Fig. 5.5.a.). Micro cracks and fractures are 

also observed within some of the grains (Fig. 5.5.b.). The relatively less abundant 

●   Kiroda-Nala; Tanakpur-Champawat road; Tanakpur-Purnagiri road section (eastern part) 

+   Nandhaur-River section (western part) 



polycrystalline quartz grains (Qp) are generally sub-rounded in shape. Following five 

kinds of polycrystalline grains are present in the rocks : 

1. most commonly present is the polygonized variety of quartz i.e. quartz with 

uniformly sized grains having mostly straight contacts, 

2. polycrystalline quartz grains consisting of elongate and slightly sutured internal 

constituents (Fig. 5.5.c.), 

3. polycrystalline quartz grains with almost perfect orientation of elongate crystals, 

some of which have sutured contacts (Fig. 5.6.a.), 

4. polycrystalline quartz grains with coarse interlocking mosaic of crystals (Fig. 

5.6.b.), and  

5. polycrystalline quartz grains in which recrystallization is ongoing or “caught in 

act”, where the smaller crystals are newly developing ones (Fig. 5.6.c.). 

(ii) Feldspar 

Feldspars are a minor constituent of the Lower Siwalik sandstone of the area. These 

constitute 1 to 8% (average 4%) of the total framework grain components and averages 

5% of the recalculated QFL in the eastern region. Whereas, in the western region it 

ranges from 1 to 5% (average 4%) of the total framework components and averages 4% 

of the recalculated QFL. 

The feldspar population comprises plagioclase, orthoclase, microcline and 

perthite which are sub-angular to sub-rounded in shape; albeit a few angular grains. 

Plagioclase feldspar is polysynthetically twinned and is showing albite and albite-

carlsbad twinning. Small scale deformation in the form of distorted lamellae within 

some plagioclase grains have been observed (Fig. 5.7.a.). Orthoclase is generally 

untwined, but a few grains are showing carlsbad twinning (Fig. 5.7.b.). The microcline 

is clearly distinguished by its characteristic grid twinning pattern (Fig. 5.7.c.). Perthite 

grains are very common in the sandstones (Fig. 5.8.a.). Extensive sericitization and 

replacement of the grains by calcareous cement is seen (Fig. 5.7.b.). Grain margins are 

often irregular and corroded due to reaction with matrix and calcite cement (Fig. 

5.8.b.). Clay minerals and flakes formed as the result of alteration and dissolution are 

also seen. Opaque inclusions in the feldspar grains are also visible. 



(iii) Lithic fragments 

Lithic fragments are the second most abundant constituent of the sandstones and 

comprises 6 to 28% (average 16%) of the total framework grains and 7 to 31% (average 

20%) of the recalculated QFL in the eastern part. These constitute 12 to 24% (average 

18) of the total framework grains and 14 to 27% (average 22%) of the recalculated QFL 

in the western part. 

The lithic fragments are medium to coarse grained and sub-angular to sub-rounded, 

elongated and stretched in shape. These consist of metamorphic, sedimentary and 

igneous rocks. Metamorphic rock fragments (Lm) constitute the major proportion i.e. 

69% and 60% of the total lithic composition in the eastern and western part 

respectively. These are represented by low grade metamorphic rocks, such as slate, 

schist, phyllite, metaquartzite, (Fig. 5.8.c. and 5.9.a.) and less commonly by high grade 

metamorphic rock, such as gneiss (Fig. 5.9.b.). Throughout the sections, a wide variety 

of metaquartzite and siliclastic rock fragments are observable. Plentiful Quartz-sericite 

lithic fragments (Fig. 5.9.c.) and quartz-mica schist fragments are present in the 

sandstones (Fig. 5.10.a.). Mica schist fragments are seen bended, kinked (Fig. 5.10.b.) 

and are showing preferred alignment. Biotite flakes largely altered to chlorite are also 

visible (Fig. 5.10.c.). Sedimentary rock fragments (Ls) are the second most abundant 

(30%) and comprise mudstone, siltstone, sandstone, chert, carbonates, and subordinate 

intrabasinal mud pellets (Fig. 5.9.b, 5.10.c. and 5.11.a.). Igneous rock fragments (Lv) 

are the minor constituent of the total lithic fragments (1%) (Fig. 5.10.b. and 5.11.a.).  

(iv) Accessory minerals 

Accessory minerals are common in Lower Siwalik sandstones and consist of both 

opaque and non-opaque variety. These are generally sub-angular to sub-rounded and 

include zircon (Zr), garnet (Gt), tourmaline (T), epidote, staurolite (St) and rutile in 

non-opaque category (Fig. 5.11.b, 5.11.c. and 5.12.a.). Zircon is sub-rounded to 

prismatic in shape with pyramidal endings (Fig. 5.12.b.). The opaque heavy minerals 

consist of iron oxides, chlorite, less commonly present hornblende and their alteration 

products. Many post depositional calcite fragments are also seen (Fig. 5.12.c.) 



 

 

 

Fig. 5.5. a. Monocrystalline Quartz grain showing dissolution and embayments 

formed by calcareous cement. Sample No. KT13 of Kiroda-Nala section. b. Fractured 

monocrystalline quartz and feldspar grains. Sample No. KT11 of Kiroda-Nala section. 
c. Polycrystalline quartz grains consisting of elongate and slightly sutured grains. 

Sample No. KT32 of Kiroda-Nala section. View of all the photomicrographs is in 

crossed (X) nicols. 

a. 

b. 

c. 



 

 

 

Fig. 5.6. a. Polycrystalline quartz with almost perfect orientation of elongate crystals 

some of which having sutured contacts. Sample No. KT32 of Kiroda-Nala section. b. 

Polycrystalline quartz grain with coarse interlocking mosaic of crystals. Sample No. 

TT11 of Tanakpur-Champawat road section. c. Polycrystalline quartz grain in which 

recrystallization is ongoing and where the smaller crystals are newly developing ones. 

Sample No. TT16 of Tanakpur-Champawat road section. View of all the 
photomicrographs is in X-nicols. 

a. 

b. 

c. 



 

 

 

Fig. 5.7. a. Distorted and displaced plagioclase lamellae. Grain margins are corroded. 

Sample No. KT35 of Kiroda-Nala section. b. Orthoclase showing carlsbad twinning. 

The grain is showing extensive sericitization. Sample No. CN13 of Nandhaur-River 
section. c. Characteristic grid twinning pattern in Microcline. Fractures within the 

grain are also visible. Sample No. CN17 of Nandhaur-River section. View of all the 

photomicrographs is in X-nicols. 

a. 

b. 

c. 



 

 

 

Fig. 5.8. a. Feldspar showing the development of perthitic texture. Sample No. TT22 

of Tanakpur-Champawat road section. b. Plagioclase feldspar with corroded margins. 

Sample No. KT36 of Kiroda-Nala section. c. Metamorphic lithic fragment consists of 
metaquartzite, mica schist and quartz mica schist. Sample No. CN11 of Nandhaur-

River section. View of all the photomicrographs is in X-nicols. 

c. 

b. 

a. 



 

 

 

Fig. 5.9. a. Phyllite and mica fragment. Sample No. KT32 of Kiroda-Nala section. b. 

Muscovite gneiss lithic fragment. Sample No. CN12 of Nandhaur-River section. c. 

Quartz sericite lithic fragment. Sample No. KT39 of Kiroda-Nala section. View of all 
the photomicrographs is in X-nicols. 

c. 

b. 

a. 



 

 

 

Fig. 5.10. a.  Quartz mica schist lithic fragment. Sample No. TT42 of Tanakpur-

Champawat road section. View is in X-nicols. b. Bended and kinked mica fragment. 

Sample No. TP11 of Tanakpur-Purnagiri road section. View is in X-nicols. c. Chlorite 

schist fragment. Sample No. KT32 of Kiroda-Nala section. View is in plane polarised 

light (ppl). 

a. 

b. 

c. 



 

 

 

Fig. 5.11. a.  Spicular chert lithic fragment. Sample No. TT42 of Tanakpur-

Champawat road section. View is in  X-nicols. b. Garnet and Tourmaline. Sample No. 

KT37 of Kiroda-Nala section. View is in ppl. c. Staurolite. Sample No. TT16 of 
Tanakpur-Champawat road section. View is in X-nicols.  

a. 

b. 

c. 



 

 

 

Fig. 5.12. a.  Staurolite. Sample No. TT16 of Tanakpur-Champawat road section. 

View is in ppl. b. Zircon. Sample No. TT21 of Tanakpur-Champawat road section. 

View is in X-nicols. c. Granular calcite. Sample No. TT13 of Tanakpur-Champawat 
road section. View is in X-nicols. 

a. 

b. 

c. 



 

 

 

Fig. 5.13. a. Glauconite mineral grain. Sample No. KT39 of Kiroda-Nala section. b. 

Detrital matrix (DeM) and pseudomatrix (PsM). Calcite cement is also visible. Sample 

No. CN15 of Nandhaur-River section. c. Sparitic calcareous cement showing abrasion 

of grains. Sample No. TT21 of Tanakpur-Champawat road section. View of all the 

photomicrographs is in X-nicols. 

a. 

b. 

c. 



Additionally, glauconite (Gl) is found as an essential component of the accessory 

minerals in the sandstones of the eastern part of the study area. It is bluish green in 

colour with mica-like sheen and glimmer (Fig. 5.13.a.). It occurs as rounded to bean 

shaped pellets or as tiny flakes and dust between the grains. However, it is absent in the 

sandstones of the western part of the study area. 

(v) Matrix and cement 

The Lower Siwalik sandstones of the study area contain about 16 -˗ 18% matrix (Mx) 

in the western and eastern parts respectively. Silt-clay sized particles, small mica 

flakes, broken heavy minerals and diagenetic products of chemically unstable detritals 

constitute the major proportion of total matrix and is recognised as detrital matrix (Fig. 

5.13.b.). Recrystallised matrix is also present. Many lithic fragments have been over-

˗compacted and squashed to form pseudomatrix and can be differentiated owing to their 

grain-flowage characteristic (Fig. 5.13.b.). Matrix is maximum in friable sandstones 

and is less or totally absent in calcareous sandstones. 

A few of the sandstones also contain calcareous cement (C), about 80% of 

which is micro-sparitic to micritic calcite found in the interstitial spaces (Fig. 5.13.c.) 

and remaining about 20% is ferruginous cement generally found as patches or rimming 

the detrital grains. The calcareous cement is showing well developed polysynthetic 

twinning and is authigenic in nature, partially or completely replacing many mineral 

grains leaving irregular, abraded and corroded margins (Fig. 5.13.c.). 

5.2 Petrofacies analysis 

The framework detrital grains have been recalculated to various parameters (Table 5.3) 

to  plot in five ternary diagrams following Dickinson and Suczek (1979), Dickinson et 

al. (1979, 1983), Ingersoll and Suczek (1979) and Suczek and Ingersoll (1985) (Fig. 

5.14). The fields in these diagrams are characteristic of provenances of different 

tectonic settings. 

 

  



  

Fig. 5.14. A. QtFL ternary diagram illustrates that the detrital modes of Lower Siwalik sandstone are of recycled 

orogen provenance. (Provenance fields are from Dickinson, 1985) B. QmFLt diagram shows quartzose recycled and 

transitional recycled nature of the Siwalik sandstone. (Provenance fields are from Dickinson, 1985). C. QpLvmLsm 

diagram shows that the Lower Siwalik detritus plots along the Qp-Lsm leg in the collision orogen source field. 

Nandhaur-River section sandstones plot in the subduction complex source field. Low percentage of volcanic-

metavolcanic lithic fragments (Lvm) rule out magmatic arc as a provenance. (Provenance fields are from Dickinson 

and Suczek, 1979). D. QmPK diagram shows that the Lower Siwalik detritus is overwhelmingly rich in 

monocrystalline quartz (Qm) compared to the plagioclase (P) and potassium feldspar (K). (Provenance fields are 

from Dickinson, 1985). E. LmLvLs ternary diagram depicts that the Lower Siwalik Sandstone is rich in metamorphic 

lithic fragments (Lm) with subordinate sedimentary lithic fragments (Ls) and very low percentage of volcanic lithic 

fragments (Lv) and suggest its derivation from suture belts and few mixed magmatic arc and subduction complex 

area. (Provenance fields are from Ingersoll and Suczek, 1979 and Ingersoll, 1985). 



Sample 

No. 

QFL 

(%) 

QmFL 

(%) 

QmPK 

(%) 

LmLvLs 

(%) 

QpLvLs 

(%) 

 

P/f 

 

Lv/L 

 Q F L Qm F Lt Qm P K Lm Lv Ls Qp Lv Ls 

Kiroda-Nala section 

KT11 77 5 18 74 5 21 93 2 7 79 0 21 40 0 60 0.22 0 

KT12 76 5 19 55 5 40 92 2 6 81 0 19 86 0 14 0.25 0 

KT13 87 3 10 81 3 16 97 1.5 1.5 87 0 13 80 0 20 0.5 0 

KT14 86 7 7 79 7 14 92 1 7 83 0 17 86 0 14 0.12 0 

KT15 76 8 16 68 8 24 90 1 9 50 7 43 50 7 43 0.1 0.07 

KT31 74 8 18 64 8 28 88 2 10 47 0 53 53 0 47 0.16 0 

KT32 85 3 12 77 3 20 96 1 3 50 0 50 58 0 42 0.25 0 

KT33 79 5 16 74 5 21 94 0 6 64 0 36 44 0 56 0 0 

KT34 75 6 19 67 6 27 92 2 6 53 6 41 47 6 47 0.25 0.05 

KT35 79 7 14 64 7 29 90 2 8 75 0 25 81 0 19 0.2 0 

KT36 75 3 22 62 3 35 96 0 4 31 6 63 45 5 50 0 0.06 

KT37 70 7 23 55 7 38 89 0 11 76 5 19 72 6 22 0 0.04 

KT38 72 5 23 60 5 35 92 2 6 58 5 37 55 6 39 0.25 0.05 

KT39 78 5 17 64 5 31 93 2 5 69 0 31 73 0 27 0.28 0 

T11 87 3 10 71 3 26 96 0 4 71 0 29 86 0 14 0 0 

T12 76 6 18 65 6 29 91 5 4 71 0 29 69 0 31 0.55 0 

T13 75 3 22 59 3 38 95 2 3 63 6 31 65 6 29 0.4 0.06 

T15 81 4 15 56 4 40 94 2 4 75 0 25 87 0 13 0.33 0 

T16 74 2 23 62 2 36 96 0 4 60 5 35 58 5 37 0 0.05 



TT21 73 1 26 65 1 34 98 2 0 47 0 53 38 0 62 1 0 

TT22 71 8 21 49 8 43 86 2 12 74 0 26 79 0 21 0.14 0 

TT41 69 4 27 51 3 46 94 2 4 91 0 9 89 0 11 0.33 0 

TT42 60 9 31 42 9 49 83 4 13 75 0 25 70 0 30 0.23 0 

TT51 82 1 17 70 1 29 98 0 2 79 0 21 77 0 23 0 0 

TT62 72 9 19 54 9 37 86 4 10 94 0 6 94 0 6 0.28 0 

TT81 69 6 25 56 6 38 90 4 6 70 0 30 65 0 35 0.4 0 

TP11 67 7 26 58 7 35 89 4 7 78 0 22 60 0 40 0.36 0 

TP22 65 9 26 47 9 44 83 2 15 73 4 23 71 5 24 0.12 0.04 

Mean 75 5 20 63 5 32 92 2 6 69 1 30 67 2 31 0.24 0.01 

Nandhaur-River section 

CN11 83 3 14 70 3 27 95 3 2 50 25 25 65 18 17 0.6 0.18 

CN12 76 6 18 68 6 26 92 3 5 47 13 40 47 13 40 0.37 0.13 

CN13 79 1 20 72 1 27 98 0 2 47 6 47 43 7 50 0 0.07 

CN14 70 6 24 59 6 35 91 2 7 59 14 27 53 16 31 0.22 0.16 

CN15 69 4 27 55 5 40 92 2 6 75 8 17 67 11 22 0.25 0.11 

CN16 67 7 26 60 7 33 90 4 6 68 5 26 45 10 45 0.4 0.1 

CN17 73 3 24 59 3 38 94 2 4 76 10 14 70 12 18 0.33 0.12 

Mean 74 4 22 63 4 32 93 2 5 60 12 28 56 12 32 0.31 0.12 

Lower Siwalik Overall 

Mean 75 5 20 63 5 32 92 2 6 67 4 29 65 4 31 0.25 0.04 

Table 5.3. Recalculated modal point-count data of the Lower Siwalik sandstones.



The recalculated mean values of QtFL (Qt = Quartz total) parameters of sandstone samples 

from the  eastern part of the study area (Kiroda-Nala; Tanakpur-Champawat road and 

Tanakpur-Purnagiri road section) are 75%, 5%, 20% and the recalculated mean values of 

QtFL parameters of sandstone samples from the  western part of the study area (Nandhaur-

river section) are 74%, 4%, and 22%. The mean value of combined localities is Qt75F5L20. 

The data plot along the quartz-lithic fragments (Qt-L) leg in the recycled orogen area (Fig. 

5.14.A). The mean values of QmFLt parameters for the eastern part are 63%, 5% and 32% 

and for the western part are 63%, 4%, and 32%. The overall mean value of the area is 

Qm63F5Lt32. The data plot along the monocrystalline quartz-total lithic fragments (Qm-Lt) leg 

in the quartzose recycled and transitional recycled fields in the QmFLt diagram (Fig. 5.14.B). 

Average values of the QmPK parameters for the eastern part are 92%, 2% and 6% and for the 

western part are 93%, 2%, and 5%. The combined mean value of the parameters for the area 

is Qm92P2K6. These sandstones plot at and near the Qm pole along the Qm-K leg in the 

QmPK ternary diagram because of the very high percentages of monocrystalline quartz (Fig. 

5.14.D). The recalculated mean values of LmLvLs parameters for the eastern part are 69%, 

1% and 30% and for the western part are 60%, 12%, and 28% respectively. The overall mean 

values for the area is Lm67Lv4Ls29 and the data plot close to the Lm pole along the 

metamorphic-sedimentary lithic fragments (Lm-Ls) leg in the suture belts and mixed 

magmatic arc and subduction complexes field (Fig. 5.14.E). Average values of the 

QpLvmLsm parameters for the eastern part are 67%, 2% and 31% and for the western part 

are 56%, 12%, and 32%. The total mean value of the area is Qp65Lv4Ls31. In the QpLvmLsm 

diagram, the data plot along the polycrystalline quartz-combined sedimentary-metamorphic 

lithic fragments (Qp-Lsm) leg in the collision orogen sources field (Fig. 5.14.C). However, 

the western part (Nandhaur-river section) data plots in the subduction complex sources field. 

5.3 Source area tectonics and lithology 

Petrofacies analyses of the Lower Siwalik sandstones unravel the tectonic setting of the 

source area. The QtFL ternary diagram suggests derivation of the detritus from a recycled 

orogen, and the greater incidences along the QpLsm leg of the QpLvmLsm ternary diagram 

specify it as a collision orogen provenance. Moreover, the dominant proportion of 

monocrystalline quartz in QmFLt ternary ratios point to a quartzose recycled provenance as 

the main contributor of sediments to the Lower Siwalik Basin, besides a subordinate supply 

from the transitional recycled orogen. The QmPK diagram again shows the high 



monocrystalline quartz content compared to the other minerals in these sandstones. The 

LmLvLs ternary diagram demonstrates the high metamorphic lithic content in the Lower 

Siwalik sandstones with subordinate and very low percentage of sedimentary and igneous 

lithic content respectively. It further corroborates the derivation of sediments mainly from the 

suture belts. 

Petrographic analysis of the sandstones of the area elucidate the lithology of the 

source area. The lithic arenite, sublithic arenite and lithic-wacke of the area indicate sub-

mature and immature nature of the sandstone and nearby located source area of high relief 

and arid climate (Pettijohn et al., 1987). The monocrystalline quartz in the Siwalik sandstones 

of the area could have been derived from a variety of source rocks including igneous, 

sedimentary and metamorphic. The non-undulose character of the monocrystalline quartz 

points to a plutonic source area (Folk, 1980; Abdel-Wahab, 1992), but its not always true 

because monocrystalline quartz grains may also represent the disintegrated fragments of pre-

existing polycrystalline or undulose monocrystalline quartz grains for they are less stable than 

the monocrystalline quartz and often disintegrate into smaller grains (Blatt et al., 1980; 

Abdel-Wahab, 1992). 

The monocrystalline quartz grain with undulatory extinction are also not very reliable 

for source lithology determination as it can be of very wide origin; it is not a very effective 

criterion in distinguishing between igneous and metamorphic origin (Ingersoll, 1983). 

Undulatory extinction is due to plastic deformation in quartz crystals and the effects of strain 

on the crystals during tectonic uplift or any kind of tectonic activity. Undulatory extinction 

can also be produced in sedimentary rocks during folding and faulting and it is just an optical 

expression of strained crystal. However, the abundance of medium grained monocrystalline 

quartz grains in these sandstones indicates a crystalline granite or granitic-gneiss or sandstone 

source (Pettijohn et al., 1987). 

Polycrystalline quartz grains are more reliable in determining the source area 

lithology. A sand sized quartz grain consists of more than five internal crystals indicates its 

metamorphic, probably gneissic origin (Scholle, 1979). The several types of internal 

structures in polycrystalline grains elucidate difference in their origin. The elongated or 

stretched internal quartz crystals within the grain reflects its deformation in nonhydrostatic 

stress field and are commonly found in metamorphic rocks that are adjacent to faults where 



extreme stretching is accompanied by granulation and recrystallization to produce mylonite 

and phyllonite rocks (Blatt, 1992). The polycrystalline quartz grains with varying internal 

crystal sizes suggest recrystallization which is caught in act, indicating its metamorphic 

origin. In metamorphic rocks when thermally induced recrystallization occurs as the last 

recrystallization event in the rock, the intercrystalline boundary among quartz crystals is 

straight (Voll, 1960).  

In the study area, both potash feldspar and plagioclase are present in subordinate 

proportions. As a matter of fact, sands derived from fold-thrust systems of indurated 

sedimentary and low-grade metamorphic rocks have consistently low contents of feldspars 

and volcanic rock fragments (Dickinson and Suckzek, 1979). Moreover, the plagioclase 

feldspar indicates low grade metamorphic source rocks whereas potash feldspar suggests acid 

igneous (granitic) and/or high grade metamorphic source rocks (sillimanite zone). However, 

the post-depositional diagenetic changes leads to alteration and disintegration of feldspar 

grains as these are highly susceptible to chemical weathering. Therefore, feldspars loose 

much of the significant signatures of tectonic and climatic setting of the hinterland and 

depositional basin and depict the post-burial diagenetic effects. 

The lithic fragments extend unequivocal evidence of the source rock lithology. Lithic 

fragments are the second most abundant constituent of the Lower Siwalik sandstones of the 

study area comprising 20 to 22% of the recalculated QFL. The rock fragment content is a 

function of grain-size, the coarser the sand the higher the rock fragment content, other things 

(provenance, maturity and age) being equal (Shiki, 1959; Allen, 1962). The medium to coarse 

grain size of the sandstone of the study area probably determined the high lithic fragment of 

the sandstone. The abundance of slate, schist, phyllite and metaquartzite points out low grade 

metamorphic and metasedimentary source rocks. Considerable proportions of quartz sericite 

lithic fragments and muscovite/biotite gneiss rock fragments on the other hand suggest 

medium to high grade metamorphic rocks (Garzanti and Vezzoli, 2003). Various argillite 

rock fragments denote the presence of sedimentary rock strata in the hinterland. Nevertheless, 

the variety of rock fragments indicates mixed provenance of the Lower Siwalik sediments of 

the area comprising metamorphic, sedimentary and igneous rocks. 

Apart from the major framework grains, certain detrital heavy mineral associations 

are very reliable indicators of some major classes of source rocks (Milner, 1926; Krumbien 



and Pettijohn, 1938; Feo-Codecido, 1956; Baker, 1962). The heavy mineral assemblage of 

the Lower Siwalik succession of the area comprises of zircon, tourmaline, rutile, epidote, 

staurolite, garnet, apatite, chlorite and haematite which indicates acid igneous rocks and 

metamorphic source rocks. The probability of reworked sediments as source rock cannot be 

precluded as confirmed by the presence of rutile, tourmaline (rounded grains), zircon 

(rounded grains) and iron ores. The presence of glauconite (potassium-iron silicate) in the 

sandstones suggest its derivation from the reworked marine sediments, however, it may also 

be formed from pre-existing clay minerals and by the breakdown of iron-bearing silicates 

such as amphiboles, pyroxene and biotite mica. In the latter case, it indicates very slow 

sedimentation rate in the basin. 

5.4 Diagenetic history 

Diagenesis is a complex web of physical and chemical processes related to the geologic 

history of sandstone (Pettijohn et al., 1987). It includes the entire physical, chemical and 

biological changes that sediment is subjected to after its burial but before getting 

metamorphosed (Blatt, 1992). Post-burial, the physical and chemical environments 

experienced by sandstones produce an end product characterized by a specific suite of 

diagenetic features. To a large extent, the nature of this end product depends on the initial 

mineralogical composition of the sands and the composition of the enclosing basin fill 

sediments. Under thin section study, the important diagenetic changes observed are sandstone 

compaction, precipitation of different types of cement, alteration and replacement of 

framework grains and nature of development of grain contacts. Studying diagenetic 

alterations of foreland basin deposits permits the reconstruction of the post-depositional 

history of the sediments and to estimate how the original sedimentary signal of orogenic 

erosion was modified (Dickinson, 1985; Pettijohn et al., 1987). This is useful in  interpreting 

the long-term evolution of a mountain belt using sediment petrology. 

 The Lower Siwalik sandstones of the study area are exhibiting three significant phases 

of diagenesis - early, burial and late. Early diagenetic phase is regarded here to demonstrate 

processes affecting sediments in the first tens to several hundreds of meters of burial, which 

happened during the first 1–2 million years after deposition (Gautam and Fujiwara, 2000). 

All the processes which are changing sediments during deep burial of thousands of meters are 

regarded as burial diagenesis. Late diagenesis is reflected by the diagenetic changes during 



exhumation and exposure of previously buried sedimentary rocks, and is mainly associated 

with dissolution of authigenic phases and further alteration of framework grains when the 

rock is flushed with meteoric water. All these three phases of diagenesis are well exemplified 

in the Lower Siwalik sandstones of the study area and are discussed in the following 

paragraphs. 

The Lower Siwalik sandstones of the area have high proportions of lithic fragments 

and matrix is generally not exceeding 20% of the total framework constituents. However, 

cementation at a few places in some of the sandstones is in considerable proportions, 

rendering floating appearance to the detrital framework grains. Primary porosity in 

sandstones is highly reduced by the increased amount of pore filling by matrix and cement. 

During diagenesis, frameworks of different compositions behave quite differently and display 

various rates of porosity reduction with depth of burial (Dickinson and Suckzec, 1979). Lithic 

fragments and feldspars on being chemically more reactive than quartz readily undergo 

mineralogical alteration and experience enhanced intrastratal solutions at comparatively 

shallow depths (Dickinson and Suckzec, 1979). Concomitant is the petrographic data of the 

present analysis of Lower Siwalik sandstones which is demonstrating considerable signatures 

of mineral alterations in the form of abundant Glauconite and clay minerals. The dissolution 

and alternation of feldspar grains and the formation of authigenic clays symbolises early 

diagenetic features in the sandstones. It is noteworthy that this is the main reason behind the 

significant (over 2/3) loss of feldspar during diagenesis (Guilbaud et al., 2012). In addition, 

the formation of authigenic iron oxides as grain coatings and pore filling material suggests 

the removal of iron from iron bearing detrital biotite or chlorite while being in contact with 

oxidizing pore fluids during shallow burial and also during late phase of diagenesis (Blatt, 

1992). 

Diagenetic evidences and greater intensity of compaction is visible in the form of 

textural patterns like closer, long and microstylolitic (sutured) grain to grain contacts. Long 

grain to grain contacts along with the precipitation of secondary chert represent intermediate 

stage of diagenesis. Effect of tectonism and mechanical compaction during diagenetic process 

is evident in the form of fractured Quartz, broken feldspar grains, undulose extinction in 

quartz and bended micas, clay minerals and lithic fragments and kinked plagioclase lamellae. 

Lithic sandstones can achieve as high as 40% compaction and it exceeds 5% net per 

kilometre of burial (Galloway, 1974). Ductile deformation of detrital mica, the formation of 



pseudomatrix from deformation of clay-rich lithic grains and the increase in intensity of grain 

contacts (length, concavo-convex etc.) indicates prominent signatures of mechanical 

compaction during burial diagenetic phase (Pettijohn et al., 1987; Blatt, 1992). 

The cementation is brought by chemical precipitation of pore solutions under different 

pH conditions (Borgohain et al., 2010). Lithification of sandstones has taken place by the 

cementation of fibrous, drusy and granular calcite which in many cases might be supplied by 

redistributive processes acting within the sand itself, or by the solutions expelled from 

adjacent argillaceous or calcareous rocks during compaction. Increased temperature during 

burial or increased pH decrease the solubility of calcite, which in turn increases the 

carbonate-bicarbonate ratio in the interstitial water leading to precipitation of calcite (Blatt, 

1992). Mosaic and poikilotopic calcite cement precipitation is the prominent diagenetic 

process during burial diagenesis (Pettijohn et al., 1987). Diagenesis in the form of 

compaction and cementation reduced the primary porosity in Lower Siwalik sandstones of 

the area. Nevertheless, the secondary embayments and overgrowth in quartz grain, infiltration 

of ferruginous cements throughout the sandstones, precipitation of glauconite between the 

framework grains and the post-depositional patches of argillaceous material imparts 

significant influence on the reservoir quality of the sandstone. A dissolution phase, possibly 

during exhumation and exposure, when the Siwalik sandstones were flushed with meteoric 

water as demonstrated by diagenetic cement suggests the development of microporosity 

during burial diagenesis (Pettijohn et al., 1987; Blatt, 1992). Although all these primary and 

secondary porosities cannot improve the poor reservoir quality of the Lower Siwalik 

sandstones (Guilbaud et al., 2012).  

 



Chapter 6 

PALAEOENVIRONMENT AND PROVENANCE 

 

 

n order to understand the sedimentological evolution of the Siwalik basin, various 

lithofacies, channel morphological and hydrological aspects, petrography and 

petrofacies characteristics have been studied and their depositional and provenance 

settings have been established. 

6.1 Palaeoenvironment 

Most of the earlier workers have proposed that the Lower Siwalik rocks 

represent the deposits of meandering river systems (Johnson and Vondra, 1972; 

Halstead and Nanda, 1973; Visser and Johnson, 1978; Behrensmeyer and Tauxe, 1982; 

Kumar and Tandon, 1985), the Middle Siwalik rocks represent the deposits of braided 

rivers and alluvial fan sequences (Wells and Dorrs, 1987; Kumar and Nanda, 1989), 

and the Upper Siwalik rocks represent deposits of the  proximal braided streams and 

proximal stretches of alluvial fans (Visser and Johnson, 1978; Kumar and Tandon, 

1985). It must be emphasized here that, it is quite difficult to visualize a single kind of 

channel pattern (meandering or braided) prevailing and depositing its sediment in a 

particular time-plane so dominatingly in such a gigantic setting of Siwalik Basin. On 

the other hand, the scenario in the modern time is totally different as one compares the 

documented records of the Siwalik Basin to elsewhere round the globe with similar 

foreland basin sedimentation setting. To exemplify, in the Indo-Gangetic Basin  -  the 

modern analogue of the Siwalik  -  huge network of braided as well as meandering 

channel patterns are flowing.  

Recent sedimentological investigations in the Potwar Plateau of northern 

Pakistan, Jammu and south-central Uttarakhand of India and western Nepal have now 

revealed that the vast Lower Siwalik foreland basin was actually fed in different sectors 

by braided, meandering and anastomosing streams of different dimensions (e.g. Willis, 

I 



1993; Zaleha, 1997; Friend et al., 2001; Sharma et al., 2001; Shukla et al., 2009). In 

Khaur area of northern Potwar Plateau, the fluvial network comprised single channel 

meandering and braided streams (Zaleha, 1997), while Chinji area of southern Potwar 

Plateau had a main, braided channel belt and large number of smaller channel belts, 

wherein the braided channel was constrained by terraces (upland) but the smaller 

channels migrated in response to avulsive floods (Friend et al., 2001). In Jammu area, 

the main channel was shallow and meandering (Singh et al., 1999; Sharma et al., 

2001). In south-central Uttarakhand, there was a well developed network of braided, 

meandering and anastomosing rivers (Shukla et al., 2009). Farther east, in the western 

Nepal, there was a network of meandering streams (Nakayama and Ulak, 1999; Huyghe 

et al., 2005). In Khaur and Chinji areas of Potwar Plateau and south-central 

Uttarakhand the Lower Siwalik rivers were located in the distal megafan settings 

(Zaleha, 1997; Friend et al., 2001; Shukla et al., 2009).  

It is already mentioned in Chapter 3 and 4 that the braided and meandering 

streams of the eastern part of the present study area were also located in the middle-

distal part of a megafan of the Lower Siwalik foreland basin. The braided stream was 

the main feeder channel of the megafan, like that of the Chinji area. The NW to SSE 

bend along its course indicates strong autogenic forcing on sediment dispersal. The 

bend might have been controlled by some active topographic high in the basement, 

possibly the Tanakpur–Kasganj basement spur (Raiverman et al., 1983) that is also 

known to control the present-day sigmoid course of the Sarda River as well as the 

similar shape of the mountain front in the area (Goswami, 2012). Tandon and Kumar 

(1984) have also demonstrated that such active basement highs caused drainage 

reversal during Upper Siwalik times. Moreover, similar bends along modern river 

courses of the Ganga foreland basin have also been considered to be controlled by 

active basement structures (e.g. Raiverman et al., 1983; Jain and Sinha, 2005; 

Goswami, 2012).  

It may be pointed out in this context that the megafans are one of the most 

significant landforms of foreland basins around the globe (Willis, 1993; Weissmann et 

al., 2002, 2005; Leir et al., 2005; Shukla et al., 2001; Chakraborty et al., 2010).  Their 

existence is essentially marked by the development of radial drainage pattern 

(Chakraborty et al., 2010). For example, frequent channel clogging, random avulsion 



and shifting channels led to the development of radial drainage patterns on the modern 

Ganga, Kosi and Tista-Mahananda megafans in the Indo-Gangetic foreland basin of 

India (Shukla et al., 2001; Chakraborty et al., 2010; Chakraborty and Ghosh, 2010). 

The radial outward drainage pattern and associated thick overbank deposits of the 

meandering streams suggest that frequent avulsive floods in them have been the main 

processes of fanning out sediment dispersal and thus the megafan development in this 

part of the Lower Siwalik foreland basin. On the other hand, the absence of distinct 

fanning outward palaeoflow pattern of the braided stream indicates its non-avulsive 

nature, although continuous lateral channel shifting by bank cutting produced 

multistoried sandbodies. Nevertheless, large scale avulsions in the braided stream 

cannot be ruled out. Such avulsions can cause tens of kilometres shifting of the large 

river channels, for example very high monsoonal discharge in the year 2008 caused 

avulsion and > 50km eastward shifting of the Kosi river in the middle part of the Kosi 

megafan in eastern Ganga basin (Chakraborty et al., 2010).  Furthermore, the 

meandering streams might have been migrating like those of the megafan of the Lower 

Siwalik of Chinji area of the Potwar Plateau (Friend et al., 2001). Moreover, the 

avulsions could be autocyclically controlled, similar to many in the modern Kosi 

megafan (cf. Wells and Dorr, 1987) or a megafan of the Lower Siwalik of Khaur area 

of the Potwar Plateau (cf. Zaleha, 1997), and/or allocyclically controlled such as 

discharge variability induced ones in the Kosi megafan of the Ganga basin (Sinha, 

2009; Chakraborty et al., 2010).  

However, in the western part of the study area, which is located at an aerial 

distance of ~ 60 km westwards of the eastern part of the study area, and ~ 30 km east of 

another megafan of the Lower Siwalik Basin (Shukla et al., 2009) the braided stream 

with its unimodal distribution of palaeoflow data suggest an interfan setting for the 

river. The profuse development of multistoried sandbodies and the absence of distinct 

fanning outward palaeoflow pattern of the braided stream indicates its non-avulsive 

nature, but with continuous lateral channel shifting. Nevertheless, the narrow 

development of the overbank and high water discharge and sediment influx suggests 

perennial and bed load nature of the river. 

An interesting feature of the eastern part of the Lower Siwalik foreland basin is 

the development of extensive upland interfluve region.  The upland interfluve regions 



were also developed extensively in the Lower Siwalik foreland basin of the Jammu area 

(Sharma et al., 2001). The depositional setting of this part of the basin was much 

similar to that of the Jammu area in the sense that both the areas were fed by a network 

of braided and meandering rivers and had well developed upland interfluve regions (cf. 

Sharma et al., 2001). Nevertheless, flood plains were vastly developed in Jammu area 

(Singh and Sudan, 1997).  In the Ganga Basin, wide upland interfluve regions are 

developed tens of meters above the major river channels and beyond the reach of their 

floods (Singh et al., 1999; Gibling et al., 2005), where they show prominent 

microgeomorphology which controls the transfer and deposition of sediments during 

the rainy season, predominantly by the process of sheet flow (Sharma et al., 2001). On 

a megafan, the upland interfluve surface develops following cessation of surface 

aggradation by the major stream due to its incision. For example, in Ganga foreland 

basin the surface of the Ganga megafan converted into the upland interfluve surface 

following the 20-30 m incision of the trunk stream into its own deposit and thus 

disruption of megafan surface aggradation (Shukla et al., 2001). On this upland 

interfluve region only monsoonal rains rework the sediments through sheet flows and 

small channels where essentially finer sediments deposit (Shukla et al., 2001). In other 

words, the upland interfluve regions represent the older megafan surfaces away from 

the active channels. The incision of main stream and development of upland interfluve 

region on the megafan could be due to either sea level lowering and/or intrabasinal 

tectonics. However, the effect of sea level lowering can be neglected in the present case 

as this part of vast Lower Siwalik foreland basin was located hundreds of kilometres 

away from the inferred coastline (Shukla et al., 2009) and the effect of sea-level on 

alluvial valleys diminishes drastically beyond 300–500 km away from the coast line 

(Schumm, 1993).  

 Summing up, the studied Lower Siwalik river system of south-eastern 

Uttarakhand comprised perennial braided and meandering streams that were 

constructing the middle-distal part of a megafan and interfan (Fig. 3.27). The 

depositional processes of the braided stream were traction current dominated whereas 

those of the meandering stream were of traction currents and suspension fallouts. While 

some part of the megafan was aggrading continuously by active channel related traction 

currents and suspension fallouts the sediments on the older surfaces of it (i.e. interfluve 



regions) were being reworked by ephemeral shallow traction currents and suspension 

fallouts. 

A comparison between the morphological and hydrological parameters of the 

Lower Siwalik channels of northern Pakistan (Willis, 1993; Zaleha, 1997), western 

Nepal (Ulak, 2005), south-central Uttarakhand (Shukla et al., 2009) and the present 

study area is given in Table 6.1. The data is broadly comparable. The channels were < 

400 m wide and < 5 m deep and generally had low sinuosity, except for the meandering 

stream of south-central Uttarakhand. The bankfull discharge varied spatially, being 

least in the Khaur area of the northern Potwar Plateau. The braided streams of the 

present area and south-central Uttarakhand had more or less the same dimensions and 

similar discharge. However, the meandering streams of the present area were of lower 

sinuosity, wider and shallower than in the neighbouring south-central Uttarakhand. 

These spatial variations in dimensions, shape and hydrological characters reflect mainly 

the spatial variations in the sediment and water budget (cf. Schumm, 1968), which are 

primarily controlled by the geographic location and dimensions of the catchment area.  

A comparison between the morphological, hydrological and flow characters of 

the Lower Siwalik rivers of the study area and the present-day, fine- to medium grained 

sand-carrying rivers of the Ganga foreland basin (Table 6.2) reveals that the Lower 

Siwalik braided stream of the area is broadly comparable with the large modern rivers 

like the Kosi and Yamuna (width/depth ratios of 70 to 78) despite the greater channel 

width of the Kosi River. On the other hand, the Lower Siwalik meandering river of the 

area is comparable with the interfan rivers like the Bagmati, Burhi Gandak and Kamla–

Balan (width/depth ratios of 12 to 44). However, it is interesting to note that the Kosi 

megafan in northern Bihar is presently fed by the mountain-fed, braided Kosi River and 

many plains-fed, meandering rivers (cf. Sinha and Friend, 1994),which exhibit an 

overall radial outward palaeocurrent pattern (Chakraborty et al., 2010). The 

meandering streams of the megafan are 6 to 150 m wide and have sinuosity of 1.2 to 

2.5 (Chakraborty et al., 2010). Such a comparison is quite tenable owing to the 

similarity of the location, landscape and sedimentary processes between the Siwalik 

and Ganga foreland basins (Burbank and Beck, 1991; Willis, 1993; Zaleha, 1997) and 

comparability between the Middle Miocene and present-day tropical to sub-tropical



Table 6.1. Computed morphological and hydrological parameters of the Lower Siwalik streams of the study area and other sectors. 

*Calculated using the data of Shukla, et al.  (2009); **calculated using the data of Willis (1993); ***calculated using the data of Zaleha (1997). 

Area Channel 
sinuosity 

Channel 
width (m) 

Channel 
depth (m) 

W/D 
ratio 

Bankfull discharge 
(cumecs) 

Mean channel 
slope (cm/km) 

Channel pattern Reference 

South-eastern 
Uttarakhand, 

1.02 31 – 305 0.5 – 4.15 62 - 74 227 – 7045 21 Braided This study 

South-eastern 
Uttarakhand, 

1.26 18 – 180 0.45 – 3.71 30 – 49 124 – 4070 16 Meandering This study 

South-eastern 
Uttarakhand, 

1.12 35 – 315 0.6 – 4.26 60 – 74 278 – 7374 15 Braided This study 

South-central  
Uttarakhand, 

1.6 – 1.7 36 – 68 3 – 5 12 – 16 841 – 2449* 6.9* Meandering Shukla et al., 2009 

South-central  
Uttarakhand, 

1.1 – 1.2 90 – 250 2 – 5 45 – 50 1451 – 9341* 6.9* Anastomosing Shukla et al., 2009 

South-central  
Uttarakhand, 

1.1 245 4.5 54 6097* 6* Braided Shukla et al., 2009 

Chinji area, 
Potwar Plateau 

1.1 – 1.3 70 - 400 3.5 - 12 9 – 49** 100 – 3560 2.39** Braided Willis, 1993 

Khaur area, 
Potwar Plateau 

1.1 – 1.12 315 – 398 4.1 – 4.6 68 – 95 717 – 813 2.7*** Braided Zaleha, 1997 

Surai Khola, 
Nepal 

- - 0.4 – 4.1 - 63.8 – 2470 18.4 – 83.6 Meandering Nakayama and Ulak 
(1999); Ulak (2005) 



Table 6.2. Morphological and hydrological parameters of the modern rivers of the Ganga foreland basin. 

Rivers Channel 
sinuosity 

Channel 
width (m) 

Channel 
depth (m) 

W/D ratio Bankfull 
discharge 
(cumecs) 

Mean channel 
slope (cm/km) 

Reference 

Baghmati in Bihar, 
India 

1.0 – 2.25 129– 222 5.10 – 10.72 12 – 44 600 – 900 53 Sinha and Friend 
(1994) 

Burhi Gandak in 
Bihar, India 

1.21 – 3.38 114– 203 4.88 – 6.89 23 – 30 500 – 2050 - Sinha and Friend 
(1994) 

Kamla-Balan in 
Bihar, India 

1.0 – 2.90 112 – 115 3.75 – 5.67 20 – 30 300 – 400 - Sinha and Friend 
(1994) 

Kosi in Bihar, India - 592 – 610 - 78 5750 - 11338 11 Sinha and Friend 
(1994) 

Yamuna, at Delhi, 
India 

- 244 3.5 70 3300 30 Bhargava et al. 
(1985) 

Rapti, at Molony 
Bund,  India 

 240 4.7 51 2500 19 Bhargava et al. 
(1985) 

Ganga, at Garh, 
India 

- 400 4.0 100 5800 30 Bhargava et al. 
(1985) 

Ghagra, at 
Zalimnagar, India 

- 827 6.0 137 7000 30 Bhargava et al. 
(1985) 



and monsoonal climatic conditions of the Indian subcontinent (Raymo and Ruddiman, 1992; 

Nakayama and Ulak, 1999).  

It is therefore inferred that the Lower Siwalik fluvial network of the area was 

somewhat like that of the present-day medial-distal megafan-interfan setting of the Ganga 

basin (Fig. 3.27). The main channel was braided and larger in dimensions with higher water 

discharge, whereas the low-sinuosity, avulsive meandering channel might have originated on 

the megafan analogous to those of the Kosi megafan. In addition, there were smaller and 

shallower interfluve (Doab) streams, which mainly redistributed the older alluvium (Fig. 

3.27) (cf. Singh et al., 1999). Interestingly, the Lower Siwalik streams of the south-central 

Uttarakhand were also located in the medial-distal megafan-interfan setting (Shukla et al., 

2009). 

6.2 Provenance 

The study of detrital mineral grains in sandstone leads to the identification of the source area 

of the detrital grains and these provenance interpretations are used to reconstruct the 

palaeogeographic and palaeotectonic setting at any geologic time (Dickinson, 1985; Blatt, 

1992). As already described in Chapter 5, detailed petrographic and petrofacies analyses 

revealed that the Lower Siwalik sandstones of the study area are mostly quartzolithic in 

nature. The QtFL ternary diagram of Dickinson and Suczek (1979) classifies the detrital 

mineral grains into three tectonic settings: continental block, magmatic arc and recycled 

orogen. The Lower Siwalik sandstone of the area is derived from recycled orogen. The 

interpretation is also evident by the abundance of quartz, subordinate metasedimentary lithic 

fragments and low percentage of feldspar and volcanic lithic fragments. 

Another mineralogical parameter QmFLt diagram further subdivide the recycled 

orogen provenance and indicate that the Lower Siwalik sandstones of the area were mostly 

derived from the quartzose recycled field. However, transitional recycled field is also a minor 

contributor (Fig. 5.14.A). The sandstones from both the localities are having higher 

monocrystalline quartz content with respect to the lithic fragments. An equilibrium condition 

is also maintained in between the monocrystalline quartz and lithic fragment content as is 

depicted by the transitional recycled field as provenance. Similarly, the sandstones are rich in 

metamorphic lithic content and the mean values of three major types of lithic fragments is 



Lm67Lv4Ls29. The high percentage of low and medium grade and few high grade 

metamorphic lithic fragments and the NE/NW to SE/SW directed palaeoflow directions 

suggest low-high grade metamorphic terrain in the north as the probable source area. It is thus 

inferred that the Lesser Himalayan rocks and Lesser Himalayan crystalline rocks seemed to 

have played an important role in the supply of detritus to this foreland basin. The abundance 

of metamorphic lithic fragments also suggests progressive uplift and erosion of the 

Himalayan thrust sheets. The appreciable sedimentary lithic fragment content indicates, by 

the same token, its derivation from the sedimentary/meta-sedimentary Lesser Himalayan 

zone as the provenance.  

The abundance of sand fraction and soft pelitic rock fragments, sub-mature to 

immature nature of rocks and lithic to sublithic arenites and greywackes also suggests the 

proximity of the hinterland, i.e. the Lesser Himalaya. However, the Lower Siwalik sediments 

in Nepal show greater Himalaya as source area (DeCelles et al., 1998). Nevertheless, the 

presence of few high grade metamorphic rock fragments indicate subordinate sediment input 

from the Higher Himalaya as well.  

Detritus from subduction complexes, collision orogens and foreland uplifts have 

higher monocrystalline quartz (Qm) percentage and thus plots near the Qm pole in the QmPK 

diagram (Fig. 5.14.D). The diagram depicts that the Qm percentage is much greater than both 

the plagioclase (P) and K-feldspar. The Lower Siwalik sandstones plot in the collision orogen 

field the QpLvmLsm plot of Dickinson and Suczek (1979) (Fig. 5.14.C). However, the 

Nandhaur-River section plots in the subduction complex sources field due to feeble increase 

in the volcanic lithic content in the sandstones. Nevertheless, the QpLvmLsm plot suggests 

the Himalayan stratified rocks which had undergone deformation, uplift and erosion as the 

likely provenance for the foreland basin. The low percentage of feldspar and volcanic lithic 

fragments with respect to metamorphic and sedimentary lithic fragments precludes magmatic 

arc as source area for Lower Siwalik sandstone. Sands derived from fold-thrust systems of 

indurated sedimentary and low-grade metamorphic rocks have consistently low contents of 

feldspar and volcanic lithic fragments (Dickinson and suczek, 1979). 

 



Chapter 7 

SUMMARY AND CONCLUSIONS 

 

he sedimentary succession of the Siwalik Group was deposited in a peripheral foreland 

basin - "the Himalayan foreland basin", which was formed during Neogene time as a 

result of India– Eurasia continent–continent collision, driven downward by flexure of the 

Indian plate (Dewey and Bird, 1970; Lyon-Caen and Molnar, 1985). The Himalayan foreland 

basin forms the southern outermost ranges of the Himalaya. Due to the collision of the 

Indian-Eurasian plates, the Indian continental crust generated the stack of continental slivers 

one over the other – the well known lithotectonic domains of the Himalaya, namely Tethys 

Himalaya, Higher Himalaya, Lesser Himalaya and Siwalik from north to south along the 

deep thrusts/faults, named as South Tibetan Detachment (STD), Main Central Thrust (MCT), 

Main Boundary Thrust (MBT) and Himalayan Frontal Thrust (HFT) respectively. 

The Himalayan foreland basin was initially a marine basin, known as Sirmaur 

Foreland Basin. It longitudinally extended from the Potwar Plateau of Pakistan in the west to 

Arunachal Pradesh of India in the east. With the advancement of collision and emergence of 

Himalayan highland, major drainage reversal took place which was further accompanied by 

final withdrawal of the sea and initiation of fluvial sedimentation at around 30 Ma. A thick (c. 

7000 m) fluvial sequence (the Siwalik Group) of mudstone, sandstone and conglomerate was 

deposited in this Siwalik Basin from Early Miocene time until Pleistocene time, when it broke 

into two unequal parts along the Himalayan Frontal Thrust (HFT). The northern narrower 

part uplifted to form the Sub-Himalayan ranges (more commonly called the Siwalik Ranges) 

and the southern wider part became the Indo-Gangetic Foreland Basin (Valdiya, 2010). 

 Pilgrim (1910) divided the Siwalik succession (Group) into three units, Lower, Middle 

and Upper Siwalik (Subgroups) and assigned them Middle Miocene, Late Miocene to Early 

Pliocene and Late Pliocene to Early Pliestocene ages respectively on the basis of rich 

vertebrate fauna. Colbert (1934, 1942) further subdivided the Lower Siwalik Subgroup into 

the Kamlial and Chinji formations, the Middle Siwalik Subgroup into Nagri and Dhokpathan 

T 



formations and the Upper Siwalik Subgroup into Tatrot, Pinjor and Boulder Conglomerate 

formations. Moreover, the three subgroups of the Siwalik Group are characterized by a 

definite pattern of variation of heavy mineral composition. The Lower Siwaliks are 

comprised of Staurolite as the dominant heavy mineral component, whereas the Kyanite and 

Hornblende are the dominant heavy minerals in the sediments of the Middle and the Upper 

Siwaliks respectively. In general, the Siwalik succession coarsens upwards from mudstone-

sandstone dominated Lower Siwalik Subgroup; sandstone dominated Middle Siwalik 

Subgroup, to conglomerate sandstone dominated Upper Siwalik Subgroup. 

Despites the fact that the vast lateral extent makes the Siwalik Group an ideal 

assemblage for documenting and understanding diverse fluvial processes within a large 

peripheral foreland basin, its sedimentology has so far been determined only along a few 

sectors in northern Pakistan, northern India and western Nepal. Moreover, most of the 

sedimentological investigations have been focused on the depositional environment and 

provenance of the sediments. On the other hand, the channel morphology and hydrology of 

the rivers of the Siwalik basin have been determined only along a few sectors in northern 

Pakistan, northern, and western Nepal.  

Keeping in view this gap in knowledge about the sedimentology of the Siwalik 

Group, the present study is carried out in one such hitherto unstudied sector of the Siwalik in 

the southeastern part of Uttarakhand state. Detailed sedimentological investigations are 

conducted in the present study to obtain a clear regional picture of the Siwalik fluvial systems 

including their palaeoenvironment, channel patterns, morphologies, flow patterns, hydrology, 

lithofacies and provenance.  

The study area roughly lies in between the Sarda River (in the east) and the 

Nandhaur-River (in the west) and constitutes the eastern and western part of the study area 

respectively. In the study area, the Siwalik Range rises abruptly against the vast Ganga Plain 

up to ~1200 m amsl (meter above mean sea level) and transversely extend for 7-18 kms in N 

- S direction. The MBT and HFT define its northern and southern structural boundaries, 

respectively. In the eastern part of the study area, only the Lower and Middle Siwalik 

Subgroups are exposed. The whole strata are folded into a large syncline. The Middle Siwalik 

is in the core, whereas the Lower Siwalik is exposed in the 25° to 80° NW-dipping southern 

limb and 28° to 70° SW- to SE- dipping northern limb of the syncline. The Kalaunia Fault 



(KF), Tanakpur Fault (TF), Bastia Fault (BF) and an unnamed thrust traverse the area. The 

latter two of these trend parallel to the Himalayan strike, whereas the former two trend 

transverse to it and are extensions of the basement structures of the adjoining Ganga foreland 

basin. On the other hand, in the western part of the study area, Lower, Middle and Upper 

Siwalik Subgroups are exposed but a large part of it is quite inaccessible due to dense forest 

cover and luxurious wild-life. The Chorgaliya Fault (CF) traverse the area. 

Due to several factors impeding the sedimentological investigations in the Siwalik 

succession of the study area such as the dense forest cover, non-accessibility dynamic 

wildlife activity etc., the Lower Siwalik Subgroup of the study area has only been considered 

for the investigations. The Lower Siwalik rocks in the area are best exposed in the eastern 

part along the Tanakpur-Purnagiri motor road, the Tanakpur-Champawat motor road, the 

Kiroda-Nala (also called Hathi Khor), and in the western part along the Nandhaur-River 

section.  

To determine the depositional processes and flow velocities lithofacies analysis has 

been done. Cumulative physical characters of lithofacies such as grain size, bed geometries 

and sedimentary structures have been used to infer sediment transport modes, flow characters 

and depositional processes. Given that the different kinds of sub-aqueous bedforms (and their 

internal structures) represent specific flow conditions, the sedimentary structures and grain 

size (representing bedforms) of individual lithofacies are used to determine its flow 

conditions. A total of eight major lithofacies have been identified and each one of them 

assigned to specific depositional processes and their environments, and, finally, the 

associations of genetically related facies have been used to infer the depositional model of the 

Lower Siwalik of the study area. Brief description of the identified eight lithofacies is as 

follows: 

(i) Parallel laminated pebbly sandstone: Present in almost all the measured stratigraphic 

sections this lithofacies comprise thick, lenticular beds of coarse to very coarse grained, 

poorly sorted, grey to buff coloured sandstone containing 1–5 cm long pebbles of mixed 

population including extrabasinal quartzite, intrabasinal mudstone, ferruginous and calcrete 

nodules. This lithofacies is considered to represent the channel lag deposits, emplaced over 

basal erosional surfaces by strong traction currents under turbulent flow conditions. The 

crudely developed large trough cross-beds are produced by migrating sinuous-crested to 



linguoid dunes whereas the parallel laminations are formed by relatively higher flow 

velocities. Development of parallel lamination in the lower-middle part and large trough 

cross-beds in the upper part of the lithofacies indicates progressively decreasing flow strength 

from lower part of upper flow regime to upper part of the lower flow regime within the flow 

velocities of 0.6 to 2.0 m/s. 

(ii) Cross-bedded sandstone: Extensively developed in all the sections, the lithofacies is 

made up of up to 3 m thick, fining upward individual units of 0.43–2.6 m thick beds of fine to 

coarse (0.17 to 0.63 mm) grained, greyish salt-and-pepper textured, trough and planar cross-

bedded sandstone. The other sedimentary structures are parallel laminations, low angle 

discordance surfaces, ripple bedding, low angle cross-laminations and many scour-and-fill 

structures. The thick sandstone bodies represent channel deposits and each storey within 

these bodies is interpreted as the bar deposit. The large scale cross-beds are formed through 

lateral accretion of migrating 2D and 3D dunes in the lower bar environment with a velocity 

of 0.30 to 1.0 m/s and the occurrence of trough cross-beds in the lower part and planar cross-

beds upward in the sequence indicates decreasing flow strength within the lower flow regime. 

(iii) Ripple-laminated sandy siltstone: The lithofacies is developed in all the measured 

sections and is made up of climbing-ripple cross-laminated sandy siltstone units. The other 

sedimentary structures of the lithofacies include small-scale trough and planar cross-

laminations, parallel laminations, flaser bedding, lenticular bedding, convolute laminations, 

load structures, and desiccation cracks. This lithofacies essentially gradationally overlies the 

cross-bedded sandstone lithofacies. The lithofacies is interpreted to be deposited by the 

migration of small current ripples in lower part of the lower flow regime with flow velocity 

of 0.09 to 0.20 m/s. These are formed at the submerged bar tops under falling discharge and 

energy conditions in the waning stages of floods. 

(iv) Cross-laminated sandstone-mudstone alternation: Developed prominently along the 

Kiroda-Nala and Tanakpur-Champawat motor road section, this lithofacies is made up of 

prismatic or wavy, fine grained sandstone to silty sandstone units alternating with thick 

mudstone units. Trough and planar cross-laminations, ripple bedding, parallel laminations 

and ripple marks are well developed in the sandy units. The lithofacies is bioturbated and 

sharply overlies the cross-bedded sandstone lithofacies. The lithofacies represents deposition 

of alternating traction and suspended load by overbank flows on natural levees. The internal 



structures developed during the phases of episodic flood indicate deposition of sand mainly 

through migration of ripples by traction currents having flow velocities of 0.1 to 0.35 m/s. 

Upwards thickening of mudstone strata represents distal fining upward trend and is 

suggestive of rapid fallout sedimentation on the levee top due to deceleration of overbank 

sheet floods during peak discharge events. 

(v) Lensoid to prismatic fine sandstone: Developed only along the Kiroda-Nala and 

Tanakpur-Champawat motor road section, this lithofacies comprises lensoid to prismatic 

units of medium to fine grained sandstone that are essentially embedded within the cross 

laminated sandstone-mudstone alternation lithofacies. The sedimentary structures of the 

lithofacies include parallel laminations, climbing-ripple cross-laminations and a few small 

cross-laminations. The lithofacies is interpreted as the deposit of crevasse splays where 

sedimentation took place mainly through sand laden supercritical flows of traction currents at 

the peak or early falling stages of channel floods. The sedimentary structures were formed in 

response to rapid sand supply to the overbanks and sudden increase in the flow energy under 

flow velocities of 0.1 to 0.3 m/s. 

(vi) Bioturbated mudstone: Profusely developed in all the measured stratigraphic sections, 

this lithofacies is made up of 1.3 to 2 m thick units of grey, green, purple and chocolate 

brown coloured, variegated and bioturbated mudstone. The lithofacies represents suspension 

fallout in the bar tops or overbank areas. Presence of ferruginous and calcareous nodules 

suggests intense pedogenic modifications of the lithofacies. 

(vii) Massive carbonaceous mud: Developed only along the Tanakpur-Champawat motor 

road and Tanakpur-Purnagiri road section, this lithofacies overlies the cross-bedded 

sandstone lithofacies and is made up of dark greyish mud units. The grey coloured, carbon 

rich mud deposits underlain by the sandstone bodies represent deposition through suspension 

in the cut-off channels or in channel pools or swamps. 

(viii) Mottled siltstone-mudstone heterolith: This lithofacies comprises red, maroon and 

reddish brown, nodular, mottled, variegated and bioturbated mudstone and siltstone - silty 

sandstone to very fine sandstone alternations. The lithofacies is characterized by the presence 

of bedded calcrete, concentrated and coalesced calcrete nodule horizons. At some places, few 

< 1.5 m thick solitary, lensoid units of fine sandstone are embedded within the lithofacies. 



The vast expansion of this lithofacies and its dissociation with any major channel sandstone 

body is interpreted to represent deposition by sheet flows, shallow channelized flows and 

suspension fallouts in the upland interfluves regions/surfaces that have diversified 

depositional systems independent of any major channel process. 

 These eight lithofacies of the Lower Siwalik Subgroup of the area constitute separate 

facies associations for the eastern and western parts of the study area.  In eastern part of the 

study area following three distinct facies associations have been observed.  

(i) FA ‘A’ : Parallel laminated pebbly sandstone → cross-bedded sandstone → ripple 

laminated sandy siltstone → bioturbated mudstone.  

(ii) FA ‘B’: Cross-bedded sandstone → (± Carbonaceous mud) bioturbated mudstone/cross 

laminated sandstone–mudstone alternation → lensoid to prismatic sandstone → cross 

laminated sandstone–mudstone alternation. 

 (iii) FA ‘C’ : Mottled siltstone-mudstone heterolith (+ fine, lensoid sandstone units). 

 The FA ‘A’, is exposed only along the Kiroda-Nala section and suggests its deposition 

in the deeper channels (3m or deeper) and bars of the braided river. The FA ‘B’, indicates in-

channel and point-bar deposits, natural levees, crevasse splays and cut-off channels of the 

floodplain deposits of meandering river system. The FA ‘C’ suggests its deposition in the 

upland interfluve (also known as Doab) which is located far away from the active channel 

belt.  

 The facies association of the western part of the study area is as follows: 

(i) FA ‘A’: Parallel laminated pebbly sandstone → cross-bedded sandstone → ripple 

laminated sandy siltstone → bioturbated mudstone. 

 The FA ‘A’, exposed along the Nandhaur-River section in the western part of the 

study area indicates deposition in the deeper channels (3m or deeper) and bars of the braided 

river system. 



 Detailed statistical analysis (vector mean, vector magnitude, standard deviation, 95% 

confidence interval, chi-square test) of the palaeocurrent data has been done in order to  

determine the flow directions and patterns in Lower Siwalik basin of the area. In the eastern 

part of the study area, the palaeocurrent data of the braided stream has a bimodal distribution 

with 47% of the total measurements indicating a southeasterly direction and 35% indicating a 

northwesterly direction. The distinct bimodal dispersion of sediments is considered to 

indicate a prominent bend in the river channel. The meandering river(s) of the area shows a 

radial outward regional palaeocurrent pattern, swinging between ESE and WSW, but 

dominantly towards the southeast and southwest. On the other hand, the palaeocurrent data of 

the braided stream of the western part of the study area is showing unimodal distribution of 

data with 87% of the total measurements indicating a southwesterly direction. 

 It is now clear from the foregoing description that the Lower Siwalik foreland basin of 

the study area was being fed by braided and meandering river systems. In the eastern part of 

the study area, the regional radial outward palaeoflow pattern indicating convex-up transverse 

surface profile, dominant sand size of fine to medium and general absence of extrabasinal 

coarse sediments together suggest that the braided and meandering streams of the area were 

constituting a distributive fluvial system that was feeding the middle-distal part of a megafan. 

The bimodal flow and thus the inferred bend in the braided stream might have been 

controlled by some basement structure or topography of the basin. Whereas, in the western 

part of the study area, the prominent unimodal palaeocurrent pattern and the absence of radial 

outward drainage pattern precludes the presence of megafan setting. Furthermore, the 

position of these deposits between two megafans, one each in the west (Shukla et al., 2009) 

and east (eastern part of the present study area) suggests an interfan setting in this part of the 

Lower Siwalik Subgroup. Other than these three major river systems, the fluvial landscape of 

the area had a well developed upland interfluve region or older flood plains located at 

elevations higher than the active flood plain. The higher elevation of these older flood plains 

or interfluves indicates tectonically and/or climatically driven channel migration and incision. 

The interfluve region was not fed by any major river channel and only ephemeral sheet and 

small, shallow channelized flows redistributed the pre-deposited fluvial sediments on them. 

 As far as the palaeohydrology and channel morphology of the Lower Siwalik is 

concerned, the morphological and hydrological parameters of the channels of the Siwalik 

foreland basin have been computed separately for the eastern and western part. In the eastern 



part of the study area, both the braided and meandering streams had a tranquil and low-flow 

regime at Froude numbers of 0.08 and 0.07, respectively, which account for the extensive 

development of cross-beds in the sandy units. The mean silt-clay percentage of < 5%, along 

with a channel width/depth ratio of >40 suggest a bed-load nature for both the streams. Both 

the streams had variable hydrological parameters. The bankfull depth and width of the 

braided streams varied from 0.5- 4.15 m and 31- 305 m, respectively, whereas those of the 

meandering streams varied from 0.46- 3.71 m and 18- 180 m, respectively. The mean annual 

discharge of the braided and meandering streams varied from 2.30- 515 m
3
/s and 1.02- 264 

m
3
/s, respectively, while bankfull discharge varied from 227- 7045 m

3
/s and 124- 4070 m

3
/s, 

respectively. In the western part of the study area, on the other hand, the braided stream had a 

tranquil and low-flow regime at Froude numbers of 0.07 which account for the extensive 

development of cross-beds in the sandy units. The mean silt-clay percentage of < 5%, along 

with a channel width/depth ratio of >60 suggest a bed-load nature for the stream. The braided 

stream had variable hydrological parameters. The bankfull depth and width of the braided 

stream varied from 0.6- 4.26 m and 35-315 m, respectively. The mean annual discharge of 

the braided stream varied from 3.13-505 m
3
/s, while bankfull discharge varied from 278- 

7374 m
3
/s.  

The morphological and hydrological parameters of the Lower Siwalik channels of the 

present study area and the northern Pakistan (Willis, 1993; Zaleha, 1997), western Nepal 

(Ulak, 2005),  and south-central Uttarakhand (Shukla et al., 2009)  are broadly comparable. 

In the Khaur and Chinji areas of the Potwar Plateau and south-central Uttarakhand the Lower 

Siwalik rivers were located in the distal megafan areas (Zaleha, 1997; Friend et al., 2001; 

Shukla et al., 2009). The radial outward drainage pattern of shifting, smaller, meandering 

streams along with dominantly southeastward-flowing main braided channels having very 

gentle channel slopes (< 21 cm km−1 or ~0.01°) and dominant sand size of fine to medium 

suggest that the Lower Siwalik rivers of the present area were also located in the medial-

distal megafan areas. The braided stream was the main feeder channel of the megafan, like 

that of the Chinji area. The NW to SSE bend along its course indicates strong autogenic 

forcing on sediment dispersal. The bend might have been controlled by some active 

topographic high in the basement, possibly the Tanakpur–Kasganj basement spur (Raiverman 

et al., 1983)  that is also known to control the present-day sigmoid course of the Sarda River 

as well as the similar shape of the mountain front in the area (Goswami, 2012).  



 A comparison between the morphological, hydrological and flow characters of the 

Lower Siwalik rivers of the study area and the present-day, fine- to medium grained sand-

carrying rivers of the Ganga foreland basin reveals that the Lower Siwalik braided stream of 

the area is broadly comparable with the large modern rivers like the Kosi and Yamuna 

despite the greater channel width of the Kosi River. On the other hand, the Lower Siwalik 

meandering river of the area is comparable with the interfan rivers like the Bagmati, Burhi 

Gandak and Kamla–Balan. It is therefore inferred that the Lower Siwalik fluvial network of 

the area was somewhat like that of the present-day medial-distal megafan-interfan setting of 

the Ganga basin. The main channel was braided and larger in dimensions with higher water 

discharge, whereas the low-sinuosity, avulsive meandering channel might have originated on 

the megafan analogous to those of the Kosi megafan. In addition, there were smaller and 

shallower interfluve (Doab) streams, which mainly redistributed the older alluvium (cf. Singh 

et al., 1999). The Lower Siwalik streams of the south-central Uttarakhand were also located 

in the medial-distal megafan-interfan setting. 

In order to determine the source area lithology, tectonics, progressive unroofing and 

sedimentation in the Lower Siwalik Basin, detailed petrography and petrofacies analysis has 

been done. Modal analysis using Swift point counter have been done on the thin sections of 

the  collected sandstone samples from the eastern and western part of the study area. 500 

framework grains per thin section have been counted for high consistency and accuracy. The 

point counting parameters are those excluding the matrix (Mx), defined by Dickinson (1970, 

1988); Dickinson and Suczek (1979) and Valloni and Maynard (1981). Matrix and/or cement 

were counted as framework element for the purpose of classification of rocks into arenites 

and wackes.  

The sandstones of the eastern part of the study area are dominantly lithic arenite and 

lithic greywacke with a subordinate proportion of sublithic arenite. The sandstones in the 

western part of the study area are dominantly lithic arenite and  sublithic arenite with a 

subordinate proportion of lithic greywacke. 

 A brief description of the framework grains of the Lower Siwalik sandstones is as 

follows: 



(i) Quartz: Out of the total framework components of the sandstones of the eastern and 

western part of the study, quartz averages about 62%. Monocrystalline quartz grains are 

displaying undulose as well as non-undulose extinction, fluid inclusion, micro cracks and 

fractures, silica overgrowth. Polycrystalline quartz are also present in subordinate proportions 

and five kinds of these quartz are visible in the sandstones. 

(ii) Feldspar: These are the minor constituents of the Lower Siwalik sandstones of the study 

area and averages about 5% and 4% of the total framework grains in the eastern and western 

part respectively. The feldspar population comprises of plagioclase, orthoclase, microcline 

and perthite which are subangular to subrounded in shape; albeit a few angular grains. 

(iii) Lithic fragments: These are the second most abundant constituent of the sandstones and 

averages 16% and 18% of the total framework grains in the eastern and western part 

respectively. These consist of metamorphic, sedimentary and igneous rocks. Metamorphic 

rock fragments constitute the major proportion of the total lithic composition in the eastern 

and western part respectively. The metamorphic rock fragments include both low and high 

grade rocks and are represented by slate, schist, phyllite, metaquartzite and less commonly 

gneiss. The second most abundant sedimentary rock fragments comprises mudstone, 

siltstone, sandstone, chert, carbonates, and subordinate intrabasinal mud pellets. Igneous rock 

fragments are the minor constituent of the total lithic fragments. 

(iv) Accessory minerals: Accessory minerals are common in Lower Siwalik sandstones and 

consist of both opaque and non-opaque variety represented by zircon, garnet, tourmaline, 

epidote, staurolite, rutile, glauconite, iron oxides, chlorite and many post depositional calcite 

fragments. 

(v) Matrix and cement : The Lower Siwalik sandstones of the study area contain about 16 - 

18% matrix (both detrital and pseudomatrix) in the western and eastern parts respectively. 

Micro-sparitic to micritic calcite cement is also present in some sandstones which is found in 

the interstitial spaces. Ferruginous cement generally found as patches or rimming the detrital 

grains is also present. 

 The framework detrital grains have been recalculated in various parameters and  

plotted in five ternary diagrams following Dickinson and Suczek (1979), Dickinson et al. 



(1979, 1983); Ingersoll and Suczek (1979) and Suczek and Ingersoll (1985). The mean value 

QtFL of both eastern and western part is Qt75F5L20. The data plot along the quartz-lithic 

fragments (Qt-L) leg in the recycled orogen area. The overall mean value of QmFLt 

parameters of the area is Qm63F5Lt32. The data plot along the monocrystalline quartz-total 

lithic fragments (Qm-Lt) leg in the quartzose recycled and transitional recycled fields in the 

QmFLt diagram. The combined mean value of QmPK parameters for the area is Qm92P2K6. 

These sandstones plot at and near the Qm pole along the Qm-K leg in the QmPK ternary 

diagram because of the very high percentages of monocrystalline quartz. The overall mean 

values of LmLvLs parameter for the area is Lm67Lv4Ls29 and the data plot close to the Lm 

pole along the metamorphic-sedimentary lithic fragments (Lm-Ls) leg in the suture belts and 

mixed magmatic arc and subduction complexes field. The total mean value of QpLvLsm of 

the area is Qp65Lv4Ls31. In the QpLvmLsm diagram, the data plot along the polycrystalline 

quartz-combined sedimentary-metamorphic lithic fragments (Qp-Lsm) leg in the collision 

orogen sources field. However, the western part (Nandhaur-River section) data plots in the 

subduction complex sources field. 

The Lower Siwalik sandstone of the area is derived from recycled orogen. The 

interpretation is also evident by the abundance of quartz, subordinate metasedimentary lithic 

fragments and low percentage of feldspar and volcanic lithic fragments. The QmFLt plot 

further  indicate that these sandstones were mostly derived from the quartzose recycled field. 

However, transitional recycled field is also a minor contributor. The high percentage of low 

and medium grade and few high grade metamorphic lithic fragments suggest low-high grade 

Lesser Himalayan rocks and Lesser Himalayan crystalline rocks as major source of detritus to 

the basin and also suggests progressive uplift and erosion of the Himalayan thrust sheets and 

the increased tectonic activity during this time period. The low percentage of feldspar and 

volcanic lithic fragments with respect to metamorphic and sedimentary lithic fragments 

precludes magmatic arc as source area for Lower Siwalik sandstone. Sands derived from 

fold-thrust systems of indurated sedimentary and low-grade metamorphic rocks have 

consistently low contents of feldspar and volcanic lithic fragments. 

To sum up and conclude, the present study has provided detailed information about a 

hitherto unstudied Middle Miocene river system of the Lower Siwalik foreland basin, which 

will be very useful in reconstructing the regional-scale landscape and understanding the 



fluvial systems of the Lower Siwalik foreland basin. The salient features of this river system 

can be enumerated as follows :  

1. The Lower Siwalik river system of the area comprised a network of shallow, bed 

load, perennial braided and meandering rivers along with a few seasonal streams. 

2. In the eastern part of the study area, the braided and meandering streams were 

constructing the middle-distal part of a megafan whereas, in the western part, the 

braided stream was constructing the interfan setting.  

3. The depositional processes of the braided streams were traction current dominated 

whereas those of the meandering stream were of traction currents and suspension 

fallouts. 

4. The braided stream in the eastern part, had a bend induced by an active basement 

spur, similar to one identified by Tandon and Kumar (1984) in the basement of the 

Upper Siwalik foreland basin of the Chandigarh area.  

5. The morphological and hydrological parameters of these rivers are comparable with 

the Lower Siwalik rivers of northern Pakistan, south-central Uttarakhand and western 

Nepal as well as some modern rivers of the Ganga basin. 

6. A comparison of sediment size, channel pattern, flow pattern, channel morphology 

and hydrology reveals that the medial-distal part of the Kosi megafan and adjoining 

interfan area provides a comparable modern analogue for the Lower Siwalik 

sedimentation in the study area. 

7. Other than the braided and meandering river networks, upland interfluve region 

was also well developed and functional in the area, the sediments wherein were being 

reworked by ephemeral shallow traction currents and suspension fallouts. 

8. The Lower Siwalik sandstones of the study area are mostly quartzolithic in nature 

and were derived mainly from the rising Lesser Himalaya, with subordinate 

contributions from  the High Himalaya. 
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