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Abstract 

Sediment provenance analysis of foreland basins associated with collisional mountain belts 

proves to be an excellent tool for reconstruction of the orogenic history. The Subathu basin 

of Himachal Pradesh, India is one of the foreland basins of the Himalaya, that holds almost 

a complete record of sedimentation which makes it an ideal location for the study of basin 

evolution and its implications for the Himalayan tectonics. In this study, detrital zircon 

geochronology, trace and isotope geochemistry were done to conduct provenance analysis of 

the sediments covering the entire stratigraphy of the Subathu basin to estimate the timing of 

the major events that occurred during the evolution of the Himalayas. The thermal history of 

the foreland basin was reconstructed by employing apatite fission track analysis and apatite 

(U-Th)/He dating to constrain the time and duration of shortening during the deformation of 

the foreland basin. 

Detrital zircon geochronology and isotope geochemistry results show that the sediments 

bearing the transition from marine Subathu Formation to the continental Dagshai Formation 

record sediments derived from both the Indian margin (Tethyan Himalayan Sequence) and 

from the Eurasian margin (Transhimalayan batholiths). The data obtained from provenance 

analysis of the transition sections in this study provides good estimates on the time India-

Asia collision between 60-55 Ma. Provenance data from the stratigraphically higher 

sequences i.e. the Kasauli Formation and the Siwalik Group indicate the exhumation of the 

Himalayan Crystalline core during Miocene showing detrital zircon signature of the Higher 

Himalayan Crystalline Sequence source. The presence of Transhimalayan batholith derived 

detritus from several strata of the foreland basin throughout the sedimentation history point 

to a persistent fluvial link between the foreland basin and hinterland (Transhimalayan 

batholiths of  South Tibet). This link was interrupted for a brief period during the deposition 

of the Kasauli Formation in early Miocene which can be related to the rapid uplift phase of 

the Higher Himalayan Crystalline Sequence.  

Apatite Fission Track analyses in this study revealed that Subathu basin depicts a fossilised 

apatite partial annealing zone evidenced by partial resetting of FT ages along with 

significantly shortened track lengths. Reset (U-Th)/He ages in the Lower and the Middle 

Siwalik Formations indicate that the foreland basin experienced weak heating. Thermal 
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modelling results from the Siwalik Group rocks show that temperature climax was achieved 

between 4 and 1 Ma followed by a rapid colling. The thermal climax corresponds to the basin 

shortening while the rapid cooling is linked with the movement of the Main Frontal Thrust. 
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Streszczenie 

Analiza proweniencji osadów basenów przedgórskich związanych z kolizyjnymi pasmami 

górskimi okazuje się doskonałym narzędziem do rekonstrukcji historii górotwórczej. Basen 

Subathu w Himachal Pradesh w Indiach jest jednym z basenów przedpola Himalajów, który 

posiada prawie pełny zapis sedymentacji, co czyni go idealnym miejscem do badania 

ewolucji basenu i jej implikacji dla tektoniki Himalajów. W tym badaniu przeprowadzono 

detrytyczną geochronologię cyrkonu, geochemię śladową i izotopową w celu 

przeprowadzenia analizy pochodzenia osadów obejmujących całą stratygrafię basenu 

Subathu, aby oszacować czas głównych wydarzeń, które miały miejsce podczas ewolucji 

Himalajów. Historię termiczną basenu przedgórskiego zrekonstruowano za pomocą analizy 

toru rozszczepienia apatytu i datowania apatytowego (U-Th)/He, aby ograniczyć czas i czas 

trwania skrócenia podczas deformacji basenu przedgórskiego. 

Wyniki geochronologii detrytycznej cyrkonu i geochemii izotopowej pokazują, że osady 

przenoszące przejście z morskiej formacji Subathu do kontynentalnej formacji Dagshai 

odnotowują osady pochodzące zarówno z obrzeża indyjskiego (sekwencja himalajska 

Tetyjska), jak i obrzeża eurazjatyckiego (batolity transhimalajskie). Dane uzyskane z analizy 

pochodzenia odcinków przejściowych w tym badaniu dostarczają dobrych szacunków 

dotyczących czasu kolizji Indie-Azja między 60-55 mln lat. Dane dotyczące proweniencji z 

wyższych stratygraficznie sekwencji, tj. formacji Kasauli i grupy Siwalik, wskazują na 

ekshumację himalajskiego rdzenia krystalicznego w miocenie, wykazującego detrytyczną 

sygnaturę cyrkonową źródła Higher Himalayan Crystalline Sequence. Obecność batolitu 

transhimalajskiego pochodzącego z kilku warstw basenu przedgórza w całej historii 

sedymentacji wskazuje na trwałe połączenie rzeczne między basenem przedgórza a 

zapleczem (batolity transhimalajskie w Tybecie Południowym). To połączenie zostało 

przerwane na krótki okres podczas osadzania się formacji Kasauli we wczesnym miocenie, 

co można powiązać z fazą gwałtownego wznoszenia się sekwencji krystalicznych wyższych 

Himalajów. 

Analizy trakowa rozszczepienia (ang. fission tracks, FT) apatytu w tym badaniu ujawniły, że 

basen Subathu przedstawia skamieniałą strefę częściowego wyżarzania apatytu, o czym 

świadczy częściowe przestawienie wieku FT wraz ze znacznym skróceniem długości toru. 
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Reset (U-Th)/He wiek w dolnych i środkowych formacjach Siwalik wskazuje, że basen 

przedpola doświadczył słabego ogrzewania. Wyniki modelowania termicznego skał z Grupy 

Siwalik pokazują, że punkt kulminacyjny temperatury osiągnięto między 4 a 1 Ma, po czym 

nastąpiło gwałtowne zderzenie. Kulminacja termiczna odpowiada skróceniu niecki, podczas 

gdy gwałtowne ochłodzenie jest związane z ruchem Main Frontal Thrust. 
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Chapter 1 

Introduction 

Over the last decade, the several studies on the foreland basin associated with 

collisional mountain belts across the world have shown that detrital minerals preserved in the 

sedimentary records of the basin deposits provide valuable information in understanding 

orogenic processes (Carter and Bristow, 2000; Dickinson and Suczek, 1979; Garzanti et al., 

2007; Najman, 2006). The Himalaya is the largest continental collision zone on the planet 

that accommodated a remarkable amount of the crustal shortening in last 55 Ma. One of the 

most important facts is that the Himalayan collision process has not been obscured by any 

subsequent complications that is commonly the case in the studies of older orogenic belts or 

where geotectonic setting is more complex. However, in orogenic belts with high uplift rate 

like the Himalaya (Thiede et al 2004, 2009 Deeken et al., 2011), rocks at the core of the 

mountain belt are destroyed through erosion and denudation and thus are no longer available 

for direct investigation. The detrital minerals accumulated in the adjoining foreland basins 

provide a wealth of information, related to the exhumation and uplift of the mountain core. 

The Subathu foreland basin of Himachal Pradesh, India holds almost a complete record of 

sedimentation from the onset of India-Asia collision until present which makes it an excellent 

site for the study the entire evolutionary history of the Himalaya (Najman, 2006). Earlier 

works from the Himalayan foreland basins have shown that systematic study of detrital 

minerals from different strata spanning the entire stratigraphy of the foreland sequence can 

be linked well to the chronology of tectonic events related to the growth of the Himalaya 

(White et al., 2001, Jain et al., 2009, Najman and Garzanti 2000, DeCelles et al., 1998). 

Previous works were focussed on some limited sedimentary sequences which addressed only 

a part of the evolutionary history of the foreland basin and the Himalaya. In this study all the 

stratigraphic units of the Subathu Basin comprising the Subathu Formation, the Dagshai 

Formation, the Kasauli Formation and the Siwalik Group were investigated to have a holistic 

understanding of the evolutionary history of the whole foreland basin. 

The deposition of the Himalayan foreland basin had begun in conjunction to the onset 

of India-Asia collision. Therefore, provenance analysis of syncollisional deposits provide 

good constraints on the time of collision. In the last two decades few sedimentological studies 
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have pointed out that the evidence of India-Asia collision is recorded in the earliest 

sedimentary strata of the Subathu basin (Najman et. al., 2004, 2005, Najman and Garzanti 

2000, Jain et. al., 2009). The records of India-Asia collision can be observed by the 

sedimentary facies changeover from the marine Subathu Formation to the continental 

Dagshai Formation. One of the major pieces of evidence of collision was presented by 

Najman and Garzanti (2000), who suggest that the earliest stratigraphic unit of the Subathu 

basin defined by the Subathu Formation contains detritus derived from the Indus Suture 

Zone, ophiolitic complexes and the Transhimalayan arcs. The presence of the 

Transhimalayan detritus in the foreland basin rocks gives strong evidence of the collision. 

This view was opposed by Ravikant et al. (2011) who conducted U-Pb zircon dating 

combined with Hf isotope composition measurements. The later authors based on their 

results denied the presence of any signal from the Transhimalaya and interpreted the source 

area limited to the Tethyan Himalayan Sequence, Indus Suture Zone and ophiolitic 

complexes though no data from Indus suture zone and ophiolitic complex was shown in their 

work. One of the major objectives in this study was to identify and the conduct provenance 

analysis of the syncollisional deposits of the Subathu Basin. For this purpose, the transition 

from Subathu Formation to Dagshai Formation was studied using whole rock trace, isotope 

geochemistry and detrital zircon geochronology to see the presence of any Transhimalayan 

(southern Euasian margin) detritus present and to obtain an estimate of the time of collision. 

Provenance analysis of the younger deposits of the Kasauli Formation and the Siwalik Group 

were carried using the same methods to understand the main phase of Himalayan exhumation 

in Miocene.  

The former Subathu basin is presently inverted to a series of deformed nappes during 

the latest phase of the crustal shortening. During deformation, the sedimentary pile undergoes 

thickening that induces low degree of heat within the basin. Low temperature sensitive 

thermochronology methods like Apatite Fission Track analysis and Apatite U-Th/(He) 

records the time of such thermal events (Carter, 1999; Green et al., 2004; Reiners et al., 

2005). For this reason, the Subathu basin provides a good opportunity to estimate the duration 

of shortening in a foreland by constraining the time of formation nappes. Only two 

thermochronological studies in the Himachal Pradesh were carried so far and were limited to 

the western part of the basin. The number of samples used in the previous studies of the 
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Subathu basin were rather small. One sample from Kasauli formation was subjected to apatite 

fission track analyses (Najman et al., 2004) which was interpreted to be completely reset. 

The authors suggest that this age defines the exhumation of the basin. Najman et al. (2004) 

also dated zircons from 3 other samples by fission track method and the obtained ages 

interpreted as reflecting cooling ages of the source regions. Similarly, a later study of Jain et 

al. (2009) also focused on detrital zircon fission track analyses and interpreted their data 

representing cooling ages of the source regions. The reconstruction of the thermal history of 

Subathu basin was not attempted by the earlier workers. Apatite fission track analysis 

(AFTA) results from this study shows that the Subathu basin presently forms a fossilised 

apatite partial annealing zone. Apatite U-Th/(He) dating and thermal history modelling 

complementing apatite fission track analysis provide constraint on the duration of 

deformation of the foreland basin and the time of movement of the Main Frontal Thrust. 
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Chapter 2 

Geology of the Himalayan orogen 

The Himalaya is a 2500 km long fold and thrust belt representing a zone of intense 

crustal deformation. The Himalaya is situated at the junction of the Indian and the Eurasian 

plate boundaries forming the largest continental collision zone of the Eurasia. It is separated 

from the Tibetan plateau to the north by the Indus Tsangpo Suture Zone (ITSZ) and the 

peninsular India to the south by the Main Frontal Thrust (MFT). The southern margin of the 

Asian crust is formed by the accretion of several crustal blocks or microcontinents (Dewey 

et al., 1989; Yin and Harrison, 2000). The tectonic domains of the southern margin of Asia 

are depicted in Fig. 2.1. During the northward drift of India during the Mesozoic, the 

subduction of the Tethyan oceanic crust underneath Asia resulted in its dehydration and 

mantle melting causing widespread volcanism intruding the southern Asian margin forming 

Andean type margin in the western part of the Himalaya and Kohistan-Ladakh Island arcs in 

the NW part of the orogen. Throughout the Lhasa terrane is intruded by Mesozoic volcanic 

rocks mainly of Upper Jurassic to Cretaceous age (see age compilation in Zhu et al., 2011). 

In the southern Lhasa terrane these granitic intrusions are of Upper Cretaceous to early 

Paleogene age granites and are referred to as the Gangdese Batholith (GB). Towards 

northwest, following the trend of the Gangdese Batholith lie the two Island arcs, the 

Karakoram Batholith (KB) and the Ladakh Kohistan Batholith (LKB). The age of KB and 

LKB is estimated between Cretaceous to Eocene with few younger magmatic episodes 

recorded at Miocene. The Gangdese Batholith (GB), the Karakoram Batholith (KB) and the 

Ladakh Kohistan Batholith (LKB) lying to the northern margin of the Himalaya are 

commonly referred as the Transhimalayan batholiths (Fig. 2.3).  

 

Indus Tsangpo Suture Zone (ITSZ) 

The Indus Tsangpo Suture Zone is the boundary between the Indian and the Asian 

plates (Fig. 2.2 and 2.3). The lithological assemblage of the ITSZ resembles the accretionary 

prism of a collisional setting comprising Triassic-Eocene flysch deposits Jurassic-Cretaceous 

ophiolitic mélanges from the remnants of the subducted crust of the Neotethys ocean, 
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Cretaceous volcanic successions and the molasse type sediments representing syn to post-

collisional Tertiary deposits (Clift et al., 2000; Honegger et al., 1982; Robertson and Degnan, 

1994; Thakur, 1990) Thakur 1990, Burg and Chen, 1984). 

 

Fig 2.1 Map of South Asia showing several crustal blocks constituting the South Asia. Abbreviations in the 

figure are KkB: Karakoram Batholith, KB:Kohistan Batholith, LB: Ladakh Batholith, MFT:Main Frontal 

Thrust. (modified after Buckman et al., 2018). 

 

Simplified large scale tectonic structure of the Himalaya 

The Himalaya are, generally, divided into four main tectonic domains that are 

bounded by three orogen wide north dipping discontinuities (Fig 2.2 and Fig 2.3). The 

tectonic domains formed due to the results of the Himalayan collisional process and the 

discontinuities separating these domains are discussed in section 2.1. 

 

Tethyan Himalayan Sequence  

The Tethyan Himalayan Sequence (THS) lies between the ITSZ to the north and the 

Higher Himalayan Crystalline Sequence to the south. The stratigraphy of the THS preserves 
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the Neoproterozoic to Eocene geo-history from of the northern passive margin of the Indian 

continent. The THS stretches for 1500 km from south Tibet in the east to the Zanskar (NW 

India) in the west.  

 

Fig 2.2 Schematic cross section of the western Himalaya showing major tectonic domains and discontinuities. 

Vertical scale is 3 times exaggerated. (modified after Dèzes, 1999) 

 

Higher Himalayan Crystalline Sequence  

Higher (or Greater) Himalayan Crystalline Sequence (HHCS) lies structurally below 

the THS and occurs as a thick sequence of high-grade metamorphic rocks. The sequence 

comprises garnet to sillimanite grade paragneisses, migmatites, leucogranites and rare 

enclaves of amphibolites (Vannay & Grasemann, 1998) The protolith of the HHCS is of 

Proterozoic and early Paleozoic age which has suffered two metamorphic episodes during 

the Cenozoic. These two metamorphic episodes are called the Eohimalayan metamorphism 

estimated between 45-35 Ma (Chambers et al., 2009; Langille et al., 2012; Walker et al., 

1999) and the Neohimalayan metamorphism between 28-20 Ma (Finch et al., 2014; Robyr et 

al., 2014, 2006; Thöni et al., 2012; Walker et al., 1999). Several models have been proposed 

that explain the exhumation of the HHCS (see reviews in Yin, 2006). The two most widely 

accepted are 1) wedge extrusion (Burchfiel and Royden, 1985; Grujic et al., 1996) and 2) 

crustal channel flow (Beaumont et al., 2004, 2001; Nelson et al., 1996). More recently it has 

been proposed that combination of both wedge extrusion and channel flow are responsible 
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for the extrusion of the metamorphic core of the Himalaya (Chakraborty et al., 2017; Cottle 

et al., 2015). 

 

Fig 2.3 Schematic diagram of the Himalaya showing main tectonic divisions (modified after le Fort, 1988). 

 

Lesser Himalayan Sequence  

The Lesser Himalayan Sequence (LHS) is separated from the structurally higher 

HHCS by the Main Central Thrust. Based on relative structural disposition with adjoining 

tectonic domains the LHS are locally divided into the Outer Lesser Himalaya (OLH) and the 

Inner Lesser Himalaya (ILH). The Outer Lesser Himalaya can be characterised by a Neo-

Proterozoic to Cambrian metasedimentary sequence of dominantly slates and phyllites 

overthrusting the foreland molasse along the Main Boundary Thrust. The protolith this 

weakly metamorphosed are turbidites, quartzites, limestones and conglomerates. (Ahmad et 

al., 2000; Brookfield, 1993; Célérier et al., 2009; Colleps et al., 2018; Hughes et al., 2005; 

Jiang et al., 2007; Oliver et al., 1995; Richards et al., 2005a). In several places across the 

strike of the Himalaya, the LHS is exposed within the HHCS as tectonic windows referred 

as the Inner Lesser Himalaya. In the Inner Lesser Himalaya the grade of metamorphism 

varies where the pelitic rocks (schists) reach up to amphibolite facies (garnet-staurolite grade) 

metamorphism. In addition to the Neo-Proterozoic to Cambrian protolith, older Paleo- and 
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Meso-Proterozoic units of the of the LHS units are exposed in the Inner Lesser Himalaya 

(Frank et al., 1977; Miller et al., 2001; Richards et al., 2005, Jaegar et al., 1971).  

Sub-Himalayan Zone  

 The Sub-Himalayan Zone (SHZ) spans across the entire stretch of the Himalaya as 

the southernmost tectonic unit. It represents the Cenozoic foreland basin that is formed during 

the Himalayan orogeny and is formed of shallow marine deposits to continental molasse. 

Presently the foreland basin is deformed into piggy-back nappe structure by thrust slices 

during the latest phase of the India-Asia collision (Mukhopadhyay and Mishra, 1999; Powers 

et al., 1998; Srivastava and Mitra, 1994). Sedimentary succession of the foreland sequence 

is similar along the strike of the Himalaya. The succession begins with shallow marine 

deposits that relates to the closure of the Tethyan marine realm during India-Asia collision. 

The younger sediments succeeding the marine deposits, represent the overfilled stage of the 

foreland basin characterized by continental molasse deposited during the exhumation of the 

Himalaya. The general stratigraphy of different foreland basins along the Himalayan range 

is shown in Fig 2.4. 

Main discontinuities of the Himalaya 

Along the entire strike of the Himalaya four major discontinuities are seen that 

separates the major tectonic domains (Fig 2.2 and 2.3). These are the South Tibetan 

Detachment System (STDS), the Main Central Thrust (MCT), the Main Boundary Thrust 

(MBT) and the Main Frontal Thrust (MFT).  Brief descriptions of these discontinuities are 

given below.   

South Tibetan Detachment System  

In several places of the Himalaya, an orogen wide north dipping detachment structure 

that delineates the Tethyan Himalayan Sequence from the Higher Himalayan Crystalline 

sequence. This structure is called the South Tibetan Detachment System (STDS) was reported 

by Burg (1983) and Burg and Chen (1984). Unlike the other three fault systems, the STDS 

occurs as discontinuous strands of normal faults along the strike of the Himalaya. It is 

characterized as a low angle normal fault with ductile shearing (Hodges et al., 1992; Searle 

and Godin, 2003) However, high angle normal faults are also reported that is associated with 
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the STDS in the Zanskar Shear Zone (ZSZ). These high angle faults postdate the earlier low-

angle faults and have formed primarily to accommodate the vertical movement of the 

Himalayan Crystalline Domes.  (Spring et al., 1993; Steck et al., 1998, Epard and Steck 2004) 

 

 

Fig 2.4 Stratigraphy of the Himalaya foreland basins (modified after Garzanti, 2019). Shallow marine facies 

are shown in blue, and the continental facies are in orange. Vertical bars show approximate duration of Eocene-

Oligocene unconformity between in the basin. Blue dashed line marks the marine-continental transition. 
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Main Central Thrust 

The Main Central Thrust (MCT) is the discontinuity that exists along the entire stretch 

of the Himalaya. The MCT can be identified by a zone of ductile deformation and separates 

the high-grade rocks of the HHCS from the lower grade metasediments of the LHS. The 

MCT is assumed to have accommodated about 150-250 km crustal shortening during the 

India-Asia collision (Long et al., 2011; Robinson et al., 2006; Schelling and Arita, 1991; 

Srivastava and Mitra, 1994). In many places along strike of the Himalaya, the MCT zone 

exposes several outliers and inliers of the HHCS and LHS respectively as klippens or 

windows. The MCT is estimated to be active during the Miocene. The MCT and the STDS 

are believed to have acted contemporaneously accommodating uplift and exhumation of the 

Higher Himalayan crystalline core (Catlos et al., 2007; Dèzes et al., 1999; Kellett et al., 2010; 

Walker et al., 1999). 

Main Boundary Thrust 

 The Main Boundary Thrust (MBT) separates the Lesser Himalayan Sequence from 

the Cenozoic foreland sequence of the Sub-Himalayan Zone. In comparison to the MCT, the 

MBT show more brittle deformation as it is a shallower splay of the Main Himalayan 

Décollement. The initiation of the MBT in the western Himalaya is estimated to be around 

10 Ma (Meigs et al., 1995). 

Main Frontal Thrust  

The Main Frontal Thrust (MFT) is the southern-most discontinuity that delimits the 

Himalaya with the Indian continent and accommodates the present day crustal shortening 

due to India-Asia collision. The MFT places the Sub-Himalayan Zone over the Quaternary 

Indo-Gangetic plain (modern Himalayan foreland). The movement of MFT is estimated to 

be active since last 4 Ma (Molnar, 2003; Mukul et al., 2007).  

 

Geology of Himachal Pradesh 

All the four major tectonic units of the Himalaya discussed in the previous section 

can be traced in Himachal Pradesh (Fig 2.5). The Tethyan Himalayan Sequence occurs in the 
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northeastern part of Himachal Pradesh in the regions of the Spiti river valley and the Zanskar. 

The stratigraphic succession preserves the complete record of the geotectonic history of the 

Indian passive margin from Neoproterozoic to Eocene from the opening and closure of the 

Neotethys Ocean. The entire succession can be subdivided into three sub-sequences i) the 

Neoproterozoic to Devonian pre-rift sequence representing the Indian margin during 

Gondowana ii) Carboniferous to Lower Jurassic rift sequence including the continental flood 

basalt volcanism of the Permian Panjal Traps representing the opening of the Neotethys 

ocean iii) Jurassic to Eocene passive margin and syn-collisional sequence depicting the 

closure of the Neotethys ocean. (Brookfield, 1993; Critelli and Garzanti, 1994; Garzanti, 

1999; Garzanti et al., 1986; Steck et al., 1993). In Himachal, the oldest member of the THS 

has different nomenclature in the different regions. It is called the Haimanta Group in Spiti 

(Srikantia, 1981; Srikantia & Bhargava, 2018) while the Phe Fm and the Karsha Fm in 

Zanskar (Baud et al., 1984). The Haimanta and comprise gray green shales, sandstones 

weakly metamorphosed but locally reaching chlorite – and biotite grade. U-Pb monazite 

geochronology of garnet mica schist shows the Haimanta Group in the upper Sutlej valley 

experienced metamorphism upto amphibolite grade during 40 to 30 Ma (Chambers et al., 

2009). The Haimanta Group is unconformably overlain by the Devonian Muth Quartzites 

and Devonian to Carboniferous passive margin shelf carbonates and shales of the Lipak Fm. 

These units were succeeded by the deposition of the syn-rift sequence of the Po Fm 

comprising terrigenous sediments like mudstones with intercalation of quartzites and 

occasional glacial conglomerates and diamictites that were deposited between Late 

Carboniferous and Permian. This was followed by the continental volcanism of the Panjal 

traps during the rifting of the Gondowana. The post rift sequence is characterized by the 

formation of the carbonate platforms on the Indian passive margin after the formation of the 

Neotethys ocean. Rocks of these sequence consist of limestones of the Lilang Group 

(Triassic), the Kioto Group (Jurassic), Cretaceous shales and sandstones sequence of the Spiti 

Shale, Giumal Fm Chikkim Fm. Lastly, the top of the THS is characterized by the continental 

deposits of the siltstones and litharenites of the Eocene Chulung La Fm. (Bhargava, 2008; 

Fuchs, 1987; Gaetani, 1985; Gaetani and Garzanti, 1991; Garzanti et al., 1986).  



20 
 

 

Fig 2.5 a) Simplified map of the Himalaya (after Yin, 2006). b) Geological map of Himachal Pradesh (modified 

after Vannay & Grasemann, 1998; Webb, 2013 ) with geochronological data from the previous studies. AFT 

and ZFT refer to apatite and zircon fission track ages, respectively. ZHe refers to (U-Th)/He zircon ages. Red 

hexagons indicate metamorphic ages based on Grt and Mnz geochronolgy. Data compilation from Colleps et 

al., 2018; Jain et al., 2009; Schlup et al., 2011; Thiede et al., 2009; Vannay et al., 2004, Caddick et al., 2007, 

Stubner et al 2014. The rectangular box shows study area. 
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The Higher Himalayan Crystalline Sequence in the Himachal region resembles an 

inverted metamorphic sequence consisting of garnet-staurolite schists in the lower part of the 

sequence that progressively reaches sillimanite grade and anatexis near the top (Frank and 

Fuchs, 1970; Vannay and Grasemann, 1998) (Heim and Gansser 1939, Frank and Fuchs, 

1970, Vannay & Grasemann, 1998). The protolith age of approximately 1100-800 Ma 

(Richards et al., 2005a; Webb et al., 2011). The sediments were locally intruded by the early 

Paleozoic granites dated between 450 and 550 Ma (Miller et al., 2000a). Earlier 

geochronological estimates reveal that the Higher Himalayan Crystalline Sequence has 

suffered two phases of metamorphism viz. i) the Eocene-Oligocene (eohimalayan) and ii) the 

Miocene (neohimalayan). The eohimalayan metamorphism is recorded from garnet and 

monazite geochronology. Metamorphic ages range between 33 and 28 Ma in the Zanskar 

(Vance and Harris, 1999; Walker et al., 1999), 33 and 29 Ma in the Manali region (Thöni et 

al., 2012). The evidence of the younger Neohimalayan phase can be found in the Miocene 

anatectic leucogranites of the HHCS. Metamorphic ages from the Leo Pargil Dome dated 

between 25 and 18 Ma (Langille et al., 2014), from Zanskar dated ca 20 Ma (Noble and 

Searle, 1995; Walker et al., 1999)  

In Himachal Pradesh, both the Inner Lesser Himalaya (ILH) and the Outer Lesser 

Himalaya (OLH) can be encountered. The Inner Lesser Himalaya is exposed within the 

Kullu-Rampur window (Fig. 2.5). This sequence includes quartzite, metapelites, 

metavolcanics and orthogneisses together known as the Beriang Group. The metapelites are 

metamorphosed to phyllite or chlorite schists, however, at places, these rocks are 

metamorphosed to garnet and staurolite grade. U-Pb age of monazite of a single staurolite-

garnet schist sample from the ILH showed prograde metamorphism occurred around 11.1 ± 

2.0 Ma (Caddick et al., 2007). The orthogneisses of the ILH in the Sutlej valley called the 

Wangtoo gneiss can be seen in between the towns of Rampur and Wangtoo and is dated 

between 1850 and 1600 Ma (Célérier et al., 2009; Kohn et al., 2010; Miller et al., 2000; 

Richards et al., 2005). In Himachal Pradesh, the OLH comprises the Jaunsar Group (also 

referred as the Simla slates), the Blaini Fm, the Krol-Infra-Krol Fms and the age of the the 

sequence is Neoproterozoic to Cambrian. These units can be encountered between the towns 

of Solan and Subathu.  
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The protolith ages of the different tectonic domains mentioned in the previous 

sections are represented by the detrital zircon U-Pb age spectra (Fig 2.6a). The THS, HHCS 

and OLH show overlap of zircon ages near 500 Ma and between 800-1200 Ma. Despite the 

LHS and the THS have similar Neoproterozoic and Cambrian protolith, the LHS does not 

contain rocks of Ordovician – Eocene age. The OLH and ILH signals are characterized by 

the distinct Paleoproterozoic peak. All the tectonic domains show early Paleoproterozoic-

Archean signal between 2400-2600 Ma. The HHCS show zircon age peak at 480 Ma which 

commonly corresponds to early Paleozoic granites intruded within the HHCS. This presence 

of this age peak distinguishes the HHCS from the THS and OLH. The Transhimalayan 

zircons only show the Cretaceous and Tertiary age peaks. The zircon ages of the different 

Tranhimalayan batholiths are shown in Fig 2.6b.  

Fig 2.6 a) Kernel Density Estimates detrital zircon U-Pb age spectra of the Himalayan zircon source (compiled 

from Cawood et al., 2007; Gehrels et al., 2011; Mandal et al., 2015; Spencer et al., 2012; Webb et al., 2011) . 

b) The Transhimalayan source KDE compiled from Bosch et al., 2011; Bouilhol et al., 2013; DeCelles et al., 

2011; Jagoutz et al., 2009; Krol et al., 1996; Ravikant et al., 2009; Schärer et al., 1984; Singh et al., 2007; St-

Onge et al., 2010; Upadhyay et al., 2008; Wang et al., 2012; White et al., 2011; Zhang et al., 2011. 

 

The zircon age spectra from the Himalayan and Transhimalayan domains provide the 

reference for the source areas characterization for the detrital zircons deposited in the 

foreland basin. Low temperature thermochronology from the THS, HHCS and LHS 

recording cooling history of these major Himalayan domains are available from the previous 

studies of the Himachal Pradesh region (Fig 2.4). An exhaustive compilation of Low-T 

thermochronology data is available in Thiede and Ehlers, (2013). These ages relate reflect 
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the cooling history of the respective tectonic domain of the Himalaya (Schlup et al., 2011). 

reported apatite fission track (AFT) and zircon fission track (ZFT) ages from the central 

Himachal Pradesh. Apatite fission track ages from the Tethyan Himalayan Sequence range 

between 18.9 and 10 Ma Ma while that of the Higher Himalayan sequence is between 6.7 

and 1.2. Zircon fission track age  from the THS was 42.5-16.2 Ma and of the HHCS range 

between 19.9 and 8.9 Ma. In the Zanskar shear zone and Sutlej valley, Ar-Ar ages from the 

THS range between 20.4 -15.1 Ma while that of the HHCS range between 20 Ma and 5 Ma. 

(Catlos et al., 2007; Dèzes et al., 1999; Kellett et al., 2010; Walker et al., 1999; Wiesmayr & 

Grasemann, 2002). ZFT ages of the HHCS reported from the Sutlej valley range between 16 

and 11 Ma ( Jain et al., 2000; J. C. Vannay et al., 2004) with few young ages around 2 Ma 

(Vannay et al., 2004). AFT ages in this region are much younger and range between 5 and 1 

Ma Ma (Deeken et al., 2011; Jain et al., 2000; Thiede et al., 2009, 2005, 2004; Vannay et al., 

2004). 

 

Geological relationship between in the Outer Lesser Himalaya and the Subathu Basin 

The oldest rocks of the Subathu basin can be assumed to be deposited on the 

Proterozoic-Cambrian rocks that form the cover of the north Indian cratons. This is inferred 

on the basis of few borehole information available from the western Himalayan foreland. 

However, it is difficult to make a direct stratigraphic correlation as the entire sedimentary 

sequence of the Subathu basin is bounded by tectonic discontinuities on its both sides. The 

MFT separates the Subathu basin from the quaternary Indo-Gangetic plain and the MBT 

separates it from the OLH. The protolith of the OLH are similar to the Proterozoic-Cambrian 

cover rocks found in the Indian continent which could suggest that the foreland units were 

deposited on such rocks on the Indian continent that represent large resemblance to the OLH.   
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Fig 2.7 Stratigraphic table showing the relationship between the Outer Lesser Himalayan (OLH) Sequence and 

Sub Himalayan Zone (Foreland) adapted from from Jaegar et al 1971. 

 

East of the Subathu basin in the adjoining regions of Garhwal Himalaya. In this 

region, the Tal Formation (Cambrian-Permian) of the Outer Lesser Himalaya is overlain 

unconformably by the Singtali Formation (Fig 2.7). The Singtali Formation also known as 

Manikot Shell Limestone (Srivastava and Tiwari 1986), or Nilkanth Formation is considered 

to be of Upper Cretaceous age to Paleocene age. Recent U-Pb zircon age constrain the 

maximum depositional age of the Singtali Formation to be Early Cretaceous (Colleps et al., 

2019). The Singtali Formation lies unconformably over the Permian Tal Formation of the 

Outer Lesser Himalaya sequence. On the other hand, the Singtali Formation is much older 

than the Paleocene-Eocene foreland succession. Therefore, the stratigraphic status of the 

Early Cretaceous Singtali Formation remains as a debatable topic and can neither be included 

within the OLH nor within the foreland. In the present study, a tonstein horizon earlier 

reported in the Subathu basin (Siddaiah and Kumar, 2008) was dated as early Cretaceous. This 
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stratigraphic status of the tonstein bed as uncertain as the Singtali formation. This topic is 

discussed in detail in chapter 4. 

 

Subathu Foreland basin 

The foreland basin occurs in the southeastern part of Himachal Pradesh and occurs as 

two sub-basins viz. the Kangra basin exposed in the northwest and the Subathu basin in the 

southeast (Fig 2.4). The Kangra basin exposes a thick succession of the Miocene Siwalik 

Group while the early Paleogene syncollisional units are poorly exposed. The Subathu basin, 

on the other hand, preserves the entire Cenozoic succession covering the total duration of the 

Himalayan orogeny.  

The stratigraphy of the Subathu basin is established from the biostratigraphic, 

palaeomagnetic and detrital provenance studies (Arya et al., 2004; Bajpai and Gingerich, 

1998; Bhandari and Tiwari, 2014; Bhatia and Bhargava, 2006a; A K., Jain et al., 2009; Kumar 

and Loyal, 1987; Kumaravel et al., 2005; Mathur, 1978; Meigs et al., 1995; Yani Najman et 

al., 2004; Y. M R Najman et al., 1997; Nanda, 2002; Patnaik, 2003; Sahni et al., 1984, 1981; 

Sangode, 1996; Sehgal and Bhandari, 2014; Singh, 1978; Tandon et al., 1984; Tiwari et al., 

2006) summarised in Fig 2.8.  

The earliest depositional environment of the Subathu basin represents shallow marine 

environment marking the terminal phase of the Neotethys closure. The younger sediments 

were deposited during the continental collision and reflect the exhumation of the Himalaya. 

These sedimentary facies represent continental depositional environment dominated by river 

channels and flood plain deposits that gradually change to alluvial fans. 
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Fig. 2.8 Stratigraphy of the Cenozoic succession of the Subathu foreland basin.  
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The basal shallow marine facies of the Paleocene to Eocene age are represented by 

the Subathu formation. The lithologies of Subathu formation comprise the black to dark grey 

shales at the bottom followed by the argillaceous fossil bearing limestones and siltstone 

towards the top. The age of the Subathu Formation is estimated as the Late Paleocene – Mid 

Eocene ( Bhatia & Bhargava, 2006; Mathur, 1978). The Oligo–Miocene continental Dagshai 

Formation lies on top of the Subathu Formation. The transition between the Subathu and the 

Dagshai Formations is interpreted as conformable (Bhatia & Mathur, 1965; Bhatia & 

Bhargava, 2006; Oldham, 1893) or unconformable  (Najman et al., 2004, 1994; Najman et 

al., 1997; Pilgrim and West, 1928, Wadia 1975). The existence of the possible unconformity 

between the marine and the continental beds has been a source of strong debate in the last 

decade (Bera et al., 2008; Bhatia & Bhargava, 2006, 2007; Najman, 2007). Field observations 

indicate that the Subathu Fm is separated from the Dagshai Formation by a matured well-

sorted, so-called white sandstone bed (Bera et al., 2008; Yani Najman et al., 2004). The 

deposition of the quartzose sandstone indicates a period of prolonged erosion and 

depositional hiatus in the basin. The duration of the unconformity is estimated with respect 

to the stratigraphic status of the white sandstone bed. The maximum depositional age of the 

white sandstone is estimated to be 31 ± 2 Ma determined by ZFT (Jain et al., 2009; Najman 

et al., 2004). Najman et al. (2004) considered the white sandstone unit as the basal part of 

Dagshai Fm and proposed a 10 Ma unconformity. They proposed that the white sandstone 

resembles the onset of non-marine environment and showed similar Sr-Nd isotopic 

characteristics with the Dagshai Formation. Bera et al., (2008) on the other hand argued the 

mature quartz arenitic white sandstone can be result of wave reworking of shallow marine 

deposit where the whole rock Sr-Nd isotopic character of the coarse-grained lithology does 

not reflect the nature of its true sedimentary provenance. Although Bera et al., (2008) 

recognise that the boundary between the Subathu rocks and the white sandstone is an 

unconformity they preferred to include the white sandstone unit as the top of the Subathu 

Formation and suggested the duration of the unconformity to be  less than 3 Ma. 
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Subathu Formation 

Type locality of this formation is near the Subathu town. The depositional age of the 

Subathu Formation based on biostratigraphy is estimated to be early Eocene (Bhatia and 

Mathur 1965, Raiverman and Raman 1971, Singh 1978). The Subathu formation constitutes 

two main lithological facies (Singh 1978): a) “The green facies” dominantly composed of 

shale-limestone beds and b) “the red facies” which include shale, siltstone and fine-grained 

sandstone. In most places, the complete sequence is not preserved due to numerous 

truncations by faulting. Studies by Raiverman and Raman (1971) and Singh (1978) give a 

detailed account of the sedimentary facies of the Subathu Formation. The green facies are 

composed of fine-grained olive-green shale without textural banding, rarely interbedded with 

shale and limestone with tens of centimeter thick. The limestone is occasionally argillaceous 

and fossiliferous. Fossils comprise bivalves, gastropods and foraminifera. Overall, the 

sedimentary facies indicate shallow marine to lagoonal low-energy environment. At places, 

the green facies progrades to red beds comprising mudstone siltstone indicating subaerial and 

more oxic depositional environment such as tidal flat. These uppermost red beds of the 

Subathu Formation are often referred to as the “Passage beds” by several workers (Bhatia 

and Mathur 1965, Raiverman and Raman 1971). The Subathu Formation is capped by a 

characteristic white quartzose sandstone of subarkose to quartz arenite type. High maturity 

and sorting of the white sandstone indicate of a shoreface environment. The white sandstone 

is overlain by red to maroon siltstone to fine grained sandstone of the Dagshai Formation. 

The sandstone beds show fining upward with cross bedding. This part of the sequence marks 

the beginning of continental depositional environment. The marine to continental transition 

in the foreland basin correlates with penultimate closure of the Tethys Ocean indicated by 

the disappearance of the remnant shallow marine pockets. 

 

Dagshai Formation 

The Dagshai Formation constitutes continental fluvial deposits. The sedimentary 

facies indicate lower course fluvial environment resembling tidal flats or deltaic setting  (Bera 

et al., 2008; Najman and Garzanti, 2000; Raiverman and Raman, 1971). Lithologies comprise 

sandstones deposited in meandering river channel, and mudstones as overbank deposits. The 
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lithologies of the Dagshai Formation is characterized by typical red facies due to oxic 

conditions during deposition. The presence of numerous paleosol horizons, traces of plant 

roots, concretions and nodules indicate the Dagshai sedimentation took place in warm and 

humid tropical paleoclimate (Srivastava et al., 2013; Srivastava and Sauer, 2014). In the 

eastern part of the Subathu basin, the Dagshai Formation is characterised by laminated 

sequence of red to reddish brown mudstone and sandstone (Fig 2.9a). The mudstone units 

contain abundant trace fossils comprising thalassinoids and ophiomorphic burrows (Fig 

2.9b). The Dagshai Formation represent the onset of the continental depositional 

environment in the foreland basin. The Dagshai Formation being unfossiliferous, 

biostratigraphic age is difficult to ascertain. Based on detrital ZFT age it is estimated to be 

Oligocene (Jain et al., 2009). 

 

Fig 2.9 a) Mudstone and sandstone sequence of Dagshai Formation b) Burrow fills in mudstone bed of Dagshai 

Formation c) Kasauli Formation  
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Kasauli Formation 

The Kasauli formation overlies the described above Dagshai formation comprises 

greenish-grey sandstones with intercalations of shales. The sediments are characterised by 

alluvial plain deposits where multistorey sandstone units correspond to braided river 

channels (Najman et al., 2004; Singh, 1978). Fast sedimentation over the channel beds 

prevented oxidation leading to dark-coloured sandstones (Singh, 1978). The lower boundary 

of the Kasauli Formation age is difficult to estimate due to very limited geochronological 

data.  Najman et al. (1997) reported Ar-Ar age of detrital mica from the Subathu basin where 

the age of the youngest population range between 22 Ma to 28 Ma and zircon fission track 

ages by Jain et al., (2009) from the Kasauli Formation estimate a maximum depositional age 

of 24 Ma. Fossil records such as mammal fossils, floral taxa, gastropods, pelycypods and 

insect remains from paleontological studies (Arya et al., 2004; Arya and Sahni, 2005; 

Bhandari and Tiwari, 2014; Srivastava and Sauer, 2014 and citations therein) from the 

Subathu basin and adjoining regions  indicate that age of Kasauli formation to be Early 

Miocene i.e., 23-20 Ma. In the western part of the basin (Kangra basin), the rocks of the 

equivalent age of the Dagshai and the Kasauli Formation are called the Dharamsala Group. 

The Dharamsala Group is divided into the Lower and the Upper Dharamsala Formation and 

has similar lithology to the Dagshai and the Kasauli Formation respectively. Figure 2.9c 

shows the typical lithology of the Kasauli Formation. 
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Fig. 2.10 a) Geological map of the Subathu foreland basin in Himachal Pradesh area modified after (Khan and 

Prasad, 1998; Mishra and Mukhopadhyay, 2012; Philip et al., 2012; Pilgrim and West, 1928). ‡ Main Central 

Thrust is identified as a wide deformation zone between the Chail (ChT) and Jutogh (JuT) thrusts. b) Cross-

section along line A-B (marked in Fig. 2.7a). Red arrows indicate fault motion. 
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Siwalik Group 

The Kasauli Formation in the Subathu basin and the Dharamsala Group in the Kangra 

basin are overlain by the Siwalik Group. The Siwalik Group is classified into the Lower, 

Middle, and Upper Siwalik Formations from bottom to top (Pilgrim, 1910). This tripartite 

division is same along the entire strike of the Himalaya, however, the age boundaries between 

these three divisions vary. The sedimentary facies show a transition from alluvial plain to 

piedmont alluvial fan environment (Parkash et al., 1980; Tandon, 1991). The Lower Siwalik 

formation is typically composed of highly indurated, compact fine to coarse-grained 

sandstones interbedded with shales. The sedimentary facies of the Lower Siwalik formation 

represent alluvial plain environment similar to the underlying Kasauli formation. However, 

the reddish-brown or yellow sandstones indicate more oxic conditions as compared to the 

Kasauli sandstones. The Middle Siwalik formation consists of medium to coarse-grained, 

less compacted compared to the Lower Siwalik, sandstones. The siltstone layers in the 

Middle Siwalik formation are occasionally interbedded with the sandstones which become 

absent in the upper part of the sequence. The Middle Siwalik sandstones become coarser 

towards the top with more gravelly layers near the top. The Upper Siwalik formation 

dominantly comprises of weakly consolidated sandstones and conglomerates. The proportion 

of conglomerates increases upwards. The Upper Siwalik Formation characterizes proximal 

facies of a piedmont alluvial fan (Parkash et al., 1980). Age of the Siwalik Group is well 

constrained from many vertebrate faunas together with magneto- stratigraphy is available 

(Meigs et al., 1995; Raiverman and Seshavataram, 1965; Rao et al., 1995; Sangode, 1996; 

Tandon et al., 1984; White et al., 2001). 

The boundary between the Kasauli Formation and the Lower Siwalik Formation is 

estimated to ~13 Ma (White et al 2001) and between the Middle and the Upper Siwalik 

Formations is around 6.8-4.5 Ma (Brozovic and Burbank, 2000; Meigs et al., 1995; Nanda, 

2002; Rao et al., 1995). The dominant lithologies are similar for the Lower and Middle 

Siwaliks which makes them difficult to distinguish at a certain interval. Magnetostratigraphic 

data from type sections of Siwalik in Kashmir refers the Lower-Middle Siwalik boundary 

between 11-10 Ma (Johnson et al., 1982) and fossil taxa from Middle Siwalik in the Subathu 

Basin date as old as 9.2 Ma (Pillans et al., 2005; Sehgal and Bhandari, 2014).  
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Structure of the Subathu basin 

The present-day structure of the Subathu Basin can be described as a sequence of propagating 

thrust nappes (Mishra and Mukhopadhyay, 2012). The entire foreland sequence is bounded 

by the two major faults: the MBT to the northeast and the MFT to the southwest (Fig. 2.10b). 

The MBT thrusts the Lesser Himalayan Sequence over the sedimentary sequence of the Sub-

Himalayan zone. The time of movement of the MBT is estimated in this region is to have 

begun at least 10 Ma ago (Colleps et al., 2018; Meigs et al., 1995). The MFT presently thrusts 

the sedimentary rocks of the Sub-Himalayan zone over the Indo-Gangetic Plain. Apart from 

these main thrusts, the Subathu Basin is cut by many secondary thrusts (Fig. 2.10a and b). 

The most important of them is the Bilaspur Thrust (BiT) that separates the Pre-Siwalik units 

from the Siwalik Group. Mishra and Mukhopadhyay (2012) provided detailed overview of 

the structural evolution of the Subathu Basin.  
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Chapter 3 

Samples and Methods 

Samples 

Sample collection was carried out in 4 seasons of fieldwork between 2010 and 2017. 

The field area being situated in dense sub-tropical landscape at higher altitude, rock 

exposures were  limited to road cut sections and river banks. A part of sampling was carried 

out at the sections exposed along the bank of the main rivers draining this region. Samples 

were collected covering the entire stratigraphy of the Subathu basin. 49 samples were 

selected for geochronology, geochemistry and thermochronology. All the analytical methods 

could not be applied to all the samples as some samples did not yield enough zircon or apatite 

of acceptable quality and quantity for useful analysis. Location of all the samples collected 

are shown in the following map (Fig. 3). The GPS coordinates of the samples are given in 

Appendix I.  

 

Methods 

Sample preparation 

Two to three kilograms of each of the selected samples were processed for analytical studies. 

The samples were crushed in a jaw crusher to gravel size which was followed by another step 

of crushing to sand fraction (< 315 μm). A sample splitter was used to obtain representative 

whole rock split used for geochemical and isotopic analyses. Approximately, 100 g split of 

each sample was milled using an automated agate mortar with a planetary ball mill. The 

remaining majority of sand fraction was passed through a Wifley table where initial 

separation of a heavy mineral fraction took place. This fraction was subsequently subjected 

to two stage magnetic separation, using Carpco and Frantz magnetic separators. The non-

magnetic fraction was then passed through two-stages of heavy liquid separation using 

Tetrabromoethane (sp. gr. 2.95) followed by Diiodomethane (sp. gr. 3.3).  
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Fig. 3 Sample locations. The three marine to continental type sediment transitions are marked as: KRS-Kuthar River section, CMS-Chakki More section and KBS-

Kamli Bridge section. (Map modified after Khan and Prasad, 1998; Mishra and Mukhopadhyay, 2012; Philip et al., 2012; Pilgrim and West, 1928).  
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During the heavy liquid separation in Diiodomethane, apatite fraction was obtained as 

“float” and zircon was obtained as “sink” fraction. The final purification step for both 

apatite and zircon were done by hand picking individual grains under binocular 

microscope. Pure zircon fraction was mounted in an epoxy resin and polished to expose 

zircon’s interior. The zircon epoxy mounts were used for LA-ICPMS U-Pb 

geochronology. The separated apatites were mounted on a glass slide in ] petropoxy resin, 

polished and subjected to further preparation procedure for Fission Track analyses (see 

below).  

 

U-Pb Geochronology 

U-Pb geochronology and Sr-Nd-Hf isotopic analyses were carried out in Krakow 

Research Centre, Institute of Geological Sciences, Polish Academy of Sciences. For U-

Pb geochronology, RESOlution M-50 ArF excimer laser (193 nm) by Resonetics (now 

Applied Spectra) equipped with a dual volume Laurine cell (S155). The laser was coupled 

with ICP-MS XseriesII by ThermoFisher Scientific for U-Pb dating. Analyses and data 

reduction were carried out following the methods described in (Anczkiewicz and 

Anczkiewicz, 2016) and the analytical parameters used during laser ablation are 

summarised in table 3.1. Zircon reference material Z91500 was used as a primary 

standard. GJ1 and Plešovice were used as secondary standards which were regularly 

measured for quality control between a block of 8 analyses of unknown samples. U-Pb 

data was processed with Iolite v3. Over the course of analyses the mean 206Pb/238U ages 

of the secondary standards from each analytical session falls within the recommended age 

with less than 1% precision. The 206Pb/238U age average of the analytical sessions 

obtained for GJ1 was 602.8 ± 1.9 Ma (2σ standard error, n=36) which overlaps with the 

recommended value of (Jackson et al., 2004) and for Plesovice was 206Pb/238U age 339.2 

± 3.2 Ma (2σ standard error, n=36) value 337.1 ± 0.3 Ma (Sláma et al., 2008). About 80-

110 crystals (depending on zircon availability) were analysed per sample. Ages with 

discordance greater than 10% were discarded during the data interpretation and for 

zircons >1000 Ma 207Pb/206Pb ages were used. Summary of LA ICPMS U-Pb zircon 

dating is presented in Appendix II. The detrital zircon age distributions are presented as 

kernel density estimate (KDE) plots with a bandwidth of 30. The KDE plots along with 

the pie diagrams were plotted using DetritalPy v1.1 package  (Sharman et al., 2018). 
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Table 3.1 Operating conditions during LA-ICPMS analysis 

LA-ICP MS Analysis parameters 
 

    

Laser RESOlution M-50 

Wavelength 193 nm (ArF) 

Pulse length 20 ns 

Fluence at sample 3.0 J/cm2 

Repetition rate 5 Hz 

Spot size 30 µm 

Mass spectrometer ICP MS XseriesII 

RF power (W) 1400 

Sample gas Ar flow (L/min) 0.85 

Cool gas Ar flow (L/min) 13 

Auxiliary gas Ar flow (L/min) 0.9 

Nitrogen flow (mL/min) 5.0 - 6.6 

He flow (L/min) 0.26 - 0.32 

Background measurements (s) 40 

Ablation time (s) 40 

Washout time (s) 40 

Scanned isotopes 206Pb, 207Pb, 208Pb, 238U, 

232Th 

Dwell time (ms) 30, 30, 10, 20, 5 

 

Sr-Nd-Hf Isotopes 

Sr and Nd isotopes were measured for all the eighteen samples analysed for U-Pb 

zircon geochronology. Hf isotopic ratios were measured for the same samples except 

KAS 2-10, USW 2-10, MSW 5-10, USW 6-10 and LSW 9-10. About 90-100 mg of finely 

milled rock powder of each sample was processed in the ultra-clean chemistry laboratory 

for digestion and columns chemistry as described in (Anczkiewicz and Anczkiewicz, 

2016) and references therein. The digestion was done in Teflon® bombs in DAS pressure 

digestion system. This method is efficient in dissolving refractory minerals Isotope 

composition measurements of Sr, Nd and Hf were done using Neptune multicollector 
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inductively coupled plasma mass spectrometer (MC-ICP-MS) in static mode. 

Reproducibility of Sr standard (SRM987) 87Sr/86Sr = 0.710260 ± 0.000017 (n = 31); Nd 

standard (JdNd-1) 143Nd/144Nd= 0.512095± 0.000015 (n=22) and Hf standard (JMC475) 

176Hf/177Hf = 0.282158± 0.000009 (n=15) was achieved over the course of analyses. 

Uncertainties are expressed as 2SD (standard deviations). The sediments of the Subathu 

basin were deposited in last 60 Ma. Relative changes of Nd and Hf isotopic composition 

were expressed as εNd and εHf calculated using present day values of CHUR reservoir: 

143Nd/144NdCHUR(0) = 0.512638 and 147Sm/144NdCHUR(0) = 0.0197 (Hamilton et al., 

1983; Jacobsen and Wasserburg, 1980); 176Hf/177HfCHUR(0) = 0.282785 and 176Lu/177Hf 

CHUR(0) = 0.0336 (Bouvier et al., 2008). Decay constant λ147Sm=6.54×10−12 yr−1 

(Lugmair and Marti, 1978). Decay constant λ176Lu=1.865 × 10−11 yr−1 adopted from  

(Scherer et al., 2001). 

 

Apatite Fission Track Analysis 

Apatite fission track (AFT) analyses were performed in Kraków Research Centre, 

Institute of Geological Sciences, Polish Academy of  Sciences. Methodological details 

are described in (Anczkiewicz et al., 2015) are summarised below. Apatite grain mounts 

prepared for AFT analysis were etched in 5N HNO3 at 21°C for 20 seconds to reveal 

spontaneous tracks. Low U muscovite was used as an external detector (Donelick et al., 

1999; Gleadow, 1981). Samples were irradiated together with the Fish Canyon, Durango 

and Mt. Dromedary age standards, as well as CN5 corning glass dosimeter at the TRIGA 

reactor in Oregon State University (USA). After the irradiation, muscovite detectors were 

etched in 40% HF for 45 minutes to reveal induced fission tracks. The tracks were 

analysed using a Nikon Eclipse E-600 microscope equipped with a motorised stage and 

a drawing tube. Track counting and confined track length measurements were done at 

1250 x magnification. Software FT Stage 4.04 was used for track counting and track 

length measurement (Dumitru, 1991). The calibration of ζ fact (Hurford, 1990; Hurford 

and Green, 1983) or  resulted in 289 ± 6 value, which was applied to all age calculations 

conducted using TrackKey 4.2g software by (Dunkl, 2002). 
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Apatite (U-Th)/He 

Four samples were dated by the (U-Th)/He method using 5 to 8 single grain aliquots per 

sample. The analyses were performed at the GÖochron Laboratory of the Geoscience 

Centre, University of Göttingen, Germany. Generally, euhedral crystals with completely 

convex external morphology were preferred. The crystals were wrapped in platinum 

capsules of ca. 1×1mm size. The Pt capsules were heated up by an infra-red laser and the 

extracted gas was purified using a SAES Ti–Zr getter at 450 °C. The chemically inert 

noble gases and a minor amount of other rest gases were then expanded into a Hiden 

triple-filter quadrupole mass spectrometer equipped with a positive ion counting detector. 

Crystals were checked for degassing of He by sequential reheating and He measurement. 

The residual gas is always below 1% in case of apatite crystals. Following degassing, 

samples were retrieved from the gas extraction line and spiked with calibrated 230Th and 

233U solutions. Apatite crystals were dissolved in pre-spiked 2% HNO3 and the solutions 

were analysed by isotope dilution using an iCAP Q ICPMS with an APEX micro-flow 

nebulizer. Sm, Pt and Ca were determined by external calibration. The ejection correction 

factors (Ft) were determined for the single crystals by a modified algorithm of (Farley et 

al., 1996) using an in-house spreadsheet and the ‘effective uranium’ (Gastil, 1967) was 

calculated with the formula (eU) = (U) + 0.235× (Th). 
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Chapter 4 

The provenance of the Subathu basin deposits  

 

Part I  

Subathu Tonstein and its implication as a stratigraphic marker 

 

Subathu Tonstein 

One of the most interesting rocks of the Subathu basin is an ash bed reported near Subathu 

town. This ash bed is seen to be exposed near Shadiyana village about 1 km from the 

Subathu Town (Fig 4.1.1 a and b). This ash bed was characterised by  Siddhaia and Kumar 

(2008) as a tonstein. The authors this ash bed as the basal member of the Subathu 

Formation and named it “Basal Subathu Tonstein”. To the northeastern boundary of the 

tonstein bed the Neoproterozoic Simla slates of the OLH (Pilgrim and West 1928) are 

exposed.  

 

Fig 4.1.1 a) Field exposure of the tonstein bed and associated coal seam b) close up view of the tonstein  

The structural position of the tonstein is presented in Fig. 4.1.2a and the state of the 

outcrop is documented in Fig. 4.1.1a. a coal seam of about one meter thick is seen tonstein 

bed. Due to the massive fabric of the tonstein bed and poor quality of exposure, the 

relative superposition between the tonstein and the coal was impossible to establish. The 

contacts with the neighbouring Simla slates and the Subathu Fm. deposits are also 

presently not exposed. Siddhaia and Kumar (2008) suggested a conformable contact of 

the ash bed and that the tonstein is stratigraphically and structurally below the Subathu 

a b

TonsteinCoal 1 m
3 cm
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basin deposits. Field observations do not allow such precise conclusion since the contact 

between the two is no longer exposed. The nearest exposure of the Subathu basin deposits 

represented by olive-green shales was found about 500 m west of the tonstein horizon 

that shows a northerly dip (bedding orientation = 285º/45º) (Fig 4.1.2a).  

The Simla Slates close to the contact of the tonstein shows schistosity towards southwest 

whereas traversing few tens of meters away from the contact the Simla Slates are seen 

dipping to the north as a monoclinic sequence. From this observation it logical to infer 

that the contact of the tonstein with the structurally lower OLH rocks is almost certainly 

faulted, the schistosity seen within the Simla Slates is formed during faulting. Again, poor 

exposure of the contact between the tonstein and the Simla Slates of the OLH poses 

difficulty to establish any stratigraphic correlation between the two (Fig 4.1.2b) 

       

Fig 4.1.2 a) Cross section of the Kuthar river transition and tonstein horizon over the Outer Lesser 

Himalayan sequence near Subathu town. Tonstein bed occurs over the inferred thrusted contact of the Outer 

Lesser Himalaya. The beds of the Simla slates dips northeasterly while the schistocity dips southwesterly.  

b) Photo showing the obscure contact between the Simla slate and the tonstein. 

Below we present geochronological, geochemical and isotopic data on tonstein to 

constrain its petrogenesis and significance for the stratigraphy of the Western Himalaya.  

Results 

U-Pb Geochronology 

Volcanic ashes typically serve as important time markers. Thus, we conducted LA-

ICPMS U-Pb zircon dating in order to determine the time of ash deposition. Dating results 

are summarised in Fig 4.1.3 and in U-Pb geochronology data table (Appendix II). 

Tonstein sample BST 2-17 yielded 89 concordant or semi-concordant analyses (Fig 

4.1.3a). The distribution of all the ages is shown in the KDE plot (Fig 4.1.3b).  

unexposed

Schistosity

LH 1-17

BST 2-17

Coal

Subathu

Town
SU 4-17

Subathu Formation

Simla Slate : Outer Lesser Himalaya

Tonstein

250 m 2
5

0
 m

NE
SW

Thrust

b

Tonstein

Simla Slates

(OLH)



42 
 

 

       

Fig. 4.1.3 a) Concordia plot of the U-Pb zircon dating results of the tonstein. Inset shows age calculated for 

the 8 crystals of the youngest Mesozoic population interpreted as the time of ash deposition. Dashed ellipse 

shows an outlier rejected from the age estimates and blue solid ellipse shows the concordia age and its 

uncertainty. b) KDE plots of the tonstein, BST 2-17 sample compared with the reference spectra of major 

Himalayan and Transhimalayan domains. Pie plot shown in the right panel represents the proportional 

distribution of the age groups. 
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The youngest zircons (9 crystals) are of Mesozoic age and constitute 11% of the total 

population. The rest of the ages range between 500 to 3500 Ma and make up 89% of the 

total population. Eight out of the nine young grains form a rather coherent group with a 

concordant age 129.7 ± 1.1 Ma (Fig 4.1.3a). This age we interpret as the time of ash 

deposition. Beside the 129 Ma peak, the tonstein shows a large number of inherited 

zircons with ages > 500 Ma. The zircon spectrum shows major peaks between the age 

interval of 700 to 1100 Ma and between 1600 to 200 Ma (Fig 4.1.3b). Overall, the tonstein 

sample has large similarity to the Outer Lesser Himalaya (Fig 4.1.3b). 

 

Rare earth elements 

REE pattern of the tonstein is shown in Fig 4.1.4 The REE trend of the tonstein grossly 

represent the trend of the Upper Continental Crust (UCC) although the HREE of the 

tonstein is elevated in comparison to the same of the UCC. 

     

Fig 4.1.4 Chondrite normalised REE plot of the tonstein (BST 2-17) with the underlying Outer Lesser 

Himalaya sample (LH 1-17) and Subathu Formation samples (SU 4-17 and SU 37-17). REE trend of Upper 

Continental Crust average (Rudnick and Gao 2003) is plotted for comparison. The shaded fields show REE 

trends for volcanic sources i.e. Kerguelen (green) and Ladakh volcanic arc (orange). 
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Sr-Nd-Hf isotope geochemistry 

The tonstein has 87Sr/86Sr ratio of 0.726841 ± 0.000009, 143Nd/144Nd ratio of 0.511979 ± 

0.000008 [Nd(0)= -12.9] and 176Hf/177Hf ratio of 0.282242 ± 0.000006 [Hf(0)= -19.2]. 

The Sr-Nd and Hf isotopic ratio of the tonstein point to continental crust provenance (Fig. 

4.1.5). 

Fig. 4.1.5 a) εNd vs 87Sr/86Sr diagram of the tonstein and the OLH sample compared to several foreland 

samples from this study and different source regions, (reference values of the THS, HCS, OLH and ILH 

compiled from Mandal et al., 2018; for Ladakh and Gangdese Batholith from (Bouilhol et al., 2013; Ma 

et al., 2013; Wang et al., 2015). b) εNd vs εHf plot shows that the both the tonstein and OLH  samples 

fall on the terrestrial array. Nd and Hf isotope data for the source regions including river sediments from 

Nepal (in pink field) are compiled from (Garçon et al., 2013). εNd and εHf of mantle reservoirs compiled 

from Salters and White (1998). 

 

Outer Lesser Himalaya in the Subathu basin 

Cretaceous deposition of the volcanic ash must have taken place on the Indian 

continental crust. The youngest rocks forming the upper Indian crust are represented by 

the Simla Slates whose stratigraphic age is assumed to be Neoproterozoic-Cambrian. 

Below we provide U-Pb detrital zircon analyses and REE and isotope geochemistry 

characterizing these deposits. Several samples were collected from the OLH sequence 

from the different stratigraphic units of the OLH to see potential variation of provenance. 

Out these samples two OLH samples provided enough zircons for U-Pb detrital zircon 

analyses. The sample (LH 1-17) was collected below the tonstein near the Subathu town 

and the sample LHJ 2-10 was collected from the OLH unit exposed in the eastern part of 

the Subathu basin (Fig. 3). Both the samples were analysed for U-Pb detrital zircon 

geochronology, while LH 1-17 was also analysed for major, trace and isotope 

geochemistry. 
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Results 

U-Pb detrital Geochronology 

LH 1-17 yielded 69 concordant ages, detrital ages range between 500 and 3500 

Ma (Fig. 4.1.6). LH 1-17 shows a major peak between age intervals of 700 Ma-1100 Ma 

and several smaller peaks interval of 1600 and 2000 Ma, and at 2500 Ma. LHJ 2-10 

yielded 102 concordant ages. The detrital population of LHJ 2-10 has two major 

components. Major peaks of the first component between the interval of 700 to 1100 Ma 

and between 1600-2000 Ma. LH 1-17 has more age intermediate age components between 

1100 – 1600 Ma which is practically absent in LHJ 2-10. However, the zircon spectra of 

both the samples are comparable to the reference spectra of the OLH (Fig. 4.1.6). 

        

Fig. 4.1.6 Comparative KDE plots of the OLH samples LH1-17 and LHJ2-10. Comparison of the KDE 

plots of the tonstein BST 2-17 the OLH samples, show similarity in the ages >500 Ma. 

Rare Earth Elements 

This is also reflected by its chondrite normalised REE pattern which resembles upper 

continental crust (Fig. 4.1.4).  
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Sr-Nd-Hf isotope geochemistry 

87Sr/86Sr ratio of the OLH sample LH 1-17 is 0.797545 ± 0.000012, 143Nd/144Nd ratio is 

0.511757 ± 0.000007 [Nd(0)= - 17.2] and 176Hf/177Hf ratio of 0.282233 ± 0.000006 

[Hf(0)= -19.5]. The LH 1-17 falls on the OLH field of the εNd vs 87Sr/86Sr plot (Fig. 

4.1.5 a) and on the HHCS field on the εNd vs εHf plot (Fig. 4.1.5 b). No reference value 

is available for εNd vs εHf from the OLH, however the isotopic character of HHCS and 

OLH is usually considered to be comparable owing their inheritance from same protolith. 

 

Discussion 

The age of the tonstein was initially estimated to be late Paleocene by Sidhhaia 

and Kumar (2008). This age estimate was obtained on the basis of two assumptions i) the 

tonstein is conformable to the Subathu Formation and forms its base. ii) Biostratigraphic 

age of the nearest Subathu Formation is considered as late Paleocene. As direct dating of 

the tonstein was absent the authors accepted the limitation of their initial age estimate. U-

Pb geochronology and field observation done in this study calls into question the 

stratigraphic status of the tonstein bed in the Subathu basin. The 129 Ma age of the 

youngest zircon population is interpreted as the sedimentation age of the tonstein. This 

suggests that the tonstein was deposited much earlier than the formation of the Subathu 

Basin itself. Moreover, the oldest deposits of the Subathu formation are marine. Siddhaia 

and Kumar (2008) on the other hand suggested that the tonstein was formed in aqueous 

environment predominantly in a lagoon or estuary which rather implies a continental 

setting. If the tonstein is to be considered as the basal part of foreland, then there would 

have to be a situation where the continental deposits were overlain by marine sediments 

in the foreland during a transgression. But the foreland succession shows a progressive 

transition from marine to continental environment indicating a general regression. The 

above argument suggests that the inclusion of the tonstein as a part of the Foreland 

succession does not seem tenable. 

During Cretaceous, the most prominent volcanic episode in the Indian continent 

took place in the Rajmahal volcanic province as a consequence of the activity of the 

Kerguelen plume and India Australia break up (Fig 4.1.7). The volcanic event of the 

Rajmahal Traps is dated ca 110-120 Ma (Baksi, 1995; Kent et al., 2002; Mahoney et al., 
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1983) (Baksi et. al., 1995, Kent et al., 2002, Mahoney et. al., 1983). However, the 

depositional age of the tonstein can be related to the onset of the Kerguelen hotspot at ca 

129 Ma reported from the Bunbury province of Australia and Elan Bank of the Kerguelen 

plateau (Ingle et al., 2002; Olierook et al., 2016; Zhu et al., 2009). Clift et al (2014) 

recorded zircon grains of early Cretaceous age from the Tethyan Himalayan Sequence 

(THS) which they corelated to rift-magmatism. The lack of early Cretaceous magmatic 

source in the southern Lhasa terrane (South Tibet) also led them to correlate their zircon 

ages with the India-Australia rifting event. A volcanism of large magnitude is only 

capable of depositing ash of 3 meters of thickness at a place that is about 2000 km away 

from the volcano. The Kerguelen volcanism seems to the best possible explanation that 

can be correlated with the Subathu Tonstein. The older age population (> 500 Ma) that 

make up most of the zircon ages present in the tonstein are assimilated from the 

continental crust during volcanism. At 129 Ma, much before India-Asia collision, the 

Proterozoic-Cambrian zircons were derived from the Indian crust. This zircon population 

show large resemblance to the samples from the Outer Lesser Himalayan sequence dated 

in this study (Fig. 4.1.6).  

Fig. 4.1.7 Reconstructions of Eastern 

Gondwana rifting between 137-100 Ma. (a) 

ca. 137–130 Ma, (b) ca. 124–122 Ma based 

on emplacement ages of different basic, 

felsic, alkaline and carbonatite rocks 

forming several cretaceous volcanic 

provinces in India, Australia and Antarctica. 

Black dashed circle marks the activity of the 

Kerguelen plume at different time during 

Cretaceous. Between 137-130 Ma, the 

Kerguelen hotspot was located underneath 

the eastern flank of the Indian continent, 

Abbreviations: BB‐WA – Bunbury Basalts, 

Western Australia; ETH – Eastern Tethyan 

Himalaya; ELH – Eastern Lesser Himalaya; 

NP‐EIO – Naturaliste Plateau, Eastern 

Indian Ocean; PCK – Prince Charles 

kimberlites; WP – Wallaby Plateau, (Figure 

adapted from Srivastava et al. 2021)  
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As the protolith of the OLH is considered to be the Proterozoic-Cambrian cover 

rocks of the Indian continent (Ahmad et al., 2000, Célérier et al., 2009, Richards et al., 

2005) it is likely that the inherited zircons in the tonstein are derived from the Indian 

continent. REE and isotopes and zircon geochronology all show that the bulk 

geochemistry of the tonstein reflects a continental crust. The tonstein represents the ash 

of a volcanic eruption whose magma was formed due to the melting of the Indian 

continental crust by the heat of the Kerguelen plume. The tonstein can be regarded as a 

stratigraphic horizon that is unrelated to the Himalayan orogeny that was deposited on 

the northern margin of the India continent during the Cretaceous. 
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Part II 

Geochemical, geochronological and isotopic fingerprinting of the early India-Asia 

collision from the Early Paleogene deposits of the Subathu Formation 

 

There have been numerous approaches towards establishing the initiation of the 

India-Asia collision (Beck et al., 1995; Decelles et al., 2014; Garzanti et al., 1987; Hu et 

al., 2015; Najman et al., 2017; Rowley, 1996). Probably the most widely accepted view 

is that the collision is marked by a change from marine to continental style sedimentation. 

Thus, detailed characterization of the changes in provenance of the pre- to syn-collisional 

deposits exposed in the Himachal Pradesh region is one of the key objectives of this study. 

In this chapter detailed geochemical and isotopic characteristics of the transitional facies 

in selected transects of the Subathu basin is presented. Firstly, three locations are 

described which preserve relatively good exposures of the transition from dominantly 

marine Subathu Formation to dominantly continental deposits of the Dagshai Formation. 

In addition to the transition sections, the characteristics of the Dagshai Formation are 

described based on few more samples collected from other locations. Subsequently the 

key features of the uppermost part of the pre-Siwalik strata represented by the Kasauli 

Formation are described. The presented sedimentological interpretation is based on the 

previously published studies and own field observations. 

 

Results 

Kuthar River Section 

The first sedimentary section depicting the transition from marine to continental 

depositional setting was studied near Subathu town along the banks of the Kuthar River 

(Fig. 4.2.1). This section has not been studied before and although sedimentology was not 

the main goal of this study, below we provide basic description of this sedimentary 

sequence. The outcrop forms a cliff face on a slope of a hill (Fig 4.2.2a).  



50 
 

 

 

 

Fig 4.2.1 Map of the Subathu basin near Subathu town. Red circle shows location of the studied section 

along the Kuthar River (map after Kumar and Loyal, 2006) 
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Fig. 4.2.2 a) View of the Kuthar river section from Kharsi Bridge. Along the bank of the river the shallow 

marine sequence is exposed while the continental facies red sandstone beds of the Dagshai Formation are 

exposed at the top of the section. b) Close up view of the Kuthar River section with the shoreface White 

Sandstone bed. c) Bioclastic limestone bed d) The White Sandstone bed indicates a transition from marine 

to continental type environment. 
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The Kuthar river section exposes a sedimentary sequence of more than 100 m 

thick and depicts a transition from marine to continental depositional environment. The 

field exposure of the section is shown in Fig. 4.2.2 and the lithological profile is illustrated 

in Fig. 4.2.3. The sedimentary succession comprises three parts that signify three 

depositional settings i.e. a marine, a marine-continental transition and a continental 

environment (Fig 4.2.3). The oldest and the lowermost exposed part of the marine 

sequence begins with rhythmic sequence of siltstones, calcareous shales and limestones 

and is about 20 m thick. The lower strata of this sequence are dominated by dark brownish 

mudstone beds and towards the top, mudstones become more shaly. These shales occur 

with minor intercalations of marly limestones and argillaceous mudstones. Thicker 

limestone beds of 1.0 – 1.5 m appear higher up in the section. The limestone beds become 

progressively thicker up the section, some are rich in bivalve shells. Within each of these 

beds, the shell debris are densely packed in the lower part. The limestone units are 

interbedded with greenish grey beds of sandstone of about 15 – 70 cm thick and 

argillaceous mudstone beds of about 5-60 cm thick. The described sequence likely reflects 

a lagoon type environment with occasional sediment supply from the rivers. 

Higher in the sequence a quartz rich white sandstone bed (Fig. 4.2.2b and d) marks 

the transition or a “boundary” from the marine to continental type deposition (Raiverman 

and Raman 1971, Najman and Garzanti 2000, Bera et al., 2008). From now onwards in 

the text, this bed is referred as the White Sandstone. The transition from marine to 

continental facies continues above the White Sandstone bed for the next 20 m and consists 

of several fine-grained sandstone beds of 1 to 3 m thick (Fig. 4.2.3). The sandstone beds 

are interlayered with 5-20 cm silty mudstones. The sandstone beds show ripple cross 

lamination and has normal grading. Above this sequence occurs a 6-7 m thick dark red 

mudstone which is overlain by about 10 m of brown or reddish-brown sandstone beds. 

This red colour of the lithology indicates oxic environment, implying continental 

depositional environment during that time. This sandstone sequence continues for at least 

next 100 m to the top of the sequence (Fig. 4.2.3). 

 

U-Pb detrital zircon geochronology 

Four samples were collected from the Kuthar river section. The relative 

stratigraphic positions of the samples are shown in Fig. 4.2.3. Each sample yielded 92-
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108 less than 10% discordant U-Pb zircon ages that were used for the provenance 

analysis. The sample SU 37-17 is a shale from the lowermost part of the section whereas 

SU 24-16 was collected from a sandstone bed within the mudstone and marl sequence 

(Fig. 4.2.3). Both samples represent the Subathu Formation (Fig. 4.2.3). The sample SS 

23-16 was collected from the White Sandstone bed interpreted as the transitional layer 

separating predominantly marine from predominantly continental deposits. The DG 26-

16 sample is a sandstone representing the Dagshai Formation and was collected about 20 

meters above SS 23-16. 

In the SU 37-17, about 93 % zircons are of Archean and Proterozoic age, 5% are 

of Paleozoic and 2% are of Mesozoic age (see pie plots in Fig. 4.2.3). In the sample SU 

24-16, the proportion of Archean and Proterozoic zircons account for only 68% of the 

total zircon population. The Paleozoic component is 10% while the remaining 22% of the 

of the zircon population comprises Mesozoic and Cenozoic ages. The zircons from the 

sandstone SS 23-16 are in 75% of Archean and Proterozoic ages and in 16% of Paleozoic 

ages. The Mesozoic and Cenozoic zircons together make up the remaining 10%. In the 

Dagshai sample DG 26-16 the Archean and Proterozoic age component make 79% of the 

total zircon ages. The Paleozoic component constitute 7%, the Mesozoic and the 

Cenozoic zircons constitute 14% of the whole population. In all the samples from the 

Kuthar River section, the two most prominent peaks are seen between the age intervals 

of 500 to 600 Ma and between 800 to 1000 Ma (Fig. 4.2.3). The third major peak is 

defined by 60-200 Ma old zircons but it is very weak in sample SU 37-17. In addition, 

several minor peaks between 1000 and 2000 Ma are seen. It is important to note that in 

all the samples from this section there is little or no presence of the Paleoproterozoic peak 

between 1600 and 2000 Ma. 
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Fig. 4.2.3 Sedimentary log and Kernel Density Estimate (KDE) plots of the detrital zircon U-Pb ages of the 

samples from the Kuthar River section. Pie plots on the right show distribution of the age population. KDE 

plots at the bottom are reference zircon spectra of the major Himalayan domains and Transhimalayan 

domains compiled from several sources referred in Fig. 2.6 
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Rare earth elements  

Spider plot of the Rare Earth Elements (REE) are shown in Fig 4.2.4. All the 

samples from the Kuthar section resemble the continental crust. The REE pattern of the 

two marine samples SU 37-17 and SU 24-16 are different from each other. SU 24-17 is 

relatively depleted in light rare earth element (LREE) compared to SU 37-17 and the main 

Himalayan domains. The transition sandstone SS 23-16 and the Dagshai Formation 

sample DG 26-16 show depleted REE pattern compared to the average upper crust and 

the Himalayan domain (Fig 4.2.4). 

 

Fig. 4.2.4 Rare earth elements (REE) spider plots of the samples from the Kuthar river section normalised 

to the Upper Continental Crust (normalising values from Rudnick and Gao, 2003). Reference REE spider 

plots of the major Himalayan domains are shown (HH=Higher Himalayan Crystalline sequence in red, LH= 

Lesser Himalayan sequence in yellow and THS= Tethyan Himalayan sequence in orange). 

 

Sr-Nd-Hf Isotope Geochemistry 

Strontium ratios of the Subathu samples SU 37-17 and SU 24-16 are 0.71254 and 

0.70923, respectively (Fig 4.2.5 and Table 4.2.2). The 87Sr/86Sr ratio the White Sandstone 

sample SS 23-16 is 0.70978 and that of the Dagshai Formation sandstone DG 26-16 is 

0.71056. The 143Nd/144Nd ratio of Subathu samples SU 37-17 and SU 24-16 are 0.51214 

and 0.51216. White Sandstone have 143Nd/144Nd ratio of 0.51210 and Dagshai sample DG 
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26-16 have value 0.51219. The 176Hf/177Hf ratios range between 0.2824 and 0.2826 (Fig 

4.2.5). Data are summarised in Table 4.2.2 and plotted in Fig. 4.2.5 

 

Fig. 4.2.5 Plots of Sr-Nd-Hf isotopic ratios of the samples of the Subathu Formation, White Sandstones and 

the Dagshai Formation. a) Sr concentration vs 87Sr/86Sr, b) 87Rb/86Sr vs 87Sr/86Sr, c) Nd concentration vs 
143Nd/144Nd, d) 147Sm/144Nd vs 143Nd/144Nd, e) Hf concentration vs 176Hf/177Hf plots and f)176Lu/177Hf vs 
176Hf/177Hf. 

 

Chakki More Section 

The second section exposing the transition from the marine to continental deposits 

was investigated along the Koshaliya River valley (Fig. 4.2.6). The results of field 

observations are documented in Fig. 4.2.7. 
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In this location, the marine deposits are more than 50 meters thick (Fig. 4.2.7). The bottom 

part of the sequence begins with black shale of about two meters (Fig. 4.2.7) thick 

showing leafy cleavage. The black shale is followed by a sequence of dark grey shale that 

shows blocky to scaly foliation. Towards the top of this sequence, the shale is interbedded 

with siltstones and sandstone beds. The sandstone beds have sharp bases and contain 

ripple lamination. The thickness of individual beds varies from 5 to 80 cm and the grains 

size in each bed coarsens upwards. Near the top of the sequence some of the sandstone 

beds amalgamate. This part of the sedimentary sequence corresponds to high energy 

turbiditic environment likely representing the outer shelf. The sandstones grain size varies 

from very fine to fine and some beds show ripple lamination. The upper part of the section 

is five meters thick dominantly composed of a shale sequence that contains intermittent 

siltstone and bioclastic wackestone (limestone) beds of 2-3 cm thickness. The siltstones 

beds are locally bioturbated. 

 

Fig 4.2.6 Geological map of the Subathu basin near Chakki More village. Red circle shows location of the 

studied section (map after Kumar and Loyal 2006). 
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Fig. 4.2.7 Sedimentary log and Kernel Density Estimate (KDE) of the detrital zircon U-Pb ages of the 

samples from Chakki-More section. Pie plots on the right show distribution of the age population. KDE 

plots at the bottom are reference zircon spectra of the major Himalayan domains (for legend see Fig. 4.2.3). 

 

The next 30 m sedimentary section consists of coarse black shale which show a 

coarsening-up sequence. The bioclasts are seen to be present and are granular in size. The 

thicker beds show hummocky cross-stratification indicating sediments deposited in lower 

shoreface-inner shelf setting. This shale sequence is overlain by a red siltstone bed of 

about 10 m thick. The lower part of this facies includes purple/red shale that grades 

upwards to siltstone. It signifies more oxic depositional setting. The depositional 

condition of this facies depicts fluctuation between marine-continental environments 

(Singh 1978, Bera et al., 2008). This red mudstone-silstone facies is overlain by a 

quartzose White Sandstone bed (Fig. 4.2.8) followed by the continental deposits of the 

Dagshai Formation. The sedimentary facies of the Dagshai formation is interpreted as 
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shallow near shore to tidal flat environment (Najman and Garzanti 2000, Raivermaan and 

Raman 1971, Singh 1978).  

 

   

 

U-Pb Geochronology 

Six samples were collected from the Chakki More section comprising one shale, 

two siltstones and 3 sandstones. Their stratigraphic positions are marked in Fig. 4.2.7. 

Three samples were collected from the Subathu Formation (SU 30-17, SU 28-17 and SU 

9-16). The shale sample SU 28-17 and the siltstone sample SU 30-17 were collected from 

the lower part of the section representing the shelf facies. SU 9-16 was collected from the 

red siltstone bed located about 30 m the shale sequence from where SU 28-17 was 

sampled. WS 8-16 and WS 10-16 were collected from the white transition sandstone, 

while DG 29-13 was collected from the Dagshai Formation, stratigraphically, about 150 

m higher. The fine grain size of the siltstone (SU 30-17) and the shale (SU 28-17)  where 

72 and 88 zircon grains were obtained respectively. Four sandstone samples yielded about 

102-108 grains. 

The lowermost sample SU 30-17 of this section shows prominent age peaks 

between 500 and 600 Ma, and between 1600 and 2000 Ma (Fig 4.2.7). The 

Paleoproterozoic peak (1600 to 2000 Ma) completely disappears in all younger 

sediments, where major peaks group between 500 and 600 Ma and between 800 - 1000 

Ma (Fig. 4.2.7). In the sample SU 30-17, 94% of the zircons is Proterozoic age (Fig. 

4.2.7). No Archaen zircons were found. In sample SU 28-17, Proterozoic zircons 

constitute 82% and 11% is formed by the Archean zircons. In both samples Palaeozoic 

Fig. 4.2.8 The shoreface White 

Sandstone (exposed under the 

bridge) of the Chakki More 

marine-continental transition 

section. 

 



60 
 

age component constitute only 6 to 7% (Fig 4.2.7). The Archean and Proterozoic zircons 

in SU 9-16 constitute 74% of the studied population while the Palaeozoic ages are found 

in 20% of the population. Mesozoic and Cenozoic ages constitute the remaining 6% of 

zircons. Archean, Proterozoic and Paleozoic age component in the two white sandstones 

and the Dagshai sample are present in very similar proportion: WS 8-16 (Archean 6%, 

Proterozoic 88%, Paleozoic 6%), WS 10-16 (Archean 5%, Proterozoic 88%, Paleozoic 

9%) and in DG 29-13 (Archean 6%, Proterozoic 87%, Paleozoic 7%). 

 

Rare earth elements 

The REE spider plots normalized to the upper continental crust (UCC) values are 

plotted in Fig. 4.2.9. Nearly all samples follow general REE trend typical of the UCC 

similar to the main Himalayan domains. The red siltstone of the Subathu Formation (SU 

9-16) and the one White Sandstone (WS 8-16) show slightly depleted REE with respect 

to UCC and the Himalayan domains. 

 

        

Fig. 4.2.9 Rare earth elements (REE) spider plots of the samples from the Chakki More section normalised 

to the Upper Continental Crust (after Rudnick and Gao, 2003). Reference REE spider plots of the major 

Himalayan domains are shown (HH=Higher Himalayan Crystalline sequence in red, LH= Lesser 

Himalayan sequence in yellow and THS= Tethyan Himalayan sequence in orange). 
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Sr-Nd-Hf Isotope Geochemistry 

The strontium ratios in the studied section range between 0.7099 and 0.7524 (Fig. 

4.2.5 and Table 4.2.2). Strontium ratios of the two Subathu samples SU 30-17 and SU 

28-17 collected from the lower part of the section are 0.70965 and 0.71506 respectively. 

The 87Sr/86Sr ratio of the Subathu sample SU 9-16 from the red siltstone bed is 0.72393. 

The 87Sr/86Sr ratios of the two White Sandstone samples WS 8-16 and WS 10-16 are 

0.71475 and 0.73618 respectively. The Dagshai sandstone sample DG 29-13 shows 

87Sr/86Sr ratio of 0.75244 (Fig 4.2.5a). The 143Nd/144Nd ratios of the Subathu samples SU 

30-17 and SU 28-17 are 0.51219 and 0.51213 respectively (Fig 4.2.5c). The Neodymium 

ratio of the Subathu sample SU 9-16 is 0.51177. The 143Nd/144Nd ratios of the two White 

Sandstone samples show a narrow range between 0.51188 and 0.51181. The Dagshai 

sample has 143Nd/144Nd ratio  0.51181. The two Subathu samples SU 30-17 and SU 28-

17 show relatively higher radiogenic 176Hf/177Hf ratio of 0.28259 and 0.28264 compared 

to SU 9-16 which shows 176Hf/177Hf ratio of 0.28210. The overlying two White Sandstone 

samples show 176Hf/177Hf ratios range between 0.28221 and 0.28231. The Dagshai sample 

DG 29-13 shows 176Hf/177Hf ratio of 0.28241  (Fig 4.2.5e and Table 4.2.2). 

Kamli Bridge Section 

 

Fig. 4.2.10 Geological map of the Subathu basin near Kamli Bridge. Red circle marks study site location 

(map after Kumar and Loyal 2006). 
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The third section exposing marine to continental deposits transition is located at 

Kamli Bridge on the Koshaliya River (Fig. 4.2.10). This section is located about 4 km 

southwest of the Chakki-More section described below. The sequence is schematically 

presented in Fig. 4.2.11. Starting from the oldest part, the section begins with a 200 m 

thick grey shale of the Subathu Formation that is overlain by a quartzose transition White 

Sandstone (Fig 4.2.12a). This white sandstone layer bed is about 15 m thick and is 

overlain by purple-brown sandstones of the Dagshai Formation (Fig 4.2.12b).  

 

Fig. 4.2.11 Sedimentary log and Kernel Density Estimate plots of detrital zircon U-Pb ages of the samples 

from the Kamli Bridge section. Pie plots on the right panel shows proportional distribution of the detrital 

zircon population. Bottom panel shows reference zircon spectra of the major Himalayan domains. For 

legend see Fig 4.2.3. 
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The boundary between the White Sandstone and the underlying shale of the Subathu 

Formation is characterised by an erosive surface indicating a possible depositional hiatus 

(Fig 4.2.12b). The White Sandstone bed is overlain by the purple-brown sandstones of 

the Dagshai formation and are interlayered with paleosols of 20-30 cm thick (Fig. 4.2.11). 

 

 

 

U-Pb Geochronology 

Four samples were collected from the Kamli bridge section including one shale 

from the Subathu Formation (SU 33-17), two samples from the transitional White 

Sandstone bed (WS 20-17 and WS 21-17) and one sandstone from the overlying Dagshai 

Formation (DG 32-17). Their respective locations are marked in Fig. 4.2.11. No zircon 

was recovered from the Subathu shale (SU 33-17) while over 100 grains were obtained 

from each of the three sandstone samples (Fig. 4.2.11). Major age peaks in all the three 

samples fall between the age interval of 500 and 600 Ma, and between 800 and 1000 Ma. 

The two transition White Sandstone samples show similar zircon age spectra. Archean 

ages constitute 4-7%, Proterozoic ages make 81-85% and Paleozoic grains constitute 7-

9% of the whole population (Fig. 4.2.11). The Mesozoic and Cenozoic age grains in the 

sample WS 20-17 contribute about 3% of the total zircon population. Sample DG 32-17 

shows almost identical zircon age spectrum like WS 21-17 (Fig. 4.2.11).  

Rare earth elements  

Fig. 4.2.12 Photographs documenting transition from the marine Subathu Formation through transitional 

white sandstone to dominantly continental Dagshai Formation deposits at the Kamli Bridge. a) Lower 

surface of the white sandstone in contact with grey shale of the Subathu Formation. The white sandstone 

appears to have an erosive contact with the underlying Subathu shale. b) Upper surface of the White 

Sandstone with overlying purple-brown Dagshai sandstone. Yellow lines mark the contact between the 

adjacent units. 
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The samples from the Kamli section show similar REE pattern like the other 

transition sections presented above. All four samples show REE trends resembling the 

major Himalayan domains (Fig. 4.2.13). The Subathu sample shows heavy rare earth 

elements (HREE) trend similar to the THS while the REE from La to Nd are depleted 

compared to the average upper crustal values and that of the Himalayan domains. The 

two transition sandstones and the Dagshai samples show depleted REE trend compared 

to the upper crust and all the Himalayan domains. 

        

Fig. 4.2.13 Rare earth elements (REE) spider plots of the samples from the the Kamli bridge section 

normalised to Upper Continental Crust (after Rudnick and Gao, 2003). Reference REE spider plots of the 

major Himalayan domains are shown (HH=Higher Himalayan Crystalline sequence in red, LH= Lesser 

Himalayan sequence in yellow and THS= Tethyan Himalayan sequence in orange). 

 

Sr-Nd-Hf Isotope Geochemistry 

The Subathu sample SU 33-17 gave 87Sr/86Sr ratio of 0.70937 (Fig. 4.2.5 and 

Table 4.2.2). The 87Sr/86Sr ratio of the two White Sandstone samples WS 20-17 and WS 

21-17 are 0.72485 and 0.73333 respectively, and the 87Sr/86Sr ratio of the Dagshai 

Formation sandstone DG 32-17 is 0.73016. The 143Nd/144Nd ratio of SU 33-17 is 0.51217. 

The white sandstones (WS 20-17 and WS 21-17) have very similar 143Nd/144Nd ratios of 

0.51176 and 0.51178.  The Dagshai sample (DG 32-17) shows 143Nd/144Nd ratio of 

0.51178.   176Hf/177Hf ratio of all the four samples range between 0.28199 and 0.28240. 
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Dagshai Formation 

The locations exposing Subathu formation or transition from the Subathu to 

Dagshai Formation are rare. Much more common are exposures of the Dagshai Formation 

detached from the underlying white sandstone or the underlying marine deposits. Thus, 

except for studying the Dagshai deposits in the so called “transitional” sections described 

above, we investigated early continental deposits of the Dagshai unit in three additional 

locations marked in Fig. 3 and described below. 

The sample DG 11-13 was collected from the eastern part of the basin. The other two 

samples are from the western part of the basin: DG 33-13 was collected along the Kalka-

Shimla Highway and DG 6-17 was collected in Nayanagar (Fig. 3). The exposures of the 

Dagshai Formation look very similar across the entire Subathu basin. The lithology where 

these additional samples were collected is characterised by alternating sequence of the 

mudstone and sandstone beds. The rocks are typically red or maroon in colour 

representing oxidising environment. The alternating sandstone and mudstone units 

represent river channel sands and flood plain environment (Fig. 4.2.14). 
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Fig 4.2.14 a) Exposure of the typical lithology of the Dagshai Formation. b) Close up of the Dagshai 

Formation showing alternating sandstone and mudstone signifying river channel and flood plain 

depositional environment. 

U-Pb Geochronology 

Detrital zircon ages of the three additional Dagshai samples are shown in Fig. 

4.2.15 along with the three samples from the previously described sections depicting the 

transition between the Subathu and Dagshai Formations. The samples DG 11-13, DG 33-

13 and DG 6-17 show two dominant peaks between 500 and 600 Ma as well as 800 and 

1000 Ma. The intensity of the older peak (800 - 1000 Ma) is smaller in DG 6-17 than in 

the other two samples. The sample DG 6-17 from the northwestern part of the basin shows 

several smaller peaks between 1000 and 2000 Ma. These aforementioned minor peaks 

are also present in DG 26-16 collected about 2 km northwest of DG 6-17 (Fig. 4.2.15). 

Additionally, DG 6-17 also contains Mesozoic and Cenozoic grains like DG 26-16, which 

constitute about 13% of the total zircon population. In the samples DG 11-13 and DG 33-
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13, each of the component corresponding to Archean and Paleozoic age contribute less 

than 10% of the total population. The Archean component is about 6% and 5%, 

respectively. The Proterozoic ages in these samples are dominant and constitute 85-89% 

of the total zircon population. The Paleozoic ages contribute 5 to 8%. 

 

 

Fig. 4.2.15 Kernel Density Estimate plots of the detrital zircon U-Pb ages of the Dagshai Formation 

samples. Pie plots on the right panel show proportional distribution of the detrital zircon population. Zircon 

spectra of the Himalayan sources compiled from Cawood et al., 2007; Gehrels et al., 2011; Mandal et al., 

2015; Spencer et al., 2012; Webb et al., 2011). Transhimalayan domains compiled from Bosch et al., 2011; 

Bouilhol et al., 2013; DeCelles et al., 2011; Jagoutz et al., 2009; Krol et al., 1996; Ravikant et al., 2009; 

Schärer et al., 1984; Singh et al., 2007; St-Onge et al., 2010; Upadhyay et al., 2008; Wang et al.,2012; 

White et al., 2011; Zhang et al., 2011) 
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Rare earth elements  

The spider plot of the REE of the three additional Dagshai samples (DG 6-17, DG 

33-13 and DG 11-13) are similar to the major Himalayan domains (Fig. 4.2.16). DG 33-

13 and DG 11-13 have very similar REE trends while DG 6-17 shows slightly depleted 

trend relatively to the Upper Continental Crust. DG 6-17 show very similar REE pattern 

to Lesser Himalaya. 

 

Fig 4.2.16 Rare earth elements (REE) spider plots of the samples from the Dagshai Formation normalised 

to the Upper Continental Crust (normalising values from Rudnick and Gao, 2003). Reference REE spider 

plots of the major Himalayan domains are shown (HH=Higher Himalayan Crystalline sequence in red, LH= 

Lesser Himalayan sequence in yellow and THS= Tethyan Himalayan sequence in orange). 

 

 

 



69 
 

Sr-Nd-Hf Isotope geochemistry 

The 87Sr/86Sr ratios of the three additional Dagshai samples DG 11-13, DG 33-13 

and DG 6-17 are 0.76718, 0.74770 and 0.71613 respectively. The 143Nd/144Nd ratio in 

these sample are 0.51183, 0.51190 and 0.51194 respectively.  The 176Hf/177Hf ratios of 

the samples range between 0.28206 and 0.28231 (Fig 4.2.5e and Table 4.2.2). 

 

Kasauli Formation 

The Kasauli Formation is the youngest unit of the pre-Siwalik sequence and is 

composed of several tens of meter thick greenish and grey sandstones (Fig. 4.2.17). The 

Kasauli Formation is exposed in the southern and central sector of the study area. Four 

sandstone samples were collected for U-Pb geochronology and geochemical analysis 

(Fig. 3). 

 

 

 

U-Pb geochronology 

The zircon spectra of the Kasauli Formation are almost identical to those of the Dagshai 

Formation and show complete absence of the Mesozoic and Cenozoic ages (Fig. 4.2.18). 

The dominant peaks are defined by 500-600 Ma, 800-1000 Ma and 2400-2600 Ma ages. 

Additionally, in samples KA 33-16 and KA 19-17 a minor peak around 1800 Ma can be 

seen. The intensity of the peaks at 500-600 Ma and at 2400-2600 Ma vary among the 

samples while the intensity of the 800-1000 Ma peak remains similar. 

Fig. 4.2.17 Exposure of Kasauli Formation greenish-grey, 

multistorey sandstone beds along the Nahan Dagshai highway. 
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Fig. 4.2.18 Kernel Density Estimate plots of the detrital zircon U-Pb ages of the Kasauli Formation samples. 

Pie plots on the right panel show proportional distribution of the detrital zircon population.  

 

 

Rare earth elements  

Rare earth element trends of the Kasauli samples resemble upper continental crust 

and in contrast to the samples from other formations, these samples show significantly 

smaller internal variability in the REE pattern.  The REE trends of the Kasauli samples 

also coincide with the REE trend of the THS and HHCS indicating that these two domains 

are likely the sources of the Kasauli sediments (Fig. 4.2.19). All the Kasauli Formation 

samples show enrichment of HREE relative to LREE likely due to the contribution from 

the garnet bearing source of the HHCS. 
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Fig. 4.2.19 Rare earth elements (REE) spider plots of the samples from the Kasauli Formation normalised 

to the Upper Continental Crust (normalising values from Rudnick and Gao, 2003). Reference REE spider 

plots of the major Himalayan domains are shown (HH=Higher Himalayan Crystalline sequence in red, LH= 

Lesser Himalayan sequence in yellow and THS= Tethyan Himalayan sequence in orange). 

 

Sr-Nd-Hf Isotope geochemistry  

The 87Sr/86Sr ratios of the Kasauli samples range between 0.75131 and 0.75508. 

Neodymium and Hafnium isotopic ratios of the all the Kasauli Formation samples fall 

within narrow ranges compared to the Sr isotope values. The 143Nd/144Nd ratio of the 

Kasauli Formation range between 0.51187 and 0.51190 while 176Hf/177Hf ratios in the 

Kasauli Formation samples range between 0.28228 and 0.28233. (Fig. 4.2.20 and Table 

4.2.2).  
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Fig 4.2.20 Plots of Sr-Nd-Hf isotopic ratios of the samples of the Kasauli samples with the samples from 

Subathu Formation, White Sandstones and the Dagshai Formation. a) Sr concentration vs 87Sr/86Sr, b) 
87Rb/86Sr vs 87Sr/86Sr, c) Nd concentration vs 143Nd/144Nd, d) 147Sm/144Nd vs 143Nd/144Nd, e) Hf 

concentration vs 176Hf/177Hf plots, f)176Lu/177Hf vs 176Hf/177Hf. 

 

Discussion 

Determination of the detritus source region(s) is made by the identification of the 

geological domains capable of providing zircons identified in the sedimentary rocks. 

Additionally, isotopic and geochemical contrasts of different domains support the detrital 

zircon analyses. Below we present analyses of the KDE obtained for the foreland basin 

deposits with the KDE reference plots constructed for the potential source regions. 
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Detrital zircon geochronology 

In the Kuthar river section the sample SU 37-17, representing the deepest part of 

the studied marine sequence, shows detrital zircon signature similar to the THS with 

possibly some contribution from the OLH as indicated by the presence of 1800 Ma 

zircons. The strata represented by the SU 37-17 possibly represents the detritus from the 

pre-collisional continental shelf of the Indian passive margin composed of the Paleo to 

Neoproterozoic rocks. There is also a weak signal, represented by just two zircon crystals, 

at ca 86 and 118 Ma typical of the Transhimalayan batholith source. Higher up, both in 

the marine Subathu sequence and continental Dagshai Formation, all samples show 

similar zircon ages distribution to that described above. The differences are confined to 

higher intensity of the young Transhimalayan zircons and higher intensity of about 2500 

Ma zircons present in all major Himalayan source regions. These KDE spectra show that, 

although the Indian passive margin sources (THS and possibly also OLH) still dominate, 

there is significant detritus delivery from the southern margin of the Eurasia represented 

by the zircons derived from the calc-alkaline batholiths. Comparison of these ages with 

the reference data available for the Transhimalayan domains suggests that the Gangdese, 

Ladakh and Kohistan batholiths are the likely sources (Fig. 4.2.22) of the young zircons 

deposited during Paleocene and Oligocene. 

In the Chakki More section, the lowermost sample SU 30-17 representing the deep 

marine outer shelf deposits shows the presence of the Paleoproterozoic zircons reflecting 

sediment supply from the Indian margin. Stratigraphically higher up in the section, 

sample SU 28-17 shows two characteristic peaks of 500-600 Ma and 900-1000 Ma 

suggesting that the detritus was at least partially also derived from the THS. The younger 

deposits representing the topmost Subathu Formation and the Dagshai Formation show 

very similar KDEs pointing to the analogous sources. The only significant exception is 

the presence of small young peak of about 108 Ma in the SU 9-16 sample, again, marking 

the delivery of the youngest zircons from the Transhimalayan Batholith. 

Colleps et al., (2020) also carried out sampling of the Chakki More section. 

Samples collected from this study with the samples from Colleps et al., (2020) were 

compiled in the stratigraphic order in figure 4.2.21. The zircon KDE spectra of Colleps 

et al. (2020) are almost the same as obtained in this study but show more significant 

transport from the Transhimalaya in the middle part of the Subathu Formation. 

Altogether, the earliest deposits of the Subathu Formation in the Chakki More section do 
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not show any presence of the sediments from the Eurasian domains, which becomes 

significant higher up in the stratigraphic profile. Importantly, the Transhimalayan source 

is minor or disappears in the topmost Subathu deposits and in the dominantly continental 

Dagshai Formation sediments. 

 Ravikant et al., (2011) collected three samples representing Subathu Formation 

from other locations, not exposing continuity from marine to continental style 

sedimentation. Their location rather represented tectonically isolated slices of Subathu 

Fm. rocks. Their detrital zircon geochronology data does not bear any record of zircons 

< 200 Ma. They argued that the sediments of the Subathu Formation were only derived 

from the Tethyan Himalayan Sequence and that no detritus was derived from the Indus 

Suture Zone or sources to the north of it. Zircon ages ranging between 60 and 130 Ma Ma 

seen in this study and the study of Colleps et. al. (2020) proves the interpretation of 

Ravikant et al. (2011) incomplete due to sampling of very specific locations. 

In the Kamli Bridge section, we did not find any zircons in the samples from the 

Subathu Fm. rocks. The white sandstone samples (WS 20-17 and WS 21-17) and the 

overlying Dagshai Formation sample (DG 32-17) show nearly identical detrital zircon 

KDE spectra to Chakki More section (Fig 4.2.21). Consequently, THS is the major source 

of detrital material during the deposition of these strata. In sandstone WS 20-17 we also 

find few Transhimalayan batholith derived zircons pointing to the presence of the weak 

connection of the Eurasian domain with the remnant paleo-Tethys Ocean. 

Figure 4.2.15 shows the compilation of all analysed early continental Dagshai 

Formation sediments. The compilation shows that only two samples, located near each 

other (vicinity of Kuthar village) show prominent peak of ca 108 Ma documenting detritus 

delivery from the Transhimlayan batholith region. The lack of this signal in other samples 

possibly reflects along strike variations related to the river drainage system rather than 

stratigraphic/time related changes in the supply of the young zircons. Earlier works 

(Ravikant et al., 2011, Najman and Garzanti 2000) assume that during the deposition of 

the Dagshai Formation, the Himalaya formed a complete physiographic barrier which 

prevented transport of detritus to foreland basin from the Indus suture and the Eurasian 

margin. Our data demonstrates, that at least locally, but possibly also episodically, the 

transport from the Eurasian domain to the foreland basin was very important. 
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Fig. 4.2.21 Comparison of the detrital zircon signature of the three marine-continental transition section investigated in this study. Samples and zircon spectra  from Colleps et 

al (2020)  are labelled in red.   87Sr/86Sr ratios,  εNd0 and εHf0  values of the samples analysed for zircon geochronology are given in red, blue and green respectively.
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Detrital zircons constraints on timing of the Himalayan collision 

Provenance studies of the Subathu sediments by means of detrital zircon 

geochronology have been conducted earlier also in the context of constraining timing of the 

India-Asia collision (Ravikant et al., 2011; Colleps et al., 2020). However, identification of 

the foreland succession that would preserve the sedimentary record of the collision event 

appeared problematic. Firstly, the heavily tectonised slices of the foreland basin rocks posed 

difficulty in achieving good stratigraphic control of the deposition of the foreland sequence. 

Secondly, the nature of sampling performed in the earlier studies either focused on samples 

from sporadic locations of the Subathu basin (Ravikant et al., 2011) or sampling was limited 

to one section (Colleps et al., 2020). These obstacles were diminished in this study by dense 

and systematic sampling in three sedimentary sequences that well preserved the changeover 

from the marine to continental depositional environment. Observations from the U-Pb detrital 

zircon geochronology from the Kuthar river and Chakki More section allow the following 

inferences: i) The samples collected from the deepest level of the marine sediments, possibly 

deposited in a distant continental shelf setting, received the detritus primarily from the Indian 

continent. ii) The Subathu Fm. samples located at stratigraphically higher levels, deposited 

in a shallow marine setting, obtained the detritus from the north, mainly from the Tethyan 

Himalayan Sequence with some contribution from the Indian passive margin. The most 

interesting from the perspective of defining timing of the collisional process is the youngest 

age population. In the Subathu Formation the youngest concordant zircons range between 

63.6 – 59.7 Ma (7 ages, refer Fig. 4.2.21 and Appendix II U-Pb geochronology data) and 

suggest that the basin received detritus from the southern Eurasian margin while the marine 

environment still prevailed. The fact that the studied sections depict the transition from 

marine to continental environment, initial collision is expected to be earlier than this time. 

Thus, the youngest zircons obtained in the Subathu Formation deposits provide the minimum 

age for the initiation of the continental collision in the Himachal Pradesh region. Considering 

that the environment was shallow marine, the 60 Ma zircon ages probably well approximate 

the time of the final closure of the Tethyan Ocean. The timing of collision proposed in this 

study roughly coincides with the estimates of minimum collision time obtained from the 
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foreland basin of Pakistan between 56-55 Ma (Ding et al., 2016) and from the Indus suture 

zone between 59-54 Ma  (Hu et al., 2016; Najman et al., 2017, 2010). 

 

           

Fig. 4.2.22 KDE plot of the zircon spectra showing ages < 200 Ma of the marine-continental transition samples. 

In the lower panel reference zircon spectra of the two probable Transhimalayan sources i.e Gangdese batholith 

(in orange) and Ladakh-Kohistan batholith (in blue). 
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Fig. 4.2.23 a) Plots of 87Sr/86Sr vs εNd0 of the pre-Siwalik samples compared to different source regions 

(reference values of the THS, HCS, OLH and ILH compiled from Mandal et al., 2019; for Ladakh and Gangdese 

Batholith from Bouilhol et al., 2013; Ma et al., 2013; Wang et al., 2015). b) εNd0 vs εHf0 plot shows that the 

foreland samples fall on the terrestrial array. The samples plot in two clusters. White sandstone, Dagshai and 

Kasauli samples has comparable isotopic signature to the Higher Himalaya and Tethyan Himalaya. The Subathu 

samples and one Dagshai sample show closer affinity to the Transhimalayan batholith (THB) suggesting mixed 

contribution of the Himalayan and Transhimalayan sources. Nd and Hf isotope data for the source regions 

including river sediments from Nepal (in pink field) are compiled from (Garçon et al., 2013). εNd and εHf of 

mantle reservoirs compiled from Salters and White (1998). Epsilon values for the studied samples are calculated 

for present (details discussed in Chapter 3). 
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Sr-Nd-Hf Isotope Geochemistry 

The combined Sr-Nd-Hf isotopic diagrams presented in Fig. 4..2.23 seem more 

revealing and provide additional constraints on the origin of the early Subathu basin 

sediments. The isotopic ratios of the pre-Siwalik rocks analysed in this study were compared 

with the ratios typical of the main Himalayan domains and with the Transhimalaya (Fig 

4.2.23a and b). Five domains were considered: THS, HHCS, ILH, OLH and the 

Transhimalayan batholith (the Ladakh and Gangdese batholiths). Three out of four 

Himalayan domains (THS, HHCS, OLH) are isotopically similar which suggests that they 

are of the same protolith forming the northern margin of the Indian plate characterised by 

87Sr/86Sr ratios ranging between 0.76138 and 0.78699, 143Nd/144Nd ratios between 0.51184 

(Mandal et al., 2019) and 0.51186 and 176Hf/177Hf ratios between 0.28114 and 0.28247 

(Garcon et al., 2013). These domains are commonly correlated with the Neoproterozoic to 

Cambrian in age sediments. The fourth Himalayan domain (ILH) is characterised by much 

less radiogenic 143Nd/144Nd and more radiogenic 87Sr/86Sr, although the latter values show 

small overlap with the domains described above. The ILH protolith is correlated with older 

Paleoproterozoic and Mesoproterozoic Indian margin sediments with some Paleoproterozoic 

basement granite gneisses. The fifth domain represented by the Ladakh and the Gangdese 

batholiths have 87Sr/86Sr ratios ranging between 0.7038 and 0.7074 and 143Nd/144Nd ratios 

ranging between 0.51232 and 0.51282 (Bouilhol et al., 2013; Ma et al., 2013; Wang et al., 

2015). 

The lower parts of all the sections exposing transition from the marine to continental 

sedimentation show relatively high radiogenic 143Nd/144Nd ratio while the upper part of the 

section representing more continental facies sediments show less radiogenic 143Nd/144Nd 

ratios. All the samples from the Subathu Formation except SU 9-16 lie on a mixing line with 

the THS and the Gangdese batholith of the Transhimalayan domain as two endmembers (Fig. 

4.2.23a). The latter sample shows more radiogenic Sr isotope ratio and less radiogenic Nd 

isotope ratio compared to the other Subathu Formation samples. The anomalous Sr-Nd 

isotope signature of this sample correlates with its petrography (Fig. 4.2.21). It represents 

thick sandstone layer directly below the White Sandstone and it shows isotopic signature 

within the range typical of the White Sandstone layers (Fig. 4.2.23a). The more radiogenic 
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Subathu Fm. rocks reflect relatively high amount of the detritus derived from the 

Transhimalayan batholith. In the SU 9-16 this source is less significant. However, the latter 

sample still contains some detritus from the batholith as indicated by the presence of the 

young < 120 Ma zircons in the KDE spectra (Fig. 4.2.21).  

The Dagshai Formation samples show the largest Sr-Nd-Hf isotopic variations among 

all three pre-Siwalik sedimenatary formations. Sample DG 26-16 is indistinguishable from 

the main group of the Subathu samples (Fig. 4.2.23). Its composition is naturally due to 

exceptionally high detritus delivery from the Transhimalaya as supported by the presence of 

the very pronounced young zircon peak ( <120 Ma) in the KDE spectra. Relatively high input 

from the same source is also found in the sample DG 6-17 also showing large amount of 

Transhimalayan zircons. In the case of the latter sample, however, contribution from the THS 

seems dominating in the Sr-Nd isotopic signature. The remaining four samples of the Dagshai 

Formation show isotopic values that is similar to THS and HHCS (Fig 4.2.23). The samples 

are not considered to be derived from the HHCS source as the uplift of the HHCS did not 

initiate during the deposition of the Daghsai Formation. This fact is illustrated by the absence 

of the typical zircon age peaks of 480 and 800 Ma of the HHCS (Fig 4.2.15). As these samples 

only show detrital zircon ages analogous to THS  they are correlated primarily with the THS 

source. The youngest pre-Siwalik sediments represented by the four samples of the Kasauli 

Fm. form isotopically the most coherent group of rocks and show Sr-Nd isotopic signature 

typical of the HHCS overlapping with the THS and OLH. However, based on the detrital 

zircon analyses, HHCS is almost certainly the main source of the detritus for this rock 

formation as also supported by the detrital zircon age distribution spectra. Importantly, none 

of the studied samples suggests the presence of any other detritus source. 

Conclusions drawn above on the basis of Sr-Nd isotope systematics are not precisely 

reproduced by the Nd-Hf isotopes (Fig. 4.2.23). While many samples fall on the terrestrial 

array suggesting typical mantle crust fractionation processes, numerous samples show 

“atypically” high 176Hf/177Hf ratios in comparison to the corresponding 143Nd/144Nd ratios. 

Clearly some decoupling of the two systems, locally, took place, which has long been 

observed in sedimentary environment (Chauvel et al., 2008; Vervoort et al., 2011). More 

radiogenic 176Hf/177Hf most likely reflects the higher content of fine fraction (clay fraction) 
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and depletion in zircons which are the main ‘non-radiogenic’ Hf carrier. Higher zircon 

content shifts 176Hf/177Hf below the Terrestrial Array. The degree of departure from the main 

trend in several studied samples is explained by the coarse/fine fractionation of the material 

transported to the basin by the rivers. Similarly, the two highly radiogenic shales from the 

Subathu Formation, most likely, reflect incongruent weathering of the continental crust. 

Subathu Formation. sandstone SU 9-16 described above as showing anomalous behaviour 

due to some difference in depositional environment, also in Nd-Hf isotope systematics shows 

strong departure from the remaining Subathu Formation rocks and is similar to White 

Sandstone deposits (Fig. 4.2.23b). Comparison of the studied samples with the typical 

Himalayan and Transhimalayan reservoirs reveals that, expectedly, rocks with higher input 

from the Gangese batholith have higher 143Nd/144Nd and 176Hf/177Hf values. The DG26-16 

Dagshai sample also belongs to this group. The remaining Dagshai samples, as in Sr-Nd 

isotope plot, show wide range of values but depart from the preferred provenance inferred on 

the basis of zircon age distribution and Sr-Nd isotopes as THS. As a matter of fact, about half 

of the samples plot on the edge or above the HHCS field. Due to the Nd-Hf fractionation 

processes mentioned above, this diagram is treated less reliable in discriminating sediments 

provenance region than the Sr-Nd system.  

The Sr-Nd isotopes of the samples from the marine-continental transition analysed in 

this study fall closely with the sample previous studies of Najman et al., (2000) and Bera et 

al., (2010)  show very similar characteristics (Fig 4.2.24).  



82 
 

           

 

Fig. 4.2.24 Plots of 87Sr/86Sr vs εNd of the marine-continental transition in comparison to different source 

regions of the Himalaya (reference values from Mandal et al., 2019. The Subathu, White Sandstone, and the 

Dagshai Formation samples from this study are compared to that of Najman et al., (2000) and Bera et al., (2008). 
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signals seems to continue to be present in the younger strata depicting transition from marine 

to continental depositional environment. The signals are also present in some of the 

continental Dagshai deposits that succeeds the transition. The most interesting observation 

seen in this study indicates that the Transhimalayan peaks show both episodic presence and 

fluctuation in the peak intensity. This episodic presence of the Transhimalayan signal in the 

Subathu-Dagshai transition suggests that the foreland was possibly connected to the 

hinterland i.e. the southern margin of Eurasia. The fluctuation of the Transhimalayan signal 

seen in the studied sedimentary sections of the marine to continental facies transition is likely 

associated with temporal changes of provenance either by the change of river course that 

connected the Transhimalaya with the foreland or by the formation of a tectonic barrier that 

obstructed the delivery of Transhimalayan detritus to the foreland basin. 

Provenance analysis of the Dagshai Formation samples indicates that the Tethyan 

Himalayan Sequence serve as the major source of detritus like in the case of the older deposits 

of the Subathu Formation. In addition, the Dagshai samples collected from the Western part 

of the basin record the presence of the Transhimalayan signal that is not seen in other Dagshai 

samples located to the east (Fig. 3). This is possibly due to spatial variation of depositional 

environment along the strike of the basin. 

The youngest stratigraphic unit of the pre-Siwalik sequence i.e. the Kasauli 

Formation do not record any Transhimalayan peak (Fig. 4.2.18). The detrital zircon record 

indicates dominance of Higher Himalayan Crystalline Sequence signal. It can be inferred that 

during the deposition of the Kasauli Formation, the Subathu Foreland got isolated from the 

Transhimalayan domain (hinterland) due to the rapid uplift of the HHCS during Miocene that 

formed a barrier for any fluvial transport of the detritus across the Himalaya. 

The zircon ages between 63 and 59 Ma recorded in the Kuthar river and Chakki-More 

sections interpreted as derived from the Transhimalayan, Asian margin along with the fast 

convergence rates of the colliding plates, suggests that the marine sedimentation finished 

shortly after that time, which approximates the India-Asia collision time. The zircon 

geochronology data elucidating the presence of Transhimalyan detritus (Fig. 4.2.22) is also 

supported by the Sr-Nd isotopic constrains on bulk rock (Fig 4.2.23). In the same samples 

where the Transhimalayan zircons are present, the Sr-Nd isotopic character reflects a mixing 
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of a more juvenile source (the Tranhimalayan batholith) with the old continental crust 

(dominantly from the THS with minor OLH). 

There are two neighbouring foreland basins, where transition from marine to 

terrestrial sedimentation have been recorded, are in Nepal and Pakistan to the east to the west 

of the studied area respectively (Fig 2.4). Sedimentary provenance of the investigated area 

based on detrital zircon ages are compared with that of these two neighbouring areas to 

discern a time constraint of the collisional event in the western Himalaya.  

Except for Himachal Pradesh region, in Nepal and in Pakistan the sedimentary 

sequences of the foreland basins preserve the transition from marine to the terrestrial facies 

(Fig. 2.4). In Nepal, the marine Bhainskati Formation is followed by the continental Dumri 

Formation (Sakai 1983).  Based on detrital zircon fission track the stratigraphic age of the 

Bhainskati Formation is constrainted between 60 and 45 Ma and is considered to be coeval 

of the Subathu Formation (Najman et al., 2005). The Dumri Formation was dated at 30 Ma 

by DZFT as considered to be equivalent of the Dagshai Formation. Detrital zircon ages from 

the Bhainskati Formation only record Cretaceous grains (115-120 Ma) which is considered 

as volcanic input from the Rajmahal Volcanic Province of the Indian continent, some 

recycled detritus from Cretaceous strata of the THS and with additional contribution from 

the Indus suture zone (DeCelles et. al., 2004). Due to the absence of zircon ages that 

correspond to the Paleocene Transhimalayan source in the transitional sequence of marine to 

continental deposits, the obtaining tight constraint on India-Asia collision time seems to be 

challenging based on the approach of arrival of Asian detritus on the Indian plate.  

In the Muzaffarabad section of Pakistan, the foreland basin sequence comprises 

Paleocene to Eocene marine deposits defined successively by the Lockhart Formation, Patala 

Formation, Margalla Hill Limestone-Chorgalli Formation and the Kuldana Formation (Baig 

and Munir, 2006). The marine facies are overlain by the Oligocene-Miocene continental 

deposits of Muree Formation (Latif 1970, Najman, 2006). The marine sequence from the 

Lockhart Formation to the Patala Formation records detritus of dominantly from the 

Himalayan domains indicating Indian continent provenance. The presence of the Asian 

detritus is recorded in the upper part of the Patala Formation, and in the overlying units of 

the Margalla Hill Limestone-Chorgalli Formation and the Kuldana Formation (Ding et al., 
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2016). As the biostratigraphic age of the Margalla Hill Limestone-Chorgalli Formation is 

estimated between 55 and 53 Ma (Baig and Munir, 2006), Ding et al., (2016) constrained the 

minimum India-Asia collision time to be ca 56 Ma. Therefore, the synthesis of the minimum 

collision time constraint from Pakistan and from the Subathu basin (discussed earlier) suggest 

that the India-Asia collision likely took place between 60 to 56 Ma in the western Himalaya. 
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Part III:  

Provenance of the of the Siwalik Group sediments 

Siwalik Group 

In this chapter, the provenance of the late Miocene to Pliocene fluvial deposits of the 

Siwalik group of the Subathu foreland basin is presented by means of U-Pb detrital zircon 

geochronology, trace elements and Sr-Nd-Hf isotopes. The results constrain the Miocene-

Pliocene uplift and exhumation of the Himalaya. 

 

Results 

U-Pb Geochronology 

Fourteen samples from the Siwalik group were analysed for U-Pb geochronology. 

Nearly all samples were collected near the Kala-Amb and Nahan area which exposes a fairly 

monoclinic sequence (Fig. 2.10b) and has the best exposures of all three formations (Lower, 

Middle and Upper) of the Siwalik Group. Only two samples (LSW 43-13 and USW 23-17) 

were collected in the region around Morni town, about 20 km west of Nahan (Fig 3). The 

results are graphically presented as kernel density estimate (KDE) plots in Fig 4.3.1 and the 

numerical data are summarised in Appendix II. The samples are presented in a stratigraphic 

order where the deposition age of the sampled strata become progressively younger from 

bottom to top. The KDE spectra in the Fig. 4.3.1a are labelled with Roman numbers from i 

to xii. Proportional contribution of the zircon of different time periods are shown in the pie 

plots accompanying the KDEs of the respective samples in Fig. 4.3.1a. 

The most characteristic and the most prominent group of zircons between 700 and 

1000 Ma is nearly absent in the Middle Siwalik samples and in the youngest sample of the 

Upper Siwalik USW 2-10 (Fig. 4.3.1). The other significant group of zircons of 400 to 600 

Ma is present in all the samples with no exception but its intensity strongly varies. Those 

variations do not correlate with any particular time period of the sediment deposition. In four 

samples, young group of zircons (< 200 Ma) was detected. They form very significant 

proportion of the whole zircon population ( 14 to 36 %). This age group is clearly visible in 

one Lower Siwalik sample (LSW 9-10), all Middle Siwalik samples and the two youngest 
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Upper Siwalik sandstones (USW 23-17 and USW2-10). Notably, few crystals of this age 

group were identified in sample USW3-13. Variable peaks grouping around 1.8 Ga and 2.5 

Ga are present in all samples but, typically, their abundance is small. Sporadic Proterozoic 

and Archaean zircon crystals outside the above-mentioned groups are present (Fig. 4.3.1). 

Below we present more detailed analyses of the Siwalik Group sediments in the statigraphic 

order, starting from the oldest deposits. 

In the Lower Siwalik Formation, the characteristic peak defined by 400-600 Ma old 

zircons is always present. The intensity of this peak is higher in LSW 9-10 and LSW 7-13 

(KDE no ii and iii) compared to other samples from this formation. The zircon age population 

within the age interval 800-1000 Ma form a broad peak (Fig. 4.3.1a, KDE no. i to v). In the 

samples LSW 7-13 and LSW 43-13 (Fig 4.3.1a, KDE no. ii and v) this peak displays two 

smaller crests at 840 and 960 Ma. LSW 7-13, LSW 9-10 and LSW 1-16 show minor peaks 

between 1000-1600 Ma. LSW 9-10 shows the young zircon age population (< 200 Ma) which 

constitutes about 14% of the total analysed grains. Overall, in the Lower Siwalik Formation 

about 10% of zircons are Archean, 65-85% are Proterozoic and 6-20% Palaeozoic (pie plots 

in Fig. 4.3.1a). In the samples LSW 7-13 and LSW 9-10 the Archean component is smaller 

than 2%. 

All three Middle Siwalik Formation samples (MSW 5-13, MSW 6-13 and MSW 5-

10), show practically the same detrital zircon age spectra, and thus, they were presented 

jointly in a single KDE plot (Fig. 4.3.1a. vi). The Middle Siwalik Formation shows a major 

peak between 10-200 Ma that overwhelms the older age peaks between the intervals of 400-

600 Ma and 750 - 1000 Ma. The population corresponding to the youngest peak (< 200 Ma) 

constitutes 31 percent of the total the Middle Siwalik zircon ages. The Palaeozoic, 

Proterozoic and the Archean peaks constitute 19%, 43% and 5% of the total Middle Siwalik 

zircons. 

In all the samples of the Upper Siwalik Formation the same age components of 400-

600 Ma, 800-1000 Ma and 2400-2600 Ma are present throughout the sequence with variable 

intensity. The intensity of the peak between 800 and 1000 Ma is low in the samples USW 

36-16 and USW 2-10 (KDE nr. viii and xii). Only USW 6-10 shows a prominent 1800 Ma 

peak which is not seen in the other Upper Siwalik samples.  
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Fig. 4.3.1 a) Kernel density estimate of U-Pb zircon ages of the Siwalik Group sandstones. Composite zircon 

spectrum is given for the Middle Siwalik Formation (MSW) where N denotes the number of samples combined 

and n denotes total number of zircons (see text for details). Pie plots in the right panel show distribution of the 

detrital zircon age populations. b) Zircon age spectra of the major Himalayan tectonic units and Transhimalayan 

domains (for reference of compilation source refer Fig. 2.6). 87Sr/86Sr ratios, εNd0 and εHf0  values of the 

samples analysed for zircon geochronology are given in red, blue and green respectively. 
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The Archean age component varies from 12% to 2% of the whole population in each sample, 

except for USW 2-10 where it is absent (Fig 4.3.1a, KDE no. xii). The Proterozoic zircons 

are common but greatly vary from 86% to 32%. The Palaeozoic zircons typically constitute 

less than 10% except for the samples USW 36-16 and USW 2-10 where they represent 34% 

and 32%, respectively. In samples USW 23-17 and USW 2-10 Mesozoic and Cenozoic 

zircons are present. This peak is also present in the sample USW 3-13 but is defined by only 

2 crystals. 

 

Rare earth elements 

Rare Earth Element (REE) abundances were determined in order to depict potential 

variation between different lithostratigraphic units which aimed at providing additional clues 

on sediment provenance. The REE concentrations (Table 4.3.1) were normalised to the upper 

continental crust using values of Rudnick and Gao (2003) and were compared with the REE 

patterns of the Himalayan domains i.e. THS, HHC and LHS (Garçon et al., 2013). All the 

samples show REE trends resembling the upper crust (Fig 4.3.2 a, b and c) and follow the 

trends of the major Himalayan domains. 
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Fig 4.3.2 REE spider diagrams of the Siwalik Group samples normalised to Upper Continental Crust 

(normalizing values from Rudnick. and Gao., 2003). a) the Lower Siwalik Formation b) the Middle Siwalik 

Formation and c) the Upper Siwalik Formation. For comparison REE spider plots of the major Himalayan 

domains are provided (HH= Higher Himalayan Crystalline sequence, LH= Lesser Himalayan sequence and 

THS= Tethyan Himalayan sequence in orange were normalised Upper Continental Crust (Rudnick and Gao., 

2003). Concentrations of REE in the Himalayan domains from Garçon et al., (2013). 
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Sr-Nd-Hf isotope geochemistry 

Whole rock Sr-Nd-Hf isotopic data are summarised in Table 4.3.2 and in Fig. 4.3.3. 

Strontium 87Sr/86Sr isotopic ratios of the Siwalik Group range between 0.71604 and 0.76618. 

For the Lower Siwalik Formation, the range is narrower, between 0.71909 and 0.76618. All 

the three samples of the Middle Siwalik Formation show 87Sr/86Sr ratios between 0.71604 

and 0.72323 and that of the Upper Siwalik Formation between 0.71801 and 0.75900. 

Neodymium isotopic ratios in the Siwalik group range between 0.51172 and 0.51218. In the 

Lower Siwalik Formation, the 143Nd/144Nd ratios range from 0.51181 to 0.51206 and that in 

of the Middle Siwalik Formation from 0.51204 to 0.51216. The Upper Siwalik samples show 

the largest spread of 143Nd/144Nd ratios (between 0.51172 and 0.51218) among the Siwalik 

Group. Hafnium isotopic ratios were measured for the same samples except USW 2-10, 

MSW 5-10, USW 6-10 and LSW 9-10. The Lower Siwalik Formation samples show 

176Hf/177Hf ratios between 0.28213 and 0.28224, the two Middle Siwalik samples MSW 5-

13 and MSW 6-13 have practically the same 176Hf/177Hf ratio of 0.2824. The 176Hf/177Hf 

ratios in the Upper Siwalik samples range between 0.28205 and 0.28244. The samples of the 

Siwalik Group fall into two groups in the Sr concentration vs 87Sr/86Sr ratio plot (Fig 4.3.3a). 

The samples with low radiogenic 87Sr/86Sr ratios (87Sr/86Sr < 0.73) are associated with high 

Sr concentration (70-212 ppm), while those with higher radiogenic 87Sr/86Sr ratios (> 0.75) 

have relatively low Sr concentration (< 70 ppm) (Fig 4.3.3a). No such grouping among the 

samples is observed in the plot of 87Sr/86Sr vs 87Rb/86Sr ratios (Fig. 4.3.3b). 
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Fig. 4.3.3 Sr-Nd-Hf isotope ratio plots of the samples from the Siwalik Group. a) Sr concentration vs 87Sr/86Sr, 

b) 87Rb/86Sr vs 87Sr/86Sr, c) Nd concentration vs 143Nd/144Nd, d) 147Sm/144Nd vs 143Nd/144Nd, e) Hf concentration 

vs 176Hf/177Hf plots, f)176Lu/177Hf vs 176Hf/177Hf. 

The 143Nd/144Nd ratios do not show any correlation neither with Nd concentration nor with 

the 147Sm/144Nd ratios (Fig. 4.3.3 c and d). The Siwalik samples seem to form two groups of 

widely dispersed points. One group comprises samples with 143Nd/144Nd ratio > 0.5120 while 

the other group shows 143Nd/144Nd ratio < 0.5119 (Fig 4.3.3 c and d). Hafnium concentration 

vs 176Hf/177Hf plot show no correlation between samples (Fig 4.3.3e). Except one outlier the 

176Hf/177Hf ratios show a positive correlation with 176Lu/177Hf ratios (Fig. 4.3.3f). Like in the 

case of Nd isotopes, the Siwalik samples show two groups for Hf isotopes. Three out the six 
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samples that form the group with high 143Nd/144Nd ratio (> 0.5120) also show high 

176Hf/177Hf ratio (> 0.2824) (Fig 4.3.3 e and f). 

 

Discussion 

U-Pb Geochronology 

The KDE detrital zircon age spectra of the middle Miocene Siwalik Group were 

compared with the reference age spectra of the most probable source regions from the 

Himalayan domains. Based on this comparison different sources of the sediments of the 

Siwalik Group were distinguished. In the zircon spectra of the Siwalik Group samples, major 

peaks are seen between three age intervals i) < 200 Ma ii) 400-600 Ma and iii) 750-1000 Ma. 

The two older peaks coincide with the peaks of the reference spectra of the THS and HHCS 

(Gehrels et al., 2011). The zircon spectra of the Tethyan Himalayan Sequence and the Higher 

Himalayan Crystalline Sequence show a considerable overlap in the age interval between 

500 and 1000 Ma (Fig 4.3.1b). However, the two characteristic peaks can be used to 

distinguish the HHCS from the THS. These are i) a peak between the age range of 400 to 600 

Ma whose maximum is around 480 Ma and ii) a peak between 750-1000 Ma whose maximum 

is approximately at 800 Ma. In addition to these two peaks few minor peaks between 1500 

and 2000 Ma make the HHCS source somewhat distinct from the THS (Fig 4.3.1b). In all the 

samples from the Siwalik Group both the peaks of 480 Ma and at 800 Ma are present, 

however, intensities of these two peaks vary between each sample. 

The Lower Siwalik Formation deposited between 13 and 11 Ma records the detrital 

zircon age spectra characterised by the presence of the 480 Ma and the 800 Ma peaks (Fig 

4.3.1b) typical to the HHCS. This suggests more intense uplift and erosion of the HHCS at 

that time. The Lower Siwalik Formation also records a subordinate peak between 1600 and 

2000 Ma. This peak is characteristic not only for the HHCS but also of the OLH and ILH. 

However, the ILH was uplifted and eroded during the last 3 Ma, which is much younger than 

the depositional age of the Lower Siwalik Formation (Thiede et al., 2009), and thus, this 

source is unlikely. The OLH unit contains characteristic peak of about 550 Ma, which is not 

clearly marked in the Lower Siwalik samples with the possible exception of sample LSW 
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43-13. The OLH were thrust over the foreland along the MBT during 12-10 Ma (Colleps et 

al., 2018, Meigs et al., 1995). Thus, the erosion of the OLH could provide additional detritus 

to the Lower Siwalik Formation although, based on the absence or, at most, very weak of 

about 550 Ma signal, we think it was rather minor contribution. One Lower Siwalik sandstone 

LSW 9-10 displays a minor peak of about 300 Ma and very prominent peak of the zircons 

around 300 Ma are likely the relicts of the pre-Himalayan tectonics related to the Gondowana 

often recorded within the Higher Himalayan Crystalline Sequence. The latter peak (< 200 

Ma) is very characteristic of the Transhimalayan source composed of young, plutonic bodies 

whose emplacement reflects Andean type calc alkaline magmatism that preceded continental 

collision. 

All three samples from the Middle Siwalik showed very uniform detrital zircon ages 

distribution. They are dominated by the young < 200 Ma peak. Except for this peak, the 

remaining ones show weak signals around 480 Ma and 600 – 1000 Ma, typical of the HHCS. 

Thus, the Middle Siwalik deposits must have been derived predominantly from the the Trans 

Himalayan Batholith with some small contribution from the HHC. 

The KDE of the Upper Siwalik samples in many ways resemble the Lower Siwalik 

spectra. The difference is that, typically, intensity of the 1.8 Ga peak seems more variable 

than in the Lower Siwalik sandstones. This peak is particularly significant in the earliest 

analysed Upper Siwalik deposits represented by the USW 6-10 sandstone. In the remaining 

samples its significance is minor. The intensity of 480 Ma peak also varies which most likely 

reflects variable contribution of the HHCS to the detritus (higher contribution is expected 

when 480 peak is high and smaller when the peak is low). Low input from the HHCS seems 

to be “compensated” by the detritus delivery from the OLH (higher 1.8 Ga peak, the presence 

of a small 500-600 Ma zircons) and/or from the Transhimalayan Batholith clearly indicated 

by the presence of young zircons (<120 Ma). 

The episodic appearance of the young (< 200 Ma) zircons throughout the Siwalik 

Group sediments is discussed in more details in the following chapter. 
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Fig. 4.3.4 a) Comparison of the KDE detrital zircons age spectra for the crystals younger than 200 Ma from the 

Siwalik Group sediments (this study) with the recent Sutlej and Ghaggar river channel deposits (data from 

(Alizai et al., 2011, Singh et al., 2017) and with the previous data obtained for the Siwalik Group rocks located 

to the east of the study area (data from Mandal et al., 2019). Th/U ratios in zircons obtained in this study indicate 

their magmatic origin. In contrast the Th/U ratios reported by Mandal et al., (2019) for the zircons from indicate 

their metamorphic origin. b) Details of the KDE spectra for zircons younger than 200 Ma with the 

Transhimalayan sources (data sources for the Transhimalayan domain given in Fig. 2.6 caption, U-Pb ages of 

Kinnaur Kailas granite compiled from Tripathi et al., (2012). Abbreviations: N - number of samples, n - number 

of zircon crystals. 

 

Implications of the presence of the Cretaceous ‒Cenozoic zircons in the foreland basin 

The major Cretaceous - Cenozoic age components in the Siwalik sandstones are 

represented by the Cretaceous and Eocene magmatic zircons. Magmatism in this age period 

is not present in the Himalaya. The nearest sources to provide zircons of such age are the calc 

alkaline granites of the Transhimalayan Batholith exposed along the western Himalaya to the 

north of the Indus Tsangpo Suture Zone. The U-Pb age spectra of the Lower, Middle and 

Upper Siwalik samples containing < 200 Ma zircons show major peaks occurring at about 

50, 60, 80 and 110 Ma that overlap with the zircon ages of the Transhimalayan Batholith 

(Fig. 4.3.4a). Beside the peaks mentioned above, samples LSW 9-10, MSW and USW 2-10 
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also record small age peaks ranging between 160 Ma and 200 Ma. These Jurassic ages are 

also possibly related to the Gangdese batholith however these ages are reported from a more 

eastern part of the batholith (Chu et al., 2006). MSW and USW 2-10 also show presence of 

a small peak around 20 Ma. Zircon of this age are likely derived from the Miocene Kinnaur-

Kailas leucogranite of the HHCS (Fig 4.3.4a). 

The Cretaceous zircons could have been derived from three possible sources: (1) the 

volcaniclastic sandstones of the Pingdon La Formation, (2) Stumpata Quarzite, both 

belonging to the Tethyan Himalayan Sequence of the Zanskar region (Fig 4.3.5), and (3) the 

syn-collisional Subathu Formation (late Paleocene) in the foreland basin. The younger age 

boundary of the Pingdon La Formation is estimated to be late Albian i.e ca 100 Ma (Garzanti, 

1992). The Siwalik samples analysed in this study show many zircons younger than 100 Ma. 

Therefore, if Pingdon La Formation served as a potential source, it would only provide 

zircons older than 100 Ma. In the Stumpata Formation, zircons of Paleocene age are absent, 

and the Mesozoic age population is only limited to the age range of 120 to 140 Ma (Clift et 

al., 2014). In the Siwalik samples, zircons ages from 120 to 140 Ma are rare. Therefore, both 

the Pingdon La Formation and the Stumpata Formation seems to be unlikely sources of 

detritus for the Siwalik Group. The Subathu Formation also seems an unlikely source of the 

Siwalik deposits because it is the deepest strata successively overlain by the Dagshai and 

Kasauli Formations and because of its limited exposure (Fig. 3). The closest match of the U-

Pb ages of the Siwalik samples are the granites of the Ayilari and Kailas Mountain ranges 

belonging to the Gangdese Batholith (DeCelles et al., 2011; Wang et al., 2012; Zhang et al., 

2011) which is vastly exposed to the southeast of the Ladakh-Kohistan arc (Fig. 4.3.4a and 

Fig. 4.3.5). 
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Fig. 4.3.5 Schematic diagram of the Himalaya showing main tectonic divisions and the present drainage 

network of the Himalayan rivers. 

 

Sr-Nd-Hf isotope geochemistry 

The Sr concentration vs 87Sr/86Sr ratio plot defines two broad groups of samples with 

high 87Sr/86Sr accompanied by low Sr concentration and the second group with less 

radiogenic 87Sr/86Sr ratios accompanied by high Sr concentrations (Fig. 4.3.3a). In the 

87Rb/86Sr vs 87Sr/86Sr plot, four out of six Upper Siwalik samples show positive correlation, 

and two samples are ouliers. Similarly, the Lower Siwalik samples define a positive 

correlation with one strong outlier, whereas the Middle Siwalik samples do not show any 

trend (Fig. 4.3.3b). No trends are observed among the Siwalik samples in Nd concentration 

vs 143Nd/144Nd plot or 147Sm/144Nd vs 143Nd/144Nd plot (Fig. 4.3.3 c and d). In the Hf 

concentration vs 176Hf/177Hf plot (Fig. 4.3.3e), the Upper Siwalik samples show a negative 

correlation. In the 176Hf/177Hf plot vs In the Hf concentration vs 176Lu/177Hf plot (Fig. 4.3.3e) 

Upper Siwalik samples show a positive correlation (Fig. 4.3.3f). No such trend is observed 

for the Lower and Middle Siwalik samples. The linear trends seen in the Sr-Nd and Nd-Hf 

isotope plots indicate a mixing between the two isotopically distinct source regions. In the 
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following section, these domains are characterised and identified as the source of the Siwalik 

Group sediments (Fig. 4.3.6). 

In the Sr-Nd isotope plot (Fig. 4.3.6a) the Siwalik samples form two groups, 1) The 

first group comprises the remaining 6 samples (LSW 9-10, MSW 5-10, MSW 5-13, MSW 6-

13, USW 2-10 and USW 23-17). 2) The second group comprises 8 samples (LSW 1-13, LSW 

1-16, LSW 43-13, LSW 7-13, USW 6-10, USW 3-13, USW 4-13 and USW 36-16). The first 

group 87Sr/86Sr ratios (from 0.7160 to 0.7276) and Nd0 values (from -12.3 to -8.9). The 

second group of samples in the Sr-Nd diagram shows more radiogenic Sr ratios (from 0.7505 

to 0.7661) and lower Nd0 values (from -17.7 to -14.9). The latter group plots in the field 

typical of the HHCS, THS and OLH. Altogether the samples seem to define two components 

mixing line with the end-members formed by the Transhimalayan batholith and the Higher 

Himalaya Crystalline Sequences (Fig. 4.3.1). The OLH can be rejected on the basis of KDE 

zircon spectra (see above). The first group, with higher epsilon Nd and lower 87Sr/86Sr ratios 

is dominated by the Transhimalayan source. This well correlates with our detrital zircon 

analyses as all these samples contain young zircons (< 115 Ma) typical of Transhimalayan 

source. Similarly, the second group samples, dominated by the HHCS source, they never 

contain young zircon peak in the KDE spectra (Fig. 4.3.1 KDE no. i,ii, iv,v,vii,viii,x).  

The present day εNd and εHf values of the Siwalik samples are plotted in Fig. 4.3.6b 

against the typical values found in the Himalayan and the Transhimalayan regions. The 

Siwalik Group samples fall along the terrestrial array in the Hf0 vs Nd0 plot. Fewer data 

points in this diagram is due to the fact that not all samples were analysed for Hf isotopic 

composition. Nevertheless, similarly to Sr-Nd isotope diagram, more radiogenic Nd and Hf 

signatures are associated with the presence of the young (< 200 Ma) zircons interpreted as 

derived from the Transhimalayan batholith (Fig. 4.3.6b). 
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Fig 4.3.6 a) 87Sr/86Sr  vs εNd0 diagram of the same samples compared to different source regions (reference 

values of the THS, HCS, OLH and ILH compiled from Mandal et al., 2018; for Ladakh and Gangdese Batholith 

from (Bouilhol et al., 2013; Ma et al., 2013; Wang et al., 2015) Mixing curves are shown in black and red. Red 

lines show mixing between the Transhimalayan domain and ILH and black line show mixing between the 

Transhimalayan and the Himalayan domain THS, HHCS and OLH. One group of the Siwalik samples fall on 

the field (marked in pink) bound by the mixing lines. b) εNd0 vs εHf0 plot for the Siwalik sandstones. All 

samples conform to the terrestrial array trend. All Lower Siwalik and majority of the Upper Siwalik samples 

show isotopic signature identical with the Higher Himalaya Crystalline Series. One Upper Siwalik and all 

Middle Siwalik samples near Middle Siwalik (Chinji Formation) from Pakistan (Data from Chirouze et al., 

2015). The latter samples show closer affinity to the Transhimalayan batholith (THB). Nd and Hf isotope data 

of the source regions and typical isotope values of river sediments from Nepal (in pink field) are compiled from 

(Garçon et al., 2013). εNd and εHf of mantle reservoirs compiled from Salters and White, (1998). 
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The more radiogenic group of samples plots close to the Siwalik samples from the 

Chinji section of Pakistan which are even more radiogenic (Fig. 4.3.6b). This is due to the 

fact that the collisional process in the western Himalaya of Pakistan is very different from 

that of the western Himalaya in Himachal Pradesh. There, the Indian plate is sutured with the 

Kohistan paleo Island Arc along the ITSZ. The Tethyan Himalayan Sequence is completely 

absent. Naturally the foreland basin of Pakistan receives large amount of the detritus from 

the Kohistan arc and the bulk sediment chemistry will show greater resemblance to the Island 

arc type character in the Nd-Hf isotopes. This explains why the foreland basin in the Pakistani 

Himalaya is dominated by more radiogenic Hf and Nd signature, which is largely derived by 

the supply of the detritus from the less evolved magmas building the Kohistan Island arc. 

Overall, Sr-Nd-Hf whole rock isotope signatures, well support the conclusions derived from 

the detrital zircon analyses and are reliable source region discriminator. 

 

Tectonic interpretation 

Exhumation of the Himalaya deduced from the provenance studies of the Siwalik Group 

sediments 

The provenance of the Siwalik Group sediments inferred from the U-Pb zircon 

geochronology and isotope geochemistry provides a chronological framework of the tectonic 

events that took place in the north-western Himalaya since last 13 Ma. It is commonly 

accepted that the uplift and exhumation of the HHCS was accommodated by the two major 

discontinuities viz. the MCT and the STDS active during the early Miocene (Hodges et al., 

1992). Thus, the HHCS must have been one of the major sources of the detritus to the 

foreland basin. Our detrital zircon analyses support this inference but also provide additional 

constrains on the uplift and exhumation history of the Himalaya.  

The Lower Siwalik Formation deposited during 13 – 11 Ma comprises sediments shed 

from the HHCS and occasionally also from the Transhimalaya as indicated by the presence 

of the young (< 200 Ma) peak in the KDE spectra (Fig. 4.3.1 KDE no. iii). This suggests that 

between 13 and 11 Ma there was episodic connection between the hinterland and the foreland 
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basin. A river, like paleo-Sutlej, was transporting the detritus from the erosion of the 

Transhimalayan magmatic bodies. This connection seems to have been operating throughout 

the whole Middle Siwalik deposition (11 – 4.5 Ma) as suggested by the presence of the 

Transhimalayan signagure in all the analysed samples. At that time, Transhimalaya were the 

dominant detritus source as expressed by the very small supply of zircons typica of the Higher 

Himalayan region (Fig. 4.3.1 vi). During the deposition of the Upper Siwalik Formation the 

connection with the Transhimalaya seems to have become more episodic again, as indicated 

by the alternating presence and absence of the Gangese batholigh source.  

The above observation suggests that the exhumation of the HHCS did not occur 

continuously and at a constant rate since middle Miocene but rather in phases or pulses (Chen 

et al., 2020; McQuarrie et al., 2014). As the feedback of this process, the fluvial connection 

between the Transhimalayan batholith and the foreland was disrupted the different 

exhumation pulses of HHCS. 

 

Paleo Sutlej as the transporting agent of the Transhimalayan zircons 

The Subathu basin and alluvial plain to its southwest now form the Sutlej-Yamuna 

water divide (Fig. 4.3.5) On the western side of the water divide, the Sutlej River connects 

westwards to the Indus drainage system (Fig. 4.3.5), whereas on the eastern side, the Yamuna 

drains eastwards to the Ganga drainage system (Fig. 4.3.5). The Ghaggar and Markanda 

rivers flow through the present study area along the water divide and drain inland towards 

the southwest joining neither the Indus nor the Ganga system (Fig. 4.3.5). The Quaternary 

Indo-Gangetic Plain is the modern foreland basin that presently receives detritus from the 

eroding Himalaya via numerous transverse rivers. Therefore, the comparison of the 

provenance of these Quaternary fluvial deposits to the Siwalik rocks gives an insight on the 

ancient fluvial network that existed in the Subathu basin.  

The zircon spectra of modern Ghaggar river sediment closely resembles the older 

Dagshai and Kasauli Formation (Fig. 4.3.7). This observation is evident as the Ghaggar river 

originates in the Subhimalayan zone where it drains the foreland units exposed.  
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Fig. 4.3.7 Comparison of the continental deposits from the different stratigraphic units of the Subathu basin 

with the river channel deposits of the Ghaggar and the Sutlej river and the paleochannel deposit (<70 ka) of the 

Ghaggar river. 

Comparison of the zircon spectra of the quaternary deposits of the Ghaggar 

paleochannel and modern Sutlej channel deposits show large similarity to the Siwalik Group 

rock of the Subathu basin (Fig. 4.3.4a and Fig. 4.3.7). The detrital zircon ages of the modern 

bed sands of the Sutlej River and paleochannel sands the Ghaggar (70 ka to present) show a 

Cretaceous peak at ~ 104 to 108 Ma and Paleocene‒Eocene peaks at ~ 45 Ma and at ~ 60 Ma 

(Alizai et al., 2011; Singh et al., 2017) (Fig. 4.3.4a). These zircons also show Th/U ratios (> 

0.1) similar to those yielded from the Middle and Upper Siwalik Formation in this study (Fig. 
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4.3.4b). Singh et al. (2017) suggest that the modern Ghaggar River flows along the 

abandoned channel of the Paleo-Sutlej river. The Sutlej experienced a major avulsion and 

took its present course at ca 8 Ka. Singh et al. (2017) argued that no source exists in the 

Transhimalayan domain to the east of Ladakh-Kohistan arc that would generate zircons of 

~100 Ma. Based on this they rejected the notion that the Paleo-Sutlej was responsible for 

delivery of the Transhimalayan zircons to the paleochannel deposits of the Indo-Gangetic 

plain. Several reports of U-Pb ages of ~ 100 Ma from the granites of the Ayilari and Kailas 

Mountain ranges belonging to the Gangdese Batholith (DeCelles et al., 2011; Wang et al., 

2012; Zhang et al., 2011a) which is vastly exposed to the southeast of the Ladakh-Kohistan 

arc and occupy the northern fringe of the Sutlej River catchment (Fig. 4.3.5). To explain the 

Cretaceous zircon ages in the paleochannel deposits, Singh et al. (2017) postulated a west to 

east aeolian transport of the detritus from the Thar Desert and the Indus alluvial plain sands. 

The formation of the Thar Desert began between 190 and 60 ka (Dhir et al., 2010; Singhvi et 

al., 2010; Singhvi and Kar, 2004) . Even if the Thar desert and the Indus alluvial sands could 

be considered as the source of the younger paleochannel deposits (< 70 Ka), they certainly 

do not fit as sources of the older Middle and the Upper Siwalik (11-1 Ma) deposits. Therefore, 

the Paleo-Sutlej River must be the main transporting agent for the delivery of the zircon of 

interest beside the detritus of the Transhimalayan batholith to the Subathu basin. 

Migration of Paleo-Sutlej River course in response to the Himalayan orogeny 

In order to derive detritus from the Transhimalayan magmatic-arc provenance, a 

fluvial route is required that would bring the detritus from the Transhimalayan batholith to 

the foreland basin across the Himalaya. In this study it is proposed that since the middle 

Miocene, the Paleo-Sutlej River connected the hinterland of the Himalaya to the foreland 

basin.  
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Fig. 4.3.8 Schematic diagram of the Sutlej River drainage reorganisation since middle Miocene. a) Before 

13Ma, the paleo-Sutlej flowed parallel to the present-day Indus River. b) Between 13 and 10 Ma exhumation 

of the Leo Pargil and Ayi Shan dome led to the damming of the Sutlej River and formation the Miocene Zhada 

basin. c) Between 10 and 8 ka, the Sutlej started cutting across the Himalaya. During this time the Sutlej 

transported the detritus from the Transhimalaya to the Subathu basin. d) Since 8 ka the Sutlej took avulsion 

towards west to its present-day course, leaving redundant paleochannels which serve as channels of present 

inland rivers i.e the Ghaggar and the Markanda Rivers that currently drain the study area. 
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Having its source in the Tibetan plateau near Mt Kailas (Fig 4.3.5), the Plaeo-Sutlej carried 

Transhimalayan arc-derived zircons from the Gangdese batholith to the foreland. Along its 

course, the river cut across the major Himalayan domains eroding and accumulating 

significant amount of the Himalayan detritus in its fluvial load. Thus, the bulk sediments of 

the certain stratigraphic horizons reflect contribution of two dominant sources, the HHCS 

and the Gangdese batholith. Prior to 10 Ma, the Paleo-Sutlej flew along the southwestern 

fringe of the Indus suture zone (Fig. 4.3.8a), while during the late Miocene, it diverted its 

course in response to the tectonic activity in the Southern Tibet. The uplift of the Leo Pargil 

and Ayi Shan domes at 12 Ma – 10 Ma  (Thiede et al., 2006; Zhang et al., 2011) dammed the 

Paleo-Sutlej channel from progressing farther to the northwest towards the Zanskar 

Himalaya. The rise of these domes around the river valley led to the formation of a lake (Fig. 

4.3.8b), the infill of which presently belongs to Zhada intermontane basin (Saylor et al., 

2010). During late Miocene‒Pliocene the Zhada basin accumulated detritus carried by the 

Paleo-Sutlej from the Kailas range and the surrounding regions. This is reflected by the 

similarity of the zircon spectra between the Gangdese batholith and the Zhada basin (Fig. 

4.3.4a). The rise of the Leo Pargil dome (Thiede et al., 2006) diverted the new channel of the 

Paleo-Sutlej towards southwest and forced it to enter the Himalaya (Fig. 4.3.8b) (Saylor et 

al., 2010). In the Himalaya, river channel incision is highly effective and proceeds at a rate 

of 4-8 mm/yr (Lavé and Avouac, 2001). Through a combination of a rapid uplift and 

continuous riverbed incision, the Sutlej cut through the entire Himalayan domain and reached 

the foreland. In its lower course, the Paleo-Sutlej continued to flow south easterly along its 

former channel. The same mechanism operated during the last 5 Ma when the Upper Siwalik 

strata were deposited episodically recording transport from the hinterland area (Fig. 4.3.1 vii-

xii and Fig. 4.3.8c)  

Finally, after 8 ka the Sutlej assumed its present course due a drastic avulsion (Fig. 

4.3.8d) (Singh et al., 2017). Seasonal rivers like the Ghaggar and the Markanda, originating 

from the Subhimalayan regions presently occupy the abandoned paleochannel of the Sutlej 

and drain the study area.  
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Chapter 5 

 

Thrusting sequence in the Western Himalayan foreland 

basin during the late phase of continental collision defined 

by low-temperature thermochronology 

 

This chapter was published in Tectonophysics 821 (2021): 229145, DOI : 

10.1016/j.tecto.2021.229145. Below, it is presented in a modified version to fit the structure 

of the thesis. 

 

Although intense syncollisional deformation severely disrupted the sedimentary 

succession, the Himachal Pradesh foreland basin still provides an exceptional opportunity 

for studying the syncollisional interplay between sedimentation and tectonic evolution of the 

Himalaya throughout the entire orogenic history. One of the most useful methods in 

thermotectonic studies of sedimentary basins is low-temperature thermochronology (e.g., 

Brandon and Vance, 1992; Garver et al., 1999; Hurford and Carter, 1991; Johnson et al., 

1982; Najman et al., 2004; Zeitler et al., 1982). While detrital fission track ages provide 

information on the history of the source regions and constrain the maximum depositional 

age, analyses of postdepositional thermally induced fission track annealing in apatite may 

provide additional information on the burial and exhumation history of sedimentary basins 

(e.g., Carter et al., 1995; Gleadow and Lovering, 1974; Donelick et al., 1999; Naeser et al., 

1989). In this study, AFT and (U-Th)/He analyses were used to establish the deformation 

sequence leading to the Subathu Basin inversion, uplift and exhumation. This study illustrates 

the development and exhumation of the partial annealing zone (PAZ) in a syncollisional 

foreland basin and elucidates possible tectonic scenario responsible for its occurrence at the 

shallow wedge of an orogenic front. 

 

https://doi.org/10.1016/j.tecto.2021.229145
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Fig. 5.1 a) Geological map of the Subathu foreland basin of Himachal Pradesh showing the location of samples 

and the AFT and AHe ages obtained in this study. Map modified after Khan and Prasad, 1998; Mishra and 

Mukhopadhyay, 2012; Philip et al., 2012; Pilgrim and West, 1928. Fission track ages from previous studies, 

Jain et al., 2009; Najman et al., 2004. ‡ Main Central Thrust is identified as a wide deformation zone between 

the Chail (ChT) and Jutogh (JuT) thrusts. b) Cross-section along line A-B (marked in Fig. 3a) with projected 

sample locations. Red arrows indicate fault motion. Samples MSW 5-10, USW 2-10 and USW 6-10 are the 

same samples as SIW 5-10, SIW 2-10 and SIW 6-10 respectively in the published paper. 
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Sampling was carried out primarily in the eastern part of the basin along the NE-SW trending 

Nahan transect that exposes all the tectono-sedimentary units (Fig. 5.1a). Additionally, 

sampling of the pre-Siwalik sediments in the central and western parts of the basin were 

conducted to examine potential along-strike variations. Typically, 3 to 5 kg samples of 

medium- to fine-grained sandstones were collected. However, many of those did not yield 

any apatite or contained crystals unsuitable for low-temperature thermochronology. 

Eventually, twenty-four samples collected from six stratigraphic units were subjected to 

fission track analysis. Four samples from the Siwalik Formation were additionally dated by 

the (U-Th)/He method. Sampling sites are marked in Fig. 5.1a, and GPS coordinates are 

provided in Appendix I. 

 

Results 

 

Apatite fission track analyses 

The results of apatite fission track analyses are summarised in Table 5.1. All ages and 

mean track lengths are reported with 1 SE (standard error) uncertainty. AFT ages and the 

confined track length distribution are graphically presented as radial plots (Appendix III) and 

histograms (Appendix IV), respectively. In 15 samples, more than 20 crystals per sample 

were used for AFT age calculations, while in 8 samples 10 to 20 grains were found suitable 

for age determination. The calculated central ages vary from 22 to 6 Ma and represent single 

population ages, as indicated by the χ2 probability test, which yielded values > 5% for all 

samples, and for 19 out of 24, the P-value was higher than 80% (see Table 5.1). However, 

the P(χ2) test must be treated with caution since it is not sensitive in samples with a low 

number of spontaneous tracks and may not distinguish multiple sources with subtle age 

differences (McDannell and Issler, 2021), as is the case for the Himalayan region. The 

measurements of the Dpar values monitored potential variations in the chemistry among the 

apatites. Apatites with dislocations, inclusions or heterogeneously distributed U were 

excluded from analyses. 

To maximise the number of confined track lengths, multiple slides per sample were 

prepared. Despite effort, only samples MSW 5-13 and MSW 6-13 from the Middle Siwalik 
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Formation provided considerable numbers of confined tracks (45 and 51, respectively). In 

the remaining samples, less than 30 track lengths were measured (see Table 5.1 and Appendix 

IV). The longest mean confined track lengths (MTLs) were observed in samples DG 12-13 

from the Dagshai unit and USW 6-10 from the Upper Siwalik unit (13.0 ± 1 and 14.0 ± 0.5 

µm, respectively). The MTL of the remaining samples ranged from 10.4 to 12.7 µm (Table 

5.1). The MTLs in the pre-Siwalik samples are typically accompanied by broad track length 

distributions (standard deviation >1.5 µm) caused by a higher degree of annealing in these 

strata. Almost all the Siwalik samples (except USW 6-10) show MTL comparable to the pre-

Siwalik samples (Appendix IV). 

In general, there are no correlations between the MTL and AFT ages with the outcrop 

altitude, stratigraphic age or with the structural position of a sample (Figs. 5.2 a and b). Only 

very subtle correlations are visible within the Dagshai unit, where the samples located at 

lower elevations have younger AFT ages or shorter mean track lengths or both (Figs. 5.2 a 

and b). Therefore, the stratigraphically lower part of the Dagshai Formation could have 

experienced a higher degree of annealing. 

 

Fig 5.2 Correlation plots a) AFT age vs. elevation b) Mean track length vs. elevation. 

 

Apatite (U-Th)/He analyses 

The apatite (U-Th)/He dating (AHe) results are summarised in Table 5.2. The ages 

are reported as arithmetic means with 1 standard error (SE). Gross outliers as well as crystals 

of improper morphology, containing inclusions or with high analytical uncertainty (≥ 10%) 

on He, U or Th concentrations, were rejected from age calculations (Table 5.2). In sample 

USW 3-13, the oldest grain #5 correlates with the highest eU concentration. However, within 
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error, the age does not differ from grain #1 and is very similar to grains #3 and #4, whose eU 

concentrations are considerably smaller. A similar observation is made for sample MSW6-

13, where the oldest grain #4 has the highest eU. Again, the age difference from the grain 

with the lowest eU is not substantial (Table 5.2). Considering all the analysed crystals, no 

correlation between eU and ages was seen, which potentially would have a bearing on the 

thermal history. No firm basis was found for treating those grains differently from the others 

and conducted the final age calculations without treating eU as an additional discrimination 

factor. Two samples from the Lower Siwalik Formation, LSW 42-13 and LSW 43-13, gave 

1.2 ± 0.2 Ma and 1.7 ± 0.5 Ma, respectively. The Middle Siwalik sample (MSW 6-13) gave 

2.6 ± 0.5 Ma AHe age, while the Upper Siwalik sample, USW 3-13, is considerably older: 

8.2 ± 0.9 Ma. 

 

Thermal modelling 

Thermal modelling was done to constrain the temperature-time history for the two 

Middle Siwalik samples with the largest number of confined tracks (MSW 5-13 and MSW 

6-13) using HeFTy v1.9 software by Ketcham (2005). Except for age and track lengths, Dpar 

values reflecting apatite chemistry served as input parameters. The following modelling 

conditions were applied: I) the pre-depositional 0 to 25 °C temperature range was assumed 

to accommodate AFT ages, preserving the memory of the source region(s); II) temperature 

up to 40 °C was assumed for the deposition of the Middle Siwalik sediments whose maximum 

thickness of 1.8 to 2.5 km  (Gupta et al., 1994) could account for the extra heat estimated 

assuming an approximately 20 °C/km geothermal gradient (e.g., van der Beek et al., 2006); 

III) up to 100 °C temperature was applied for the post-depositional history to include 

conditions corresponding to partial annealing of apatite fission tracks. To achieve greater 

flexibility in temperature-time (T-t) space, gradual monotonic variable was chosen as the 

segment parameter and each thermal path was halved five times. The best-fit thermal paths 

along with path envelopes for the inverse models are shown in Fig. 5.3.  
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Fig. 5.3 Thermal modelling results from HeFTy software (Ketcham, 2005) for the Middle Siwalik samples a) 

MSW 5-13 and b) MSW 6-13. Coloured envelopes show the goodness of path fit (GOF), in green (GOF > 5%) 

and in pink (GOF > 50%). Black line is the best fit curve for which GOF values are given. Measured AFT age, 

AHe age and track lengths are shown with modelled value (in parentheses). 
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For sample MSW 5-13, the goodness of fit for fission track age (GOF age) was 0.95, whereas 

the goodness of fit for the confined track lengths (GOF length) was > 0.89. The goodness of 

fit for the AHe age (GOF AHe age) for sample MSW 6-13 was 1.0, while GOF age was 0.33, 

and GOF length was 0.30. 

 

Discussion 

Pre-Siwalik sediments (late Paleocene - early Miocene) 

In the pre-Siwalik formations, AFT ages range from 22 to 7 Ma. Although high-

resolution stratigraphy is not available, ages obtained for the Subathu and Dagshai 

Formations are clearly younger than the commonly accepted Eocene-Oligocene time of 

deposition, whereas the Kasauli samples typically yield ages indistinguishable from their 

stratigraphic age (early Miocene). There is just one exception: the sample KAS 2-10 dated 

to 10 ± 1 Ma, approximately 3 Ma younger than the youngest proposed age limit of deposition 

(Arya et al., 2004; Sehgal and Bhandari, 2014). Wide range of ages younger than the time of 

deposition along with significantly shortened tracks recorded among proximate samples in 

apparently coherent tectonic slices, strongly point towards partial fission track reset (Fig. 

5.1a). There are two potential causes of incomplete AFT age reset: 1) temperature rise due to 

increasing sedimentary load or 2) thickening related to basin inversion and tectonic burial by 

a nappe stack. The estimated maximum stratigraphic thickness of the pre-Siwalik sediments 

of approximately 3.6 km (Bera et al., 2008) is insufficient to cause significant track annealing 

even in the deepest strata (assuming a geothermal gradient ≤ 20 °C/km). Later deposition of 

the up to 6 km thick Siwalik sediments could have contributed to the temperature increase 

capable of partial track annealing in the lower part of the sequence. However, if a simple 

increase in the thickness of sediments was to account for the temperature rise, one would 

expect an increasing degree of age rejuvenation and decreasing mean track lengths in the 

progressively lower stratigraphic levels. The absence of such correlations suggests that 

sedimentary burial was not responsible for the temperature rise and thickening due to basin 

shortening seems to have played the primary role. Internal thrusting within the Subathu 

foreland basin is linked to the activity of the MBT, which placed the OLH over the foreland 

sediments, additionally increasing the overburden. Analyses from this study show that even 
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the additional overburden of the OLH contributed insufficiently to cause complete reset of 

the AFT ages in the footwall of the MBT. Thus, either only a thin slice of the OLH was thrust 

over the Subathu sediments or, more likely, thrusting was accompanied by intense erosion 

preventing thermal equilibration of its footwall. In either case, overthrusting by the OLH 

together with internal basin imbrication did not sufficiently increase the temperature to cause 

AFT reset (Fig. 5.4 and 5.5b). 

 

Fig 5.4 Lag-time plot showing age difference between thermochronological ages and the 

corresponding time of deposition. 

 

The low temperatures in the pre-Siwalik sediments recorded by AFT analyses are in 

broad agreement with the previous temperature estimates based on the vitrinite reflectance 

in the Kasauli Formation near Sarahan town (Agarwal et al., 1994). The vitrinite reflectance 

Ro = 0.49 corresponds to a temperature of approximately 70 °C (using the algorithm of Barker 

and Pawlewicz, 1986). In contrast, Najman et al. (2004) reported much higher temperatures 
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near Kasauli town, where vitrinite reflectance and spore colour indices suggest 146-195 °C 

(Fig. 5.1a). The latter authors also report a single 5 Ma AFT age interpreted as a result of 

complete thermal reset. AFT analysis of sample DG 38-13, collected from the proximate 

location, gave 8.4 ± 1.1 Ma age which appears to support the interpretation of Najman et al. 

(2004). However, the mean track length is reduced as in other samples therefore temperatures 

capable of complete track reset in the studied location seem doubtful (Fig. 3). The results 

obtained by Najman et al. (2004) may represent a local thermal anomaly or suggest an along-

strike temperature increase in the NW part of the basin. The final stages of uplift and 

exhumation of the pre-Siwalik sediments are associated with the initiation of the Bilaspur 

Thrust (BiT) and the Main Frontal Thrust initiated after the deposition of the Upper Siwalik 

strata (Figs. 5.1, 5.5c and 5.5d). 

 

Siwalik sediments (middle Miocene – Pleistocene) 

In the Siwalik Group sediments, AFT ages range from 16 to 6 Ma, with the majority 

placing between 14 and 11 Ma (Fig. 5.1a and Table 5.1). The AFT ages are coeval to or older 

than the deposition ages implying that the apatites experienced, at most, only minor reset and 

reflect the cooling time of the source region(s). However, the vast majority of the currently 

exposed Himalaya show cooling ages significantly younger than those found in the Siwaliks, 

and only relatively small areas in the Inner Lesser Himalaya and the Higher Himalaya show 

comparable AFT ages (Fig. 2.5b). Very likely, they represent relics of the higher structural 

levels of the crystalline core cooled below the AFT closure temperature and eroded during 

the early and middle Miocene. Rather surprisingly, in the Upper Siwalik sediments, a clear 

signal of young erosion of the Higher Himalayan rocks whose AFT cooling ages are in the 

range between 6 and 3 Ma is not seen (Fig. 2.5b). However only in the case of Upper Siwalik 

sample USW 6-10 young age is seen, and indeed, that part of the sequence could reflect the 

latest episode of erosion of the Higher Himalaya. This inference is additionally supported by 

a rather long mean track length of 14.0 ± 0.6 μm (n = 10), typical of a rapidly cooled 

Himalayan core. One possible explanation for the general absence of the youngest AFT 

detrital ages in the Upper Siwalik sediments is that the area mapped as the Upper Siwalik 

(Fig. 3) is still a part of the Middle Siwalik Formation. There are no reliable field criteria that 
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would allow distinguishing between these two units, and the stratigraphic control is entirely 

based on the published maps. 

Apatites from the Siwalik strata yield significantly shortened tracks, similar to the 

pre-Siwalik sediments (Appendix IV), suggestive of a prolonged stay in the partial annealing 

zone (APAZ) and slow cooling of the source area. However, the available data do not allow 

the identification of such region(s). In contrast, the Higher Himalaya, the most likely source 

of the Siwalik strata, underwent rapid cooling during the past 15 Ma (Thiede and Ehlers, 

2013), which makes the latter inference improbable. Track shortening due to increasing 

sedimentary burial can also be ruled out since there is no correlation between the stratigraphic 

level and the mean track lengths. Again, the most likely cause of the temperature increase is 

associated with basin thickening due to shortening linked to overthrusting of the pre-Siwalik 

sediments over the Siwalik strata along the Bilaspur Thrust and its splays (Figs. 5.5c and 

5.5d). AHe ages from the Lower and Middle Siwalik spanning between 1.2 ± 0.2 and 2.6 ± 

0.5 Ma are interpreted as completely reset, suggesting a minimum temperature of 50-70 °C 

(Flowers et al., 2009; Gautheron et al., 2009). The exception is the Upper Siwalik sample 

(USW 3-13) whose 8.2 ± 0.9 Ma AHe age is older than the corresponding stratigraphic age 

indicating that post-depositional temperature was incapable of resetting the apatite (U-

Th)/He thermochronometer in the youngest part of the basin. 

Thermal modelling of the two Middle Siwalik samples shows fast heating of the 

sediments until approximately 90-100 °C followed by very rapid cooling (Fig. 5.3). Such a 

T-t path is in accord with the interpretation postulating that the thermal structure of the 

Siwalik deposits in the Subathu basin is associated primarily with thickening due to thrusting. 

While the prograde path is linked to the basin contraction triggered by the activity of the 

MBT since ca. 12 Ma (Colleps et al., 2018), the cooling path most likely reflects uplift of the 

Subathu Basin rocks along the basal décollement - the Main Frontal Thrust, since ca. 4 to 1 

Ma. 

The thermal evolution of the Siwalik deposits in the Subathu Basin outlined above 

shows a large degree of similarity with the thermal evolution of the Siwalik sediments in 

western Nepal. van der Beek et al. (2006) concluded practically the same maximum  
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Fig. 5.5 Schematic diagram showing the evolution of the Subathu foreland basin. a) Ongoing deposition of the 

pre-Siwalik rocks b) Initiation of the MBT and thrusting of the OLH over the Subathu basin accompanied by 

the rise of temperature due to internal imbrication and thickening of the sedimentary pile. c) Thrusting of the 

pre-Siwalik strata over the Siwalik deposits along of the Bilaspur Thrust (BiT) and its splays, d) Rapid cooling 

and exhumation of the foreland basin due to overthrusting of the Subathu foreland basin over the Gangetic plane 

along the MBT, e) Enlarged figure of the area shown in the rectangle in Fig. d)   
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temperature range throughout most of the Siwaliks (90-100 °C) achieved between 3 and 1 

Ma. In the latter study, the Lower Siwalik samples showed complete reset of AFT ages, 

which is not observed in the equivalent strata in Himachal Pradesh. This suggests a larger 

postdepositional tectonic load or somewhat higher geothermal gradient in the foreland basin 

in the Nepal region. Nevertheless, the general timing of the tectonic processes shaping the 

Himalayan foreland seems remarkably coherent along the vast part of the mountain belt. 

 

Thermo-tectonic evolution of the Subathu basin 

Although sedimentological studies were beyond the scope of this contribution, 

considering the thickness of each stratigraphic formation, there was a significant rise in 

sedimentary load since approximately 24 Ma. Rapid erosion of the source region(s) initiated 

at that time is supported by the short, nearly instantaneous lag time of the Kasauli and the 

Lower Siwalik Formations (Fig. 5.4). An increase in the supply of detritus can be linked with 

the activity of the Main Central Thrust accommodating the uplift of the Higher Himalayan 

rocks (Fig. 5.5a). During the deposition of the Middle and the Upper Siwalik sequences, the 

lag time increases, indicating a progressive slowdown in the pace of erosion of the source 

area, since approximately 12 Ma (Fig. 5.4). Such timing corresponds to a shift of a major 

accommodation of the India-Asia convergence from the MCT to the MBT, as also indicated 

by uplift and exhumation of the Outer Lesser Himalaya (Fig. 5.5b) recorded in zircon (U-

Th)/He ages (Colleps et al., 2018). Thrusting along the MBT initiated internal imbrication of 

the sedimentary pile and overriding of the Subathu Basin by the OLH (Fig. 5.5c). Shortening 

and thickening led to the temperature increase, partial rejuvenation of AFT ages and partial 

to complete resetting of the AHe ages in the footwall of the MBT. Thermal modelling of 

track annealing in apatites indicates that a temperature climax was achieved between 4 and 

1 Ma. The subsequent rapid cooling is correlated with uplift and exhumation due to thrusting 

of the Subathu Basin over the Gangetic Plains which led to the present-day structure and 

exposure of the fossilised apatite partial annealing zone (Figs. 5.5d and 7e). 
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Conclusion 

 

The Subathu basin of Himachal Pradesh provides an excellent opportunity to build 

the evolutionary history of a foreland basin in the context of the Himalayan orogeny. Detrital 

zircon geochronology and bulk rock geochemistry analyses carried out in this study gave a 

strong basis to derive meaningful interpretations on the provenance of the sediments of the 

Subathu basin throughout its history. Apatite Fission Track Analysis and Apatite (U-Th)/He 

dating were pivotal in constructing the thermal history of the basin during its deformation. 

From tracking the sources of sediments since the onset of collision to the basin inversion 

during the latest phase of the collision, the major findings of this study are summarized. 

The lowermost strata of the Subathu basin were meant to be represented by the unique 

volcanic ash horizon named the “Subathu Tonstein”. The conducted U-Pb zircon dating, 

except for showing a large population of Paleoproterozoic ages, also revealed several Lower 

Cretaceous crystals that is interpreted as the time of the tuff deposition at 129.7 ± 1.1 Ma. 

This demonstrates that the ash deposition long preceded deposition of the earliest marine 

sediments of the Subathu Formation estimated to be ca 58 Ma. As the lithological contact 

above and below the tonstein bed was obscure, stratigraphic correlation with the Subathu 

Formation was not possible. Despite this fact the large time gap between the tonstein bed and 

the Subathu Formation which contradicts the earlier view of considering the tonstein bed as 

the basal part of Subathu Formation. The results of detrital zircon geochronology and 

geochemistry suggest that the Tonstein deposit is the ash of a volcanic eruption that took 

place on the Indian continent predating the Himalayan orogeny. 

The Subathu foreland basin bears marine to continental sedimentary sequence that 

proved to be ideal for constraining India-Asia collision. U-Pb ages from the marine Subathu 

Formation to the continental Dagshai Formation shows the presence detrital zircons 

associated with the Transhimalayan batholith and suggest minimum collision time between 

India and Asia at ca. 59 Ma. This time constraint is in good agreement with the previous 

estimates of collision constrained from the Indus Suture zone and from the foreland basin of 

Pakistan. The Transhimalayan detritus was likely delivered by a fluvial link connecting the 

foreland with the hinterland (southern Eurasian margin). The Subathu Formation and the 
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Dagshai Formation record a major contribution from the Tethyan Himalayan Sequence. 

However, in the younger stratigraphic unit of the Kasauli Formation, the Tethyan Himalayan 

signal becomes subdued by the presence of more prominent Higher Himalayan Crystalline 

Sequence signature. In addition to this the Kasauli samples do not bear any zircon of 

Tranhimalayan provenance. This suggests that the foreland basin was temporarily 

disconnected from the hinterland during the deposition of the Kasauli Formation in early 

Miocene. The presence of the strong HHCS signature and the absence of the Transhimalayan 

zircons point to the rapid uplift of the HHCS.  

The HHCS served as the main source for the middle Miocene to Pliocene deposits of 

the Siwalik Group. Although HHCS signal is present in all the samples of the Siwalik Group, 

the intensity of the signal is variable.  In addition to the HHCS source, contribution from the 

Transhimalaya is observed in the Siwalik Group. The reappearance of the Transhimalayan 

signal in the Lower Siwalik Formation suggests a re-establishment of the fluvial transport 

link between the foreland basin and hinterland. In the Middle Formation the Transhimalayan 

signal is most prominent and suggest a major river drainage in the foreland whose source is 

in the hinterland (southern Tibet). This river is postulated be the “paleo-Sutlej” the 

predecessor of the present Sutlej River. The Transhimalayan signal disappears in the lower 

strata of the Upper Siwalik Formations and the reappears near the top of the sequence. The 

fluctuation of the peak intensities corresponding to the HHCS source and the episodic 

connection of the foreland and the hinterland suggest that the uplift of the HHCS occurred in 

pulses. This study also shows that the Subathu basin had a constant sediment transport link 

from the earliest to the latest stage of the basin expect few episodes of disruption. These 

observations demonstrate that fluvial incision can cut across a formidable physical barrier 

like the Himalaya. 

Presently the Subathu basin is deformed to a nappe stack sequence that reflects the latest 

phase of crustal shortening due to India Asia collision. Apatite fission track analyses from 

this study record partial resetting in practically the entire stratigraphic succession. On the 

other hand, apatite (U-Th)/He ages of the Lower Siwalik and Middle Siwalik rocks are reset. 

This points to low temperature evolution, below AFT closure. Peak temperatures estimated 

from the thermal models from the partially reset fission track age, shortened track lengths 
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and reset apatite (U-Th)/He age point to a thermal climax to temperatures upto 100°C 

between 4 and 1 Ma. The thermal climax was followed by rapid cooling that is correlated 

with the movement of the foreland nappes along the Main Frontal Thrust. This event 

corresponds to the latest phase of India-Asia collision. This study shows that Apatite Partial 

Annealing Zone (APAZ) can be exposed in a compressive regime during the basin inversion 

and the formation of fold and thrust belt. 
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