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ABSTRACT

Fluvial deposit of the Miocene Siwalik Group (4086660 m thick) was
accumulated in the Himalaya foreland basin. TheaBknGroup is considered to be an
important archive of Himalayan uplift and relatelinate changes. It is thought that
uplift of the Himalaya affected world climate patte A noticeable effect was global
cooling due to the absorption of carbon dioxidetbg chemical weathering process
induced by increased rainfall (Indian Summer Momgatue to uplift. Although several
studies have been focused on the Siwalik Group $mgudifferent methods to
reconstruct the monsoonal climate change, thedatke studies on possible causes of
the gap of the estimated timing of climate chasgeot yet clear. One probable cause is

the effect of local climate change induced by ldcpbgraphy.

This study analyzes the fluvial successions of $ivgalik Group along the
Karnali River, where the large paleo-Karnali Riv@presumed thave flowed, and in
which local climatic effects should be minimal. Téfere, the Karnali River section is
expected to contain a good record of regional chamg climate and tectonics. Because
fluvial facies are directly affected by increasaeqipitation related to climate change
and increase in sediment supply associated witkft,ufthostratigraphic and fluvial
facies studies were conducted to understand thaegelsain depositional system.
Petrographic analysis was also carried out to deter the sediment source area and

related tectonic setting.

The newly established stratigraphy of the KarnalieR section is: Chisapani
Formation (equivalent to Lower Siwalik, (2045 m)akd Formation (equivalent to
Middle Siwalik, (2740 m), Kuine and Panikhola Gaeormations (equivalent to Upper

I
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Siwalik, 1500 m) in ascending order. The ChisapBarmation is composed of
interbedded red mudstones and fine- to medium-gdaisandstones. The Baka
Formation is composed of medium- to coarse-graifeadt and pepper’, pebbly
sandstones interbedded with greenish grey mudstdhesKuine and Panikhola Gaun
Formations consist of thick pebble, cobble to beuttbnglomerates.

Based on facies analysis, six facies associatiBAd-EA6) were identified.
The individual facies associations represent firmrgd meandering river systems
(FAL), flood flow-dominated meandering river systéaf2), deep (FA3) and shallow
(FA4) sandy braided river systems, followed by giigvbraided river systems (FA5)
and a debris flow-dominated braided river systerA6)F- respectively. The facies
change from FAl to FA2 is an important indicatorcbimate change. The change from
fine-grained meandering river deposits with rediss¢i5.8-13.5 Ma) to the flood
flow-dominated meandering river deposits with gisergrey mudstones (13.5-9.6 Ma)
indicates increased water discharge after 13.5 WMach resulted from increased
precipitation. Appearance of playa lake faciesA2Rlso reflects a seasonal increase in
precipitation. In contrast, the timing of this fagichange ranges from 10.5 to 9.5 Ma in
other Nepal Siwalik sections. The earlier facieardes in the Karnali River section at
about 13.5 Ma may have been due to intensificatibthe Indian Summer Monsoon.
Earlier uplift in the western Nepal Himalaya magcahave caused higher orographic
rainfall in this region. The change from a meanugriver system to a braided river
system at about 9.6 Ma is probably related to @aagion of large alluvial fans in the
ancient Indo-Gangatic Plain.

The results of petrographic analysis confirm thed sediments were mainly

derived from the Higher Himalaya and the Lesser &ftya throughout the deposition.

II
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The Higher Himalaya was a major source terrain emethe early stage (16.0 Ma) of
deposition, and Lesser Himalayan contribution iasesl after 13.0 Ma. This indicates
the Lesser and the Higher Himalayas were deepligdadcby the large paleo-Karnali
River. The petrographic results along with previsiigdies from all Siwalik sections
suggest the diachronous uplift of the Himalaya, cnhibegan earlier in far western
Nepal.

The early uplift and related orographic rainfate aconsistent with other
studies which show extension of drier areas in @&asChina and restriction of humid
areas to southern China during the late middle bhec(13.5 Ma). The uplift may have
suppressed deep penetration of wind originatinghftbe Indian Ocean to the Tibetan
Plateau, creating a rain shadow zone in westermaChand significant orographic

rainfall in the frontal Himalaya.
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Chapter 1

INTRODUCTION

1.1 Introduction

The Siwalik Group was deposited during Middle Mioedo Early Pleistocene
in the Himalayan foreland basin system and is noeupied as the frontal part of the
Himalayan fold thrust belt (Gansser, 1964; Johnetoal., 1983; Tokuoka et al., 1986;
Burbank et al., 1996; DeCelles et al., 1998; Ratninet al., 2006). This Siwalik Group
hosts about 6 km thick fluvial sediments depositefibreland basin formed in front of
the Himalaya (Prakash et al., 1980; Tokuoka etLaBg6).

The Siwalik Group is expected to be one of the gamdrders of the regional
changes in climate and Himalayan tectonics sinc@ W&. The uplift of the Himalaya
then might have started to change in climate a$ agethanges in fluvial system. The
noticeable climate change was the global cooling ttu the absorption of carbon
dioxide by the chemical weathering process indubgdrainfall (Indian Summer
Monsoon) due to uplift. Because of its great pa&trfor elucidating the tectonics,
climatic and erosional histories of the Himalayes Siwalik Group has been focused by
numerous lithostratigraphic (Auden, 1935; Hagen6919Gleinni and Zeigler, 1964;
Opdyke et al., 1982; Sah et al., 1994) sedimenicddgTokuoka et al., 1986; Willis,
1993; Nakayama and Ulak, 1999) chronostratigrapbiwell as isotopic studies (Quade
et al., 1995; Dettman et al., 2001; Szulc et ab06). Carbon isotope analyses of
paleosols showed that the major climatic shift ol at 7-8 million years ago due to
monsoon intensification (Quade et al., 1995). Bome studies suggested that it
occurred at around 10 million years ago (Tanak8y/)L%luvial facies studies suggested
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the Monsoon intensification occurred at about 1@#& (Nakayama and Ulak, 1999).
Oxygen isotope studies mentioned that Indian Suniwrsoon has started at around
10.7 million years ago (Dettman et al., 2001). Rége the age of Indian Summer
Monsoon onset has been back at around 15.0 mylgar ago (e.g. Clift and Plumb,
2008). However, despite of these impressive previwarks, there is no consensus on
age gap on the timing of beginning of such climahanges.

In my idea, the possible cause of this age gapthewffect of local climate
changes by changing local topography. For the bieli@epositional information and
climate change, the river catchment system playsmgoortant role. The small river
system is sensitive for minor increase in wateclthsge due to precipitation by local
topographic change. On the other hand, in larger gystem, the amount of discharge is
not affected by the local precipitation resulted lbgal topography. It can minimize
local precipitation reflecting regional precipitati Therefore, the large river system
should be analyzed for knowing the changing pattérdepositional environment and
regional climate.

The present study analyzes the fluvial deposihef$iwalik Group along the
Karnali River (Fig 1.1), where the large paleo-KarRiver is presumed to have flowed
based on previous petrographical aidd isotopical analysis (Huyghe et al., 2005;
Szulc et al., 2006), which show that the Siwalilo@y of Karnali River host earlier
evidence from the sediments supplied from the mighmalaya and Lesser Himalaya.
The study area has been the locus of a varietyudfies (DMG, 1987, 2003; Gautam
and Fujiwara, 2000; Huyghe et al., 2001; Szulcl.e2806; Van der Beek et. al., 2006;
Bernet et al., 2006). DMG (1987, 2003) examinedatea on a broad scale and divided

it into the Lower, Middle, and Upper Siwaliks. Gaot and Fujiwara
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Fig. 1.1: Location map of the study area, bottom rgional map taken from Google
earth.

(2000) studied the magnetostratigraphy and sorheldigical characteristics of the
sediments, and defined the Lower and Middle Sivealiksed on grain size and simply
following the criteria proposed by Rosler et al99T) and Mugnier et al. (1998).
However, they did not examine lithofacies charasties at meter-scale and also did not
define the exact Middle - Upper Siwalik boundarnygla large part of the Upper Siwalik
remains unstudied and undated. Their study wasitlwasnplete, being focused on age,
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and not on lithology. Huyghe et al. (2005) studied depositional facies in broad scale

and interpreted the similar order of fluvial systemith other area. However, their

interpretation was limited by a lack pfecise detail facies analysis at meter-scale.cSzul
et al. (2006) studied the petrography of the samist from the limited samples,
however, no detail information of detail petrogrephanalysis for provenance study.

Although many studies have examined the petrograg¥y isotopes and age dating, no

detail lithostratigraphic, and depositional facisformation at meter-scale as well as

petrographic data have been yet to be availablth@®oKarnali River section.

The aims of this study are as follows:

» To establish a new lithostratigraphy of the area, permit comparison and
correlation among the different sections of the &fikv Group of the Nepal
Himalayas as well as and the Potwar Basin.

» To describe the detail depositional facies and dappraise the fluvial facies
classification of Huyghe et al. (2005).

» Detailed petrographic analysis to reveal the pramee, tectonic setting as well as
catchment basin size and their change through time.

» To compare the lithostratigraphy, fluvial systenmsl rovenance data with other
Siwalik sections.

» To discuss the climatic change and Himalayan tectofiom the Siwalik Group

sediments.
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Chapter 2

PREVIOUS STUDIES ON THE SIWALIK GROUP

2.1 Lithostratigraphy

Stratigraphically, the Siwalik Group has been tiadglly divided into Lower,

Middle and Upper Siwaliks on the basis of lithokagisimilarities to the type locality in
the Potwar Basin (Piligram, 1913; Auden, 1935; lswWB37; Hagen, 1964; Gleinni and
Zeigler, 1964). The earliest lithological and paldogical observations of Siwaliks
were made in Pakistan Siwaliks where tripartitedsuibion based on lithology and six
fold faunal zone nomenclature. The faunal zonesrésponding lithofacies) are
Kamlial and Chinji (Lower Siwaliks) Nagri and Dhd¥athan (Middle Siwaliks) and
Tratrot and Pinjor (Upper Siwaliks) along with seaslemagnetostratigraphic works in
the Potwar Plateau (Barry et al., 1985; Johnsoal.et1982, Burbank, 1996). These
studies didn't differentiate either between lithhaigraphic, biostratigraphic or
chronostratigraphic nomenclature to use of fornmatiames. Several other subsequence
studies established the stratigraphy based on pgropef sandstone and mudstone and
are divided into Kamlial, Chinji, Nagri Dhok Pathamhetrot and Pinjor Formations
(Fatmi, 1973; Johnson et al.,, 1982; Raza, 1983klwlkire now used as a standard
stratigraphic nomenclature in Pakistan. In Indiaglassification based on the similar
sequence of the Potwar Plateau has been broadgwéml (Johnson et al, 1983,
Tandon et al., 1984; Ranga Rao et al., 1988; Sangbdl., 1996; Kumarvel et al.,
2005). The lithostratigraphy of the Siwalik GroupNepal Himalaya has been studied
by many authors (Auden, 1935; Glennie and Zied®64; Hagen 1969; Sharma, 1977;
Yoshida and Arita, 1982; Tokuoka et al., 1986, 1980rvinus and Nanda 1994; Sah et
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al., 1994; Dhital et al., 1995). The well-estabdéidhthree fold classification (Lower,
Middle and Upper Siwaliks) was applied to the NepalSiwalik Group from beginning
of geological survey (Auden, 1935; Hagen, 1969;hYda and Arita, 1982). But these
divisions and correlations were mainly based dmofécies, and individual formation
boundaries were established based on changestebrage fossils. Unfortunately, the
Nepalese Siwaliks, unlike those type localitied?mtwar region, are poor in vertebrate
fossils therefore biostratigraphy has not beeniegph Nepal Siwaliks sections for
correlation. This paucity of biostratigraphic markdthological variability, lateral
changes in facies and the varying degree of tectdisisection have made tripartite
division provisional, informal and inadequate fetalled mapping. Later, Tokuoka et al.
(1986, 1990) established the four fold classif@mat{Arun Khola Formation (A), Binali
Khola Formation (B), Chitwan Formation (C) and DdoFormation (D) in the Arung
Khola-Tinau Khola area, west central Nepal. Thassification was based on particle
size (mudstone, sandstone and conglomerate) an@ imgortantly proportion of
sandstone and mudstone with some colour variabiftymudstones and formation
boundaries were given by magnetic polarity studidgsey divided the upper Siwalik
into two separate formations based on grain sike. debris flow deposit which lies in
the upper most part of upper Siwalik consideredsaparate formation (Deorali
Formation). The similar type of criteria was used ¢lassification in Hetauda-Bakiya
Khola area central and eastern Nepal (Harrison.,e1293; Sah et al., 1994; Ulak and
Nakayama, 1998) but nomenclature is different. 8gbently, Cornivus and Nanda
(1994) established the lithostratigraphy and baigfraphy of the Surai Khola area.
Their classification and correlation mainly basedithology and fossils. Subsequently,

Dhital et al. (1995) retained the whole Siwalikttebund the Surai Khola area, western
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Nepal and divided into five formations. According Dhital et al. (1995), the
lithological based criteria developed by Tokuokalet(1986, 1990) are not suitable in
this area and their (Dhital et al.,1995), divisiavexe based on grain size, bed thickness,
sedimentary structures and petrography of sandstoReom previously published
lithostratigraphic works, it is clear that manyfidifilties and problems are encountered
in establishing the stratigraphy and correlatiothef Siwalik Group of Nepal Himalaya.
The paucity of the fossils in all section of thev8liks from eastern to western part of
Nepal causes difficulties for correlation. The dilbgies are not similar (cf. Dhital et al.,
1995) in all sections. Therefore, it is not easyafply the distinct characteristics
followed by previous researchers for classificationall sections as well as direct
correlation is not possible due to diverse lithadag criteria adapted in the different

sections of the Siwalik Group.

2.2 Magnetostratigraphy

The paleomagnetic age data are not consisterdllirarea. For example,
Tokuoka et al. (1986) established first paleomagrstatigraphy in the Tinau Khola
section and correlated with the Potwar region RakisBut later, Gautam and Appel
(1994) revised the magnetic polarity stratigraphgt enodified the age boundaries of the
formations in same locality. Several researchess &lad attempt to established age
boundaries of the formations in the Surai Khola g@bpet al., 1991; Appel and Rosler
1994) in different time periods. Similarly, Gautamd Fujiwara, (2000) established the
age of Siwalik Group along the Karnali River sestand mentioned the oldest section
among the Nepal Siwaliks. Recently, Ojha et al0@2Z®009) also established the new
paleomagnetic age of the Khutia Khola and Surai [Khareas. From previously
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published age data, it is difficult to fix the ekxage boundaries of formation due to

inconstancy which pose the difficulties in correlat

2.3 Depositional facies

Studies on the fluvial facies in the Siwalik Grobhgve been done by several
researchers to interpret changes in the fluviabd#pnal systems in several sections in
Pakistan, India as well as those in Nepal (Will893; Khan et al., 1997; Zaleha, 1997;
Kumar et al., 2003; 2004; Tokuoka et al. 1986, 199®4; Hisatomi and Tanaka, 1994;
Nakayama and Ulak, 1999; Ulak and Nakayama, 20QiygHe et al., 2005). These
studies reconstructed the meandering, sandy braidédyravelly braided river systems
and revealed that order of appearance of the flsyistems is consistence among the
Siwalik sections but the timing of appearance adsth changes differs among the

sections.

2.4 Provenance and tectonics setting

Petrologic, thermochronologic, and geochemicalys®s can provide a great
deal of information on sediment provenance, souock lithology, and the rate and
timing of exhumation (e.g. Dickinson, 1985; McLennat al., 1993; Garver et al.,
1999). In the case of the Himalaya, the Siwalik @rdolds important information on
the late Tertiary exhumation history of this moumtéelt and provenance of the
sediments. For the central part of the Himalayasthresearch in recent years was
focused on sections of exposed Siwalik Group ragkimidia and western and central

Nepal, resulting in large datasets on the sedinmgttology and zircon U-Pb
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geochronology (e.g. Copeland & Harrison, 19B@Celles et al., 1998, 2000, 2004;
White et al., 2001; Najman et al., 2004), apatitd aircon fission track and white mica
4OAr—3%Ar thermochronology (Bernet et al., 2006; Szulalet2006; Van der Beek et al.,
2006; Chirouze et al., 2012), aneNd isotope geochemistry (Robinson et al., 2001,
Huyghe et al., 2001, 2005). These researchers atedithat the sediments of the
Siwaliks Group were mainly supplied from the Higlhead Lesser Himalayan rocks and
sediments composition varies in space and time.rTiesults suggested that the
diachronous uplift and erosional unroofing may heamsed the variations of sediments

compositions among the areas.

2.5 Paleoclimate

Many proxy data are now available to interpret khieldle to Late Miocene
monsoon climate in south Asia. Quade et al. (19@@umented the late Miocene shifts
in 31°C and 8'®%0 towardsmore positive values from the northern PakistaneyTh
interpreted the shift af°C results as recording the shift from C3 to C4 typgetation,
i.e. forest to grassland, given that plant-respi@€d is the main source of carbon in
pedogenic carbonate. The spread of C4 grasslansisnviarn taken to represent onset
of strong monsoon conditions in the region. Harriep al. (1993) found a similar shift
in §13C in pedogenic carbonates from the southeast NeYaD Ma. Quade et al. (1995)
also reported a positive shift #20 of paleosols from the Nepalese sections, ocayrrin
at 6.0 Ma, i.e. about 2.0 Myr younger than in Rakis But some analyses suggested
that the climatic change was occurred around 1QOiomilyears ago from isotopic
analysis of the paleosols (Tanaka et al., 199&kayama and Ulak (1999) and Ulak and
Nakayama (2001) documented the climatic changeroadtat 10 Ma from the fluvial
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facies studies in Nepal. Dettman et al. (2001)yareal5'20 of freshwater bivalve shells
and mammal teeth to study seasonal variation ddseimwaters in the late Miocene and
Pliocene. The change in values over this periodriafl an intense monsoon and high
plateau must have been present at lekire 10.7 Ma, with the implication that the
Tibetan plateau was high and wide enough througg time to create a monsoon
system similar to the present day. Increas& i€ and decrease #1°0 values of soil
carbonate nodules in India were interpreted by 8hkay al. (2004) to indicate (i) a
switch from C3 to C4 type vegetation, and (i) maors onset by 6 Ma, with a possible
earlier peak at 10 Ma. Ganjoo and Shaker (2007umhented the geochemical and
micromorphological studies of the paleosols frore thdia (Ramnagar member) and
suggested the paleosols formation under wet andchaimatic conditions due to the
early uplift of the Tibetan Plateau/Himalaya resdlin a contemporaneous change in
precipitation and monsoonal climate conditions witthe Indian region beginning in
Middle Miocene. Singh et al. (2012) also studied paleosols which reconstructed the
progressive increase in aridity from ~12 Ma to Re@xcluding a short term increases
in rainfall or monsoon intensity at around 10 MdJ& and 1.8 Ma. However, despite of
these impressive previous works, there is no causeon timing of beginning of such

climatic changes.
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Chapter 3

GEOLOGICAL SETTING

3.1 Geology of Nepal Himalaya

The Nepal Himalaya is one of the important partemtire Himalayan Range.
In the entire 2400 km long Himalayan Range, ithsw@ 800 km long and occupies the
central part (Fig 3.1). It is generally acceptedt tthe youngest and highest peaks were
formed by collision of the northward moving Indiaantinent with the Eurasian plate,
started at about 60 Ma (Patriat and Achache, 1@8%n et al. 1993; Bordet, 1955,
1972). The collision activity is manifest in theepent day northward movement of
India at the rate of 5 cm per year (Seeber and Austbr, 1981; Jackson and Bilham,
1994; Pandey et al., 1995). This movement is accodated within the Himalayas by
activities of various thrusts and folds, nappesoreg) metamorphism and generation of
leucogranite plutons (Le Fort, 1975, 1996; Vanneg Blodges, 1996; Harrison et al.,
1998; Hodges, 2000). The basic framework of the &kaya is controlled by the three
major thrusts that extend throughout the Himalayzge longitudinally. These are the
Main Central Thrust (MCT), the Main Boundary Thr§stBT) and the Main Frontal
Thrust (MFT). The MCT was the first thrust to bretide Indian crust. The MCT
separates the highly metamorphosed Higher Himalayacks from the less
metamorphosed Lesser Himalayan rocks. It was aetivabout 22 Ma (Hubbard and
Harrison, 1989) and reactivated around 15.0 an@® Ma, again 6.0 and 8.0 Ma

(Harrison et al., 1998)
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Fig. 3.1: Physiographic subdivision of the Himalaya arc (after Gansser, 1964).

The MBT is separating the synorogenic sedimente®Siwalik Group from the Lesser
Himalayan rocks. The MFT brought the Siwalik Graayer the Gangetic Plain (Valdiya,
1998). Tectonically, Nepal Himalaya is divided irttee following five major tectonic
zones (Fig. 3.2) from the north to south.

1. Tibetan-Tethys Zone

2. Higher Himalayan Zone

3. Lesser Himalayan Zone

4. Sub-Himalayan Zone (Siwaliks or Churia)

5. Terai Plain
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3.1.1Tibetan-Tethys Zone
The northernmost tectonic zone of the Himalayasupies a wide belt

consisting of sedimentary rocks known as the Tindthys Zone. The Tibetan Tethys
Zone lies between the South Tibetan DetachmenteBygSTDS), a north dipping
normal fault and the Indus-Tsangpo Sutures Zon8)(IT It has undergone very little
metamorphism, except at its base where it is dogbe Higher Himalaya Zone. The
rocks of this zone consists of thick and nearlyticmous lower Paleozoic to lower
Tertiary marine, highly fossiliferous sedimentagcsessions including slate, sandstone
and limestone. The rocks are considered to have deposited in a part of the Indian

passive continental margin (Liu and Einsele, 1994).

3.1.2 Higher Himalayan Zone

Heim and Gansser (1939) firstly identified and diescl the Central Himalaya
Crystalline Zone in Kumaon area in India and mappeglong the entire Himalaya
Range. Geologically, the Higher Himalaya Zone inp&lerepresents the Central
Crystalline Zone and lies to the north of, and abihe Main Central Thrust (MCT) and
below the Tibetan Tethys Zone (Upreti, 1999). Thetamorphism occurred due to the
intrusion of leucogranites after the collision leétcontinents as a result of the formation
of the MCT (Le Fort, 1975). The Higher Himalaya 2Zois composed of various
gneisses, schists and migmatites extend continpalehg the entire length of the
Nepal Himalaya. The thickness of this zone is alftd 12 km. It is now generally
accepted that the series of STDS fault separateddtbher Himalaya Zone from the

Tibetan Tethys Zone (Burchfiel et al., 199Phis zone has been divided into four main
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units, the kyanite-sillimanite gneiss, pyroxenicrbi@a and gneiss, banded gneiss, and

augen gneiss in the ascending order (Bordet et®12).
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Fig. 3.2: Generalized geological map of the Nepal itHalaya (modified from
Amatya and Jnawali, 1994).

3.1.3 Lesser Himalayan Zone

The Lesser Himalaya Zone lies between the Sub-Hyaaland Higher
Himalaya, which is separated by the Main Boundanyu$t (MBT) and the Main
Central Thrust (MCT) in south and north respecyivelectonically, this zone is
composed of low grade metasedimentary rocks, witrraling crystalline nappes and
klippes (Upreti, 1999). The total width ranges fr@®-80 km. The Lesser Himalayan
rocks are divided into two groups (Upreti, 1999)d& Lesser Himalaya Formation and
younger Lesser Himalaya Formation are separatechdjgr unconformities (Valdiya,
1995, 1998). The older formation is Precambriamge (from 1800-2000 Ma to 570

Ma) (Perrish and Hodges, 1996). The younger foonati are the Gondwana
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sedimentary rocks in Permo-carboniferous age thrailwgmarine rocks in the early
Cretaceous to Eocene age (Sakai, 1983, 1985),irzaty fcapped by the fluvial Dumri
Formation (late Oligocene to early Miocene). Italso composed of unfossiliferous
sedimentary and metasedimentary rocks includingeslphyllite, schist, quartzite,
limestone, and dolomite etc. The geology of thisezds complicated due to folding,

faulting and thrusting.

3.1.4 Sub-Himalayan Zone (Churia or Siwalik)

The Sub Himalayan Zone is occupied by the Himalaj@meland basins
deposits. The zone forms the largest foreland bassumulated on the Earth, and
consists of the Neogene fluvial sediments in theatsernmost hills in Nepal, i.e. Churia
hills. It is delimited by the Main Frontal ThrusViET) to the south and the Main
Boundary Thrust (MBT) to the north. The Lesser Haya metasedimentary rocks have
been thrust southward over the Churia rocks altvegMBT, and a large part of the
Churia Group rocks are burried beneath the coverthef overthrusting Lesser
Himalayan rocks to the north (Upreti, 1999). Thev&ik Group consists of very thick
(4000 to 6500 m) molasse-like fluvial sedimentagpasits. Detailed geology and

stratigraphy is described in section 3.2.

3.1.5 Terai Plain

This zone represents the northern border of the-fBdngetic alluvial plain
and forms the southernmost tectonic zone of theaNidpnalaya. It is delimited by the
Main Frontal Thrust (MFT) to the north, which isp@msed at many places. At many

places along this thrust, the Churia rocks are se&goover the Terai sediments. The
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Terai plain gradually rises from 60 m above thelseal in the south to more than 200
m in the north. It is covered by Quaternary to Rés@diments which is about 1500 m
thick. The recent alluvium is mainly derived frohretChuria Hills (Siwaliks) and also

from the Lesser Himalaya by the river systems.

3.2 General geology and stratigraphy of the Siwaliksroup

The Siwalik Group represents ancient Gangetic pd@posits. The sediments
were supplied from the north as a result of uplfitrhand erosion of the Himalaya. Its
thickness varies laterally (4,000 — 6,500 m thickgcoming thinner to the east
(DeCelles et al., 1998; Mugnier et al., 1999; Ogtaal., 2000). The mudstones are
dominated in the Lower Siwalik, sandstones are dated in the middle Siwalik and
conglomerates are dominated in the Upper Siwalile &ge of the Siwalik Group in
Nepal ranges from 15.8 to 1 Ma on the basis ofgmaégnetic studies along the Khutia
Khola, Karnali River, Surai Khola section, Tinau &d& section, and Hetauda Bakiya
Khola section The generalized stratigraphy and etation of the Siwalik Group

summarized in Table 3.1.
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Auden | Glennie & | Hagen | Sharma|voshida & | Tokuokaetal.] Sahetal. Corvinus & [DMG(1987, 2003} Present study
(1935) Ziegler (1989) | (1973) |Arita (1986, 1988) (1994), Nanda, Ojha et al.(2000),
(1964) (1982) Ulak and (1994) and  |Gautam and
Nakayama | Dhital etal. |Fuiiwara (2000),
(1998) (1995) |Robinson et al.
{2008),
1 2 3 4 5 6 7 8 9 10
Deorali Churia Mal Dhan Khola Panikhola Gaun
Upper Upper | upper | Upper Formation | Formation | £oriation Upper Formation
siwalik |Conglomerate] Siwalik | churia | Siwalik Siwalik
|facies Group Chitwan Churia Khola Dobata Kuine
Formation |_Formation Formation Formation

Middle Binai Khola | Amiek Suraikhola | Middle  |Baka

i Middle " hganj ;
Siwalik gﬁ:a sivaik | Formation | Formation Formation Siwalik Formation

Lower
Sandstone Churia Chor Khola
facies Group Formation
Lower Arung Khola| Rapti Lower Chisapani
Siwalik 'g,w‘" 2 Lower | Eomation | Formation Siwalik Formation
a Siwalik
Bankas
Formation

1) Udaipur Garhi-Anraha and Amlekhganj-Sanotar areas, 2) Kali Ganga, Sarda river, Taptakunda, Koilabas, Butwal, Kaligandaki, Amlekhganj, Hetauda and
Saptakoshi areas; 3) Various parts of Nepalese Siwaliks; 4) Dang, Koilabas, Butwal, Amlekhganj, Trijuga and Kankai River areas; 5) Surai Khola, Patharkol,
Banganga, Butwal, Narayani River and Hetauda areas; 6) Arung Khola, Tinau Khola, Binai Khola areas; 7) Amlekhganj, Hetauda, Bakiya Khola areas;

8) Surai Khola; 9) Far western Nepal around the Khutia Khola and Kamali River 10) Kamali River

Table 3.1: Classification of the Siwalik Group of he Nepal Himalaya.
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Fig. 3.3: Regional geological map of the far westeNepal (DMG, 2003). The
Enclosed rectangle indicates the study area.
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3.3 Geological setting along the Karnali River area

The tripartite lithological division (Lower, Middland Upper) has previously
been applied to the Siwalik Group in the Karnadiea(DMG 1987, 2003, Mugnier et al.,
1998, 1999) (Fig. 3.3). The age range up to thedMicbiwalik (15.8 to 5.2 Ma) was
obtained by paleomagnetic study (Gautam and Fugiw@000). Structurally, this
section consists of two large belts separated byMDT, which is an extensive and
major and intra-Siwalik thrust (Mugnier et al., 9Fig. 3.4). The southern belt is
about 12 km N-S wide. The previous work indicatkdttthis belt contains all three
lithologic units (Lower, Middle and Upper Siwalikgnd had a total thickness of 4-6
km (Mugnier et al., 1998). The northern belt is @6 km in width. This study focuses
on the southern belt, because of the presenceanf grposures from the lowermost to
the uppermost part of the Siwalik Group, betweems&ani Bazaar in the south, and
Panikhola Gaun Village in the north. The northeett B mostly covered by forest, and

exposure is poor. It is thus excluded from thislgtu

Indo-Gangatic Plain 5 Siwalik Group Lesser Himalaya
2000 MET MDT(CCT) MBT
0 N s Study section S\ e

2000 —— ==~
-4000—
m
¢ |Upper Siwalik D Indo-Gangatic Plain MFT. Main Frontal Thrust
H MDT: Main Dun Thrust
Middle Siwalik ; CCT: Central Churia Thrust
Lesser Himalaya :
y MBT: Main Boundary Thrust
E Lower Siwalik

Fig. 3.4: Cross-section along the Karnali River séion showing relation between
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Chapter 4

LITHOSTRATIGRAPHY

4.1 Introduction

The Karnali River section of the far western Nepat been the locus of a
variety of studies (Gautam and Fujiwara, 2000; Hweygt al., 2005; Szulc et al., 2006;
Van der Beek et. al., 2006; Bernet et al., 2006esE studies focused on petrography,
isotopes and age dating. DMG (1987, 2003) examihedarea on a broad scale and
divided it into the Lower, Middle, and Upper Sivkali Gautam and Fujiwara (2000)
studied the magnetostratigraphy and some lithoddgibaracteristics of the sediments,
and defined the Lower and Middle Siwaliks basedym@in size. However, they did not
examine lithofacies characteristics at meter-seald also did not define the exact
Middle - Upper Siwalik boundary, and a large pafttlee Upper Siwalik remains
unstudied and undated. Their study was thus incetapbeing focused on age, and not
on lithology. To define the lithostratigraphy, thgical characteristics (type locality,
lithofacies, fossils, marker beds) of particulactgms need to be assessed individually,
rather than simply being based on comparison wdjacent areas, and following the
divisions made at those sites. Consequently, pusvsiratigraphic work in the Karnali
River section does not adequately follow the iraiomal stratigraphic nomenclature.
Furthermore, those studies did not address detaileigr-scale variations of lithology
and grain size in the area, which is required ez future work on paleoclimate and
tectonic evolution. It is thus difficult to corrédawith other sections of the Siwalik
Group in Nepal where four or five-fold classifieais (along with several subdivisions)
have been adopted (Table 3.1). This study aimsuid B new lithostratigraphy of the
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area, to permit comparison and correlation amoegdifierent sections of the Siwalik
Group of the Nepal Himalayas, and with the PotwasiB in Pakistan. This will
establish a template for future research on them@cevolution and paleoclimate of the

Himalaya and surrounding regions.

4.2 Methods

This study is based on geological traverses onbnhalthe river sections.
Survey could not be expanded to nearby areas becasticted access areas of the
Bardiya National Park extend to the east, and dfmsst covers most of the area to the
west. Classification of the rock units into fornoais and members was made based on
grain size, color, and thicknesses of sandstonelstone and conglomerate beds. The
thicknesses of the individual beds, colour (Munselbur chart), and grain size changes
within the beds were measured in detail, and tha dampiled as columnar sections.
Existing paleomagnetic data (Gautam and Fujiwad@0? permits regional correlation

with other Siwalik sections of Nepal.

4.3 Stratigraphy

The Siwalik Group in the Karnali River section sré newly divided into four
mappable lithostratigraphic units. These are namhedChisapani, Baka, Kuine and
Panikhola Gaun Formations, in ascending order. Av ngeological map and

cross-section are given in Fig. 4.1.
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Fig. 4.1: Geological division of the Siwalik Groupalong the Karnali River section
(X). X" indicates the cross section along the lina-B.

4.3.1 Chisapani Formation (Lower Siwaliks)

4.3.1.1 Type locality

Along Karnali River, in exposures north of ChisapBaizaar.
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4.3.1.2 Lithology

The Chisapani Formation is represented by altemstiof very fine- to
medium-grained, greenish-grey to reddish-brown s@amgs, and variegated
reddish-brown bioturbated mudstones (Fig. 4.2). Tbwer part is dominated by
mudstones and the upper part by sandstones. Takthatkness of this formation is
2045 m. This formation is well exposed along then&di River from Chisapani Bazaar
in the south to Bungad Khola in the north (Fig.)3.The Chisapani Formation is
subdivided into lower, middle, and upper membersedaon the thickness ratios of

sandstone and mudstone, colour, and sandstonesgrain

4.3.1.2.1 Lower member

The sediments of this member are exposed from rdrdhisapani Bazaar to
Pitmari Village. The total thickness of this memis840 m. This member is composed
of alternating variegated mudstone and grey sanddiBigs. 4.2 A, 4.2 B). Colour of
the mudstones ranges from greenish-grey (GLEY1 Y//1IGLEY1l 7/5G) to
greyish-brown (2.5Y 7/3, 10R 6/2, 2.5Y 4/4, 10YR)5/Thicknesses of the mudstones
range from 0.2 m to 5 m, whereas sandstone thicksasnge from 0.2 m to 10 m. The
mudstones contain rootlets, burrows, nodules, amdretions, characteristics typical of
paleosols (Fig. 4.31). The mudstones are generallyted, bioturbated, and are
intercalated with very fine to fine-grained, vama¢ged and purple to greenish-grey
sandstones (Figs. 4.2A, 4.2B). Successions of sgamels4 to 10 m in thickness consist
of fine- to medium-grained sand, and contain pakdimination or trough- or planar
cross-stratifications in their basal parts, andyvime-grained sandstones containing

ripple laminations in their upper parts (Fig. 4.3he successions show fining-upward
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trends. The bases of the fining-upward successaoasnarked by erosional surfaces,
upon which mud clasts are scattered. The frequendiiicker sandstone successions

tends to increase up-section in this member.

Fig. 4.2: Outcrop photographs of the Chisapani Formtion A) Mudstone-dominate
d interval in the lower member. Person for scale (¥ m). B) Variegated, rooted and
bioturbated mudstone in the lower member. The scalés 25 cm long. C) Red
mudstone - dominated interval in the middle memberD) Thicker sandstones in
the upper member.

4.3.1.2.2 Middle member

The middle member has a total thickness of aboQtrd8and is well exposed
around Pitmari Village. It is characterized by fine coarse-grained sandstones and
bioturbated, reddish-brown (5YR5/4, 5YR 5/3) to wro (7.5YR 5/3) or grey

mudstones (GLEY 1 7/10Y).
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The red mudstones (10YR 4/6, 2.5YR 5/4, 7.5YR B¥R 5/3, 5YR 5/3, and 5YR 3/2)
contain rootlets, burrows, nodules, and concretitycal of paleosols, and are
frequently interbedded among the sandstones inntiesber (Figs. 4.2C, 4.3ll). The
nodules within the red mudstones consist mostlgaddium carbonate and iron oxides
(Fig. 4.311). The sandstone beds are thin (0.5-ang interbedded with red mudstones.
These sandstones exhibit parallel and ripple lanongFig. 4.311). The thicknesses of
the individual sandstone and mudstone beds raraga ©.2 to 12 m. The ratio of
sandstone and mudstone is roughly equal in therldwaé of this member, but the
proportion of sandstone increases up-section. Medito coarse-grained sandstones
first appear in the upper boundary of this membleis type of sandstone is referred to
as “salt and pepper’ sandstone, because it consgmficant amounts of a black
mineral (biotite) interspersed with white mineradsich as quartz and feldspar
(Nakayama and Ulak 1999). Generally, sets of sandst form fining-upward
successions. The thickness of the fining-upwar@essions ranges from 6 to 12 m. The
fining-upward successions contain trough and planass-stratification, with parallel
lamination in the lower part and ripple laminatiansthe upper part, grading upward
into mudstones. The bases of the successions arestalflat, or feature shallow

erosional depressions up to 0.5 m in relief.
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4.3.1.2.3 Upper member

The upper member is well exposed between Pitantasl&kand Bungad Khola
along the Karnali River and road sections. Totalkimess is about 1125 m. The upper
member consists mainly of medium- to coarse-graiti@dk bedded, grey sandstones
and laminated mudstone interbeds. The laminatedstonds range from greenish-grey
(GLEY1 5/10Y, GLEY1 5/10GY, GLEY1 5/N) to yellowisbrown (10YR 5/3, 10YR
5/4, 2.5YR 4/2), and contain rootlets, burrows, uled and concretions characteristic of
paleosols. Thicknesses of the sandstone and mwelserts range from 0.5 to 15 m and
0.1 m to 4 m, respectively. The reddish-brown maiss are less frequent than in the
lower and middle members. Sets of sandstone begstqul5 m thick) show
fining-upward trends more commonly than the lowed aniddle members (Fig. 4.2D).
The basal parts of the successions are dominatettolngh cross-stratifications or
parallel laminations which are followed by planaoss-stratifications and ripple
laminations (Fig. 4.4, locs. M, N, O). The thinlgdded, fine-grained sandstones (0.5 to
1 m) contain parallel laminations and ripple lantim@ or climbing ripples. Some of
these thinly-bedded sandstones are massive anct grpdiard into the overlying
mudstones (Fig 4.4, loc. Q). The bed bases in dleerl part of the fining-upward
successions are erosional, and mud clasts areeszhtuipon them. Coarse-grained
sandstones (“salt and pepper”) also occur at thee baf this member, and are
interbedded at 300 m intervals in the lower patte Thudstone-dominated intervals
contain thin sandstones and have sheet-like gepnmigtese mudstones are about 4 m
thick, whereas thickness of the sandstone interlradges from 0.2 to 1 m. The
sandstone interbeds feature parallel lamination aipgple and climbing-ripple

lamination, mostly in the upper half of the member.
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4.3.1.3 Age

The age of this formation ranges from 15.8 to 9.8, Mased on magnetic
polarity (Gautam and Fujiwara 2000). The ages o kbwer, middle and upper

members are 15.8 - 15.2 Ma, 15.2 — 13.2 Ma and-13.@ Ma, respectively.

4.3.1.4 Stratigraphic relationship

Chisapani Formation almost corresponds to the Ldswealik as proposed by
Gautam and Fujiwara (2000), but differs from thatOMG (1987, 2003). DMG placed
the boundary between the Lower and Middle SiwadamPitmari Khola. However, this
is actually the boundary between the lower and taiddembers of the Chisapani
Formation (Lower Siwalik) based on our present wtWle also confirmed that the
boundary between the Lower and Middle Siwalik tsated near Bungad Khola, where
first appearance of continuous thick “salt and m@eppsandstones is found. The
appearance of the interval dominated by red mueésiendefined as the boundary
between the lower and the middle members, anditeappearance of “salt and pepper”
sandstones is defined as the boundary between idhtlenrand upper members. The
Main Frontal Thrust (MFT) forms the lower limit tfis formation. The upper boundary

is conformable with the overlying Baka Formatiomg(F.1).

4.3.2 Baka Formation (Middle Siwaliks)

4.3.2.1 Type Locality

The type locality of this formation is around Ba¥illage.
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4.3.2.2 Lithology

The Baka Formation is distributed between Bakaayg#l in the south and
Satbaseri-Kuine Villages in the north. Total thieks is about 2740 m. Baka Formation
is composed of thickly bedded, medium- to very seagrained sandstones and pebbly
sandstones, along with mudstone interbeds (Fig. Ab of the sandstones contain
abundant biotite, quartz, and feldspar, and henghibie “salt and pepper’
characteristics. These sandstones are interbeddbdgmeenish-grey, olive-brown to
grey laminated mudstones (GLEY1 7/10Y, GLEY1 6/5@&{t EY1 7/5GY, 5Y 5/6,
2.5Y 4/3, GLEY1 4/N, GLEY2 5/10G). The Baka Formatiis also subdivided into

lower, middle and upper members.

4.3.2.2.1 Lower member

The main exposures of this member are distributedch fBungad Khola to
Baka Village (Fig. 3). Total thickness of this mesnls about 540 m. It is characterized
by thick medium- to coarse-grained “salt and peppandstones (Fig. 4.5A). Thickness
of individual sandstone successions ranges from1¥tm, whereas mudstone intervals
range from 0.2 to 2 m in thickness. Individual sefsthick sandstone successions
overlying mudstone beds show fining-upward trend.(B.6 I). The bases of these
successions are erosional, with mud clasts scdtterehese surfaces. The basal parts of
the thick sandstone successions generally featowgh and planar cross-stratification,
followed by ripple laminated beds, and massive bedghe upper parts of the
successions (Figs. 4.6l, locs. R, S, T). Thinnerdstone beds (0.5 to 3 m) contain
either parallel or ripple and climbing ripple larations. The mudstones are laminated

and are greenish-grey (GLEY1l 7/10Y, GLEY1l 6/5GY, EM1 7/5GY) to
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greenish-brown (2.5Y 6/4). Olive brown (2.5Y 5/6%2.4/3) mudstones containing
rootlets, concretions and nodules characteristipaleosols occur frequently in this

member (Fig. 4.6 1).

Fig. 4.5: Outcrop photographs of the Baka Formation A) A “salt and pepper”
sandstone, in which white grains are quartz and felspar and black grains are
mica. The compass is 7 cm long. B) Thick amalgamatesandstone in the middle
member. C) Pebbly sandstones in the upper memberh& hammer is 30 cm long.
D) Boundary (black line) between the Baka and Kuindé-ormations.
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each column indicate the locations of measured semts.
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4.3.2.2.2 Middle member

The middle member of the Baka Formation is distelbetween Baka Village
and Kachali Village, reaching about 650 m in thieks. This member is composed of
thickly bedded, coarse- to very coarse-grained Saneé and mudstone interbeds. The
sandstone beds are commonly trough and planar -stgied. The interbedded
mudstone are greenish-grey (GLEY1 7/10GY, GLEYD&Y, GLEY1 7/5GY, GLEY1
4/N) to olive grey (5Y 6/2, 5Y 4/2, 5Y 6/4), to wdi brown (2.5YR 5/3, 2.5YR 6/2) (Fig.
4.6l1). The thickness of individual sandstone ssgs@ns reaches 25 m, showing
upward-fining trend, whereas mudstone beds tygidalB to 2 m thick (Fig. 4.5B).
Abundant mud and sand clasts are scattered wileirsandstone beds, and pebbles of
pre-Siwalik or Lesser Himalayan rocks also occuplaces (Fig. 4.611). In some places,

0.5 m thick coal seams are interbedded within thestones (Fig. 4.6ll, locs. V, X).

4.3.2.2.3 Upper member

This member is well exposed around Kachali Villagetal thickness is about
1550 m. The upper member consists of coarse- tg wearse-grained, pebbly
sandstones and thin mudstone interbeds (Figs 4.50, The long axes of the pebbles
have lengths ranging from 1 to 8 cm. The pebblesrainly quartzite. The sandstones
display trough and planar cross-stratification, dahitkness of individual sandstone
successions reaches 25 m (Fig. 4.7, locs. Z, ZndStone successions in this member
show a faint fining-upward trend, starting fromugh cross-stratification at the base,
followed by planar cross-stratification, succeeded by rare tonds beds at the top.
These successions are bounded by major erosioriatss that are laterally continuous

in large outcrops (Fig. 4.7). Pebbles and mud <lase scattered throughout the
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sandstone beds. The mudstones are thinly laminatetth, colour ranging from

greenish-black (GLEY1 4/N, GLEY2 5/10G) to greenggley (GLEY 1 7/10Y, GLEY
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Fig. 4.7: Typical columnar sections of the Baka Fanation. Ill) Upper member.
Letters R, S, T... Z* (with latitude and longitude) & the top of each column
indicate the locations of measured sections.
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4.3.2.3 Age

The age of the Baka Formation has been establishgdautam and Fujiwara
(2000), up to the lower half of the upper membdth@dugh the specific age of the
uppermost boundary has not been yet been obtains@xpected to be around 3.9 Ma,
based on calculated sedimentation rate. The aggesanf the individual members are

9.6-8.6 Ma, 8.6-6.0 Ma and 6.0-~3.9 Ma (lower, nleddnd upper, respectively).

4.3.2.4 Stratigraphic relationship

The upper stratigraphic position of the formatisrthe same as that proposed
by DMG (2003) for the Middle Siwaliks. Gautam angjivara (2000) did not precisely
define the Middle - Upper Siwalik boundary, but exfed it to be slightly younger than
5.2 Ma. The first appearances of the thick coara@igd “salt and pepper” sandstones
mark the boundary between the Chisapani Formatidrtlze lower member of the Baka
Formation. The appearance of coarse- to very capeseed sandstones containing
abundant mud and sand clasts mark the boundaryebetwhe lower and middle
members. The pebbly sandstone distinguishes thadaoy between the middle and
upper members of this formation. The Baka Formaisoconformably overlain by the

Kuine Formation (Fig. 4.5D).

4.3.3 Kuine Formation (Upper Siwaliks)
4.3.3.1 Type locality

The type locality of this formation is defined iivarside exposures in the

Karnali River near Kuine Village.
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Fig. 4.8: Outcrop photographs of the Upper Siwalik conglomerates. (A) A
well-sorted imbricated pebble to cobble conglomerat of the Kuine Formation.
Person for scale (1.7m). (B) Poorly-sorted, matrisupported boulder conglomerate
of the Panikhola Gaun Formation. The scale (compa}sat lower left is 15 cm long.

4.3.3.2 Lithology

The Kuine Formation is well exposed from Kuine afje in the south to
Panikhola Gaun Village in the north (Fig. 4.1). dlathickness is about 1000 m. The
Kuine Formation consists of thick-bedded, imbridatevell-sorted, clast-supported,

cobble- and pebble-sized conglomerates (Fig. 4.9Ahe gravels consist mainly of
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guartzite and carbonate rocks with some metamorpleks. Clasts range from 1 to 10
cm in diameter. Sandstones and mudstones are edigdeld as lenses within the
conglomerate beds. The conglomerate beds are G to tBick, whereas thicknesses of

the sandstone and mudstone lenses range from B.6to

4.3.3.3 Age

This formation has not been dated.

4.3.3.4 Stratigraphic relationship

The sudden appearance of thick conglomerate bedksnthe boundary
between the Baka and Kuine Formations. The stegdlyc relationship between the
Baka and Kuine Formations is the same as that leettee Middle and Upper Siwaliks,
as proposed by DMG (2003) near Kuine Village. Gautand Fujiwara (2000) did not
define the exact boundary position, thickness dradacteristics of the Upper Siwalik in
this section. The Kuine Formation conformably utider the Panikhola Gaun

Formation.

4.3.4 Panikhola Gaun Formation (Upper Siwaliks)
4.3.4.1 Type locality

Exposures near Panikhola Gaun village are defisettha@ type locality of the

formation.

4.3.4.2 Lithology

This formation is well exposed around Panikhola Gamad Karawa Gaun
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villages, where it reaches about 500 m in totatkihess. The Panikhola Gaun
Formation consists of matrix-supported pebble, &glio boulder conglomerates, and
coarse- to very coarse-grained sandstone and nm&dstterbeds. Gravels are mostly
angular to sub-rounded, and are composed of qteadrnd occasional Siwalik Group
sandstone clasts (Fig. 4.8B). The gravels are1Dtom (pebbles/cobbles) and 25 to 30
cm (boulder) in diameter. The conglomerate bedgadmm 8 to 30 m in thickness,

whereas individual sandstone and mudstone intenzed® from 1 to 2 m thick.

4.3.4.3 Age

The formation has not yet been dated.

4.3.4.4 Stratigraphic relationship

The boundary between the Kuine and Panikhola Gaumé&tions was not
delineated by Gautam and Fujiwara (2000). The bagnbdetween US, US1 and US2
defined by DMG (1987, 2003) which is very similarthe Kuine and Panikhola Gaun
boundary defined in our present study. Based onstunly, the first appearance of
boulder sized-conglomerates bed marks the bourmkvyeen the Kuine and Panikhola
Gaun Formations. The Panikhola Gaun Formationuiscated at its top by the Main

Dun Thrust (MDT) (Fig. 4.1).

4.4 Correlation with the Potwar Basin

Direct lithological correlations of Nepalese Sivkadiections with the Siwalik
sections in the Potwar Basin of Pakistan are difficlue to the prominent lithological

variations within the alluvial sediments and thactironous nature of the boundaries,
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even within Pakistan (Barry et al., 1982; Willi®9B; Zaleha, 1997). Consequently, the
correlation is based mainly on magnetic polaritytgras, and to a lesser extent on
lithological units (Johnson et al.,, 1982). The longrmal magneto-polarity zone

(C5n.2n or Chron 9) is a strong tool for correlativith the Potwar Basin of Pakistan,
and where it appears in the Nagri Formation (Batyal., 1982). The same polarity
(C5n.2n) zone was also used to correlate betweenN#palese Siwalik sections

(Tokuoka et al., 1986; Gautam and Rosler, 1999a@jhal., 2009). This long normal

polarity episode appears in the upper half of tippen member of the Chisapani
Formation (Gautam and Fujiwara, 2000). The lowet mmddle members and the lower
half of the upper member of the Chisapani Formadi@nthus correlated with the Chinji

Formation. Similarly, the Baka Formation is cortethwith the Dhok Pathan and Tatrot
Formations. The appearance of conglomerates inkKihiee and Panikhola Gaun

Formations are correlated with the Pinjor and Beuldonglomerate (Upper Siwaliks)

Formations, respectively (Fig. 4.9).

The correlation with the Potwar Basin shows tha #ppearance of thick
coarse- to very coarse-grained sandstones in tdel®&Siwalik (Nagri Formation) at
about 11.0 Ma records the increasing river size @isdharge over that in the lower
Chinji Formation (Willis, 1993; Zaleha, 1997). Slarithick, coarse-grained “salt and
pepper sandstones” are observed in the Nepalesdil&wMiddle Siwaliks) at about
9-10 Ma. These sediments were derived from the éfidghimalaya, as indicated by
petrographic analysis (Tokuoka et al., 1986; Zald9®7; Kumar et al., 2003; Szulc et
al., 2006). The changes in fluvial architecture aadiment grain size are due either to

uplift of the source area or increase in rainfatjch increase the size of the catchment
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along the Karnali River section (modified from Gauam and Fujiwara, 2000) and
its correlation with the Potwar Basin, Pakistan (Jtinson et al. 1982). The dashed
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basin or discharge of the river, respectively (Datnal993; Horton and DeCelles,
001).The Middle Siwalik sediments were thereforpasited by a large river system,
comparable to large modern rivers such as the KarsthiGanga River deposits (Willis,
1993; Zaleha, 1997). The diachronous evolutionughslarge drainage systems may
thus be helpful to understand the stratigraphicodional pattern in the Siwalik
foreland basin in relation to the tectonic, climated paleo-drainage system in the

Himalaya region during the Middle Miocene to EdpPlgistocene.

40



Doctoral Thesis 5. Fluvial facies

Chapter 5

FLUVIAL FACIES

5.1 Introduction

The Siwalik Group has been studied by several reBees to understand the
fluvial depositional systems in several sectiongakistan, India as well as those in
Nepal (Willis, 1993; Khan et al., 1997; Zaleha, 79%umar et al.,, 2003; 2004,
Tokuoka et al. 1986, 1990, 1994; Hisatomi and Tandl®94; Nakayama and Ulak,
1999; Ulak and Nakayama, 2001). These studies stemted the meandering and
braided river systems and revealed that order peamnce of the fluvial systems
consistence among the Siwalik sections but timmgliffers. The parameters which
affect these changes in fluvial systems are allupracess (autocyclic) as well as
allocyclic process, such as climate and tectonichehinterland (Willis, 1993; Zaleha,
1997).

The Siwalik Group along the Karnali River areaN#pal Himalaya has been
the locus of a variety of studies (Gautam and Faujayw2000; Huyghe et al., 2001; Szulc
et al. 2006; Van der Beek et. al.,, 2006; Bernedlet2006). These studies focused on
petrography, isotopes and age dating to undergtantectonics, exhumation as well as
provenance of the sediments, which make the are@ swatable to study about the
paleoclimate and associated changes in fluvial siépoal system. Huyghe et al.
(2005) studied the depositional facies in broadesaad interpreted the similar order of
fluvial systems with other area, which were maictntrolled by the climate and
tectonics. However, their interpretation was liditey a lack of precise detail facies
analysis at meter-scale. Although, there have bewamy studies regarding to
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petrography, isotopes and age dating, howevergetail diepositional facies information
at meter-scale along the Karnali River section.

In this study, the main target is to describe tataidl depositional facies and to
reappraise the fluvial facies classification of lghg et al. (2005) from the Karnali
River area and finally we compare the reconstrudtedal systems with previous

studies elsewhere in the Siwaliks, to reconsttuetchanges in tectonics and climate.

5.2 Methods

The facies were identified based on lithofaciesyrzbing surfaces, internal
sedimentary structures, textures, together withpthleocurrent directions. Paleocurrent
directions were measured by measuring the inatinatif cross-stratifications, ripples,

and flute casts along with flow axis from partimgehtion.

5.3 Depositional facies

Twelve sedimentary facies were identified from #ikefour formations. The

lithofacies codes of Miall (1996) were used in tisdy (Table 5.1, Figs. 5.1, 5.2).

5.3.1 Mudstone facies

The mudstone facies comprises the facies Fl, Fih,RafFig. 5.1 A, B, C). FlI
facies mainly grey in colour and contains pardiehination. The thickness of this
facies ranges from 0.5-1m. The Fm facies is gelyemadssive, with some desiccation
cracks, rain drop imprints, bioturbation and nodu@g concretions. Individual bed

ranges in thickness from 0.5 to 2 m. The Paleo@ldacies mainly reddish brown to
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greenish brown and contains nodules and concretimoss, burrows and slickenside.

Pedogenic carbonate is usually nodular but alsseptein forms of pedotubule. The

thickness of the beds ranges from 3to 5 m.

Fig. 5.1: Outcrop photographs of the lithofacies. ALaminated mudstone (Fl). B)
Massive mudstone with some roots (Fm). C) Reddish«avn paleosols (P). D)
Coarse-grained trough cross-stratified sandstone {5 E) Planar cross-laminated
sandstone (Sp). F) Parallel laminated sandstone (Bh
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Faries cade | ~ Svabe ~ Faries characberistics | ~ Sedmenbarysirucleres | ~ Inderprelation -
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colitle, peties and boul der - . . o Delxisflow deposits {(Tolman | 1970; Maall,
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EgETIE conglom erates stesbedded vath - Transeesse har and channel fill deposts 3-D
G 1 of sanit ] ok Latogly plartar crs strat dacationis migmting dme { Miall, 1996; Ender, 2003).
SARES U LS Thickness 5to 30 m_
Clast sopported, imbricated
s d bedied congl sates |, . » Longitninal bedfoms s, 1ag deposits or sieve
h Thicknezs upto Sm_ i B & drposits( Miall 1996 Einsele, 2000)_
Fine to coarse-grained sandstones ough cross stratifications
P TR R S M I_ Tnsverse bar, migation of 3-1) doe or
sulitary or grouped cwss srata ERaE srthe 1 a s
St the smfaces, occasionally pelily. | Large sze- 0.6 to | m, small size (Coli 'mw;:_ i mlmlg-qa_,
0.1 to 04 m_Inchnation of stratac N foa N
12°t0 33° %)-
Fine- to coarse grained sndstane, | Planar cross sraifications, with Mig of draigh d 2-D dmne or
wland snd clasts Thick | sme ho: d lumination and | meguipplesin the lower flow regm e (Ashley,
Sp tolm. sipples Set size:upto 1 m_ 1990; Miall, 1996; Hjellbakk, 1997; Collinsun,
Inclination of strata 10°-34° 1996).
Very fine- to coarse grained 3 o Deposited by uppes plane bed from conent in
- sdtone, occasionally snd and [Houzontallamnation vith same | g0 e e condition (Olen, 1982
ol clast: don the suface. PP "'s_ Mhall, 1925, 1996, Bridge 2006; Faelding.
Sheet type. inchnation ocor (57 2006) .
Very fine to fine-gramed, nodiles,
2-D migrating dme in a unidirectional
anad = = Tenba: i S
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Sr : sndstone. Bed thickness 0.5 tod | and tadder ripgl ‘wdex lerwes Slyey conddiion by traction aod
- = ikt 3 105 am aepenson process (Kirk, 1983 ;Adhely, 1990;
Ripple height Buistow, 1993; Miall, 1996; Collnsn, 1996).
Km—tn-eﬁ-—g_ﬂ'md,geui.dl Rapid deposition by sepension or sedim ent
= = geymd?:-ﬂlms?t'y gravity flow or syn-sedim entary deform ation
Sm ] o T M: or faint 1 at thwough hgufaction or fiadization cased by
mlluuﬂdun:]fhmﬂjtn high sodim entation tate (T odd, 1989; Maizds
-- 1993; Miall, 1996; Owen, 1996).
Fine- to coarse-grained
g sndtones Sand and mvd dlasts | vy 1 d d Deform ation by &fferential loading (Miall,
L2 scattesed on the sufaces laminations 1996; Colinson, 1996)
Sity, =andy sk with sixme A atedfrom sep depostsi
cxacks, intesbeddd with very fine Well developed parallel danid t channel ank ;
vy o B area dong
| sndtane, dwet type, thickness | minations Occasonally Wavy | gy vape (Miall, 1996; Hjdlhakk, 1997; Uba
05to3m. soxtures et al  2005)
Variagated, redifish bown to grey
: "" oack s h ";.-ﬂl Usmll or fant Smpenzon depoafn the ok area
5 sm——— (Miall, 1996; Thomoset al |, 2002; Exider
P nodiles and concretions lminations 2006)
o Thckness 0 5to3 m.
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r Ay il il o i pedotubues 1996; Thomoset al, 2002; Singh et al ,
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Table 5.1: Description and interpretation of the deositional facies (after Miall,

1996).
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5.3.2 Sandstone facies
The sandstone facies St consists of medium- toseegrained, moderately to
poorly-sorted trough cross-stratified sandstonés 81 D). The largest troughs are 0.6

m thick and 1.8 m wide, some small types are alteat (0.1 m thick to 0.4 m wide).

Fig. 5.2: Outcrop photographs of the lithofacies. ARippled laminated sandstone
(Sr). B) Massive sandstone (Sm). C) Convolute lamated sandstone (Sc). D)
Matrix-supported,  poorly-sorted  boulder  conglomerae  (Gmm). E)
Clast-supported, well-sorted conglomerate (Gt) F) Nrmally-graded pebble to
cobble conglomerate (Gh).
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The facies Sp consist of fine- to coarse-grainéahar cross-stratified sandstones (Fig.
5.1 E). The thickness of the individual set is a@dtm. Thickness of planar cross-strata
typically decreases with decreasing grain size. Sinéacies is represented by very fine-
to coarse-grained, parallel laminated sandstonigs %L F). Parallel laminations are
slightly inclined in some cases (}5Facies Sr consists of very fine- to fine-grained
sandstones with current and climbing ripples. (BF® G). Thickness of the facies
ranges from 0.5 to 4 m. In some cases, ladderesgpplso found in fine-grained
sandstones. Facies Sm is composed of greenisht@mgey, fine- to medium-grained
sandstones (Fig. 5.2 H). This sandstone faciesactmtibundant nodules, concretions
and bioturbation. Thickness of this facies ranges1f0.5 m to 4 m. The facies Sc is

generally found in the medium- to coarse-grainedistnes (Fig. 5.2 I).

5.3.3 Conglomerate facies

Conglomerate facies consists of stratified, posdyted, matrix-supported
boulder conglomerates (Gmm). The matrix of conglateis generally poorly-sorted
sand. The length of clasts (a-axis) is up to 0.2.8m. Gmm conglomerate beds range
from 4 to 20 m (Fig. 5.2 J). The other facies ides well-sorted, imbricated,
clast-supported trough or planar cross-stratifiedgtomerates (Gt), horizontal-stratified,
normally-graded conglomerates (Gh) (Fig. 5.2 K, The thickness of the Gt bed sets
ranges from 5 to 30 m. The shape of the pebblgengrally elliptical to tabular. The
long axis of the pebbles reaches up to 8 cm. Gledas generally well-sorted,

normally-graded conglomerates and its thicknesp it 5 m.
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5.4 Facies associations
Six facies associations have been recognized obahkis of individual facies,
architectural elements and bed geometry. AlthougigHe et al. (2005) analyzed facies

association, we refined its classification basetheth by bed description.

5.4.1 Meandering river facies association
5.4.1.1 Facies association (FA1)
5.4.1.1.1 Description

The FA1 facies association is dominated by the nan#sfacies Fm, Fl, and P
along with subordinate sandstone facies Sr, Star& Sh (Fig. 5.3). This association
corresponds to the KFA1l facies association of Heygh al. (2005). This facies
association is found in the lower member and loladf of the middle member of the
Chisapani Formation. The FAL consists of pilesimhf-upward sediment successions.
The thicknesses of the individual successions rémoge 1 to 5 m in the lower member,
and reaches up to 12 m in the middle member. Teesbaf the successions are flat, or
are represented by shallow irregular depressiorte &b m relief. From the base to the
top, the succession consists of facies St, SpaighSr, grading into facies Fm, Fl and P.
Facies Sh appeared on the base of the some sweeéBig. 5.3 A). The successions
show well developed lateral accretion patterndatidasal part of the succession (Fig.
5.4A). Paleocurrent directions are highly dispersedl range from southeast to
northwest (azimuth, 162° to 308°) (Fig. 5.3 locsDE The lateral accretion direction is

also highly variable and directed northwest in aget
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Fig. 5.3: Detailed representative columnar sectionsf facies associations FA1 and
FA2, showing vertical relationship of the facies. ketters A, B, C... J (with latitude
and longitude) at the top of each column indicatethe location of the sections.

The mudstone beds (Fl) overlies the individual egs®ns and have sheet-like pattern
and show vertical accretion in the lower half astfacies association (Fig. 5.4 B). The
reddish brown facies (red mudstone, P) is well thgad in the upper half of this facies
association (Fig. 5.4 C, D). Facies Sp and Sr kmdsinterbedded with mudstone
intervals (FI, Fm) in some locations and pinch lat¢rally over 10 to 50 m in wide
outcrops. The lower half of this facies associai®dominated by mudstone facies and

grading sandier upward.
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Fig. 5.4: Outcrop photographs of the facies assodian FA1. A) Typical example of
the lateral accretion pattern. The black line indiates the bedding plane and red
lines indicate the traces of the accretion units isandstone. The hammer is 30 cm
long. B) Laminated grey mudstones with roots traceand bioturbation, interpreted
as flood plain deposits. The scale is 50 cm long) @ypical outcrops of the red
mudstone in the upper part of the FA 1. The outcrops 10 m high. D) Detail of red
soil beds containing nodules, concretions and biatbation indicative of drier
climate. The scale is 15 cm long.

5.4.1.1.2 Interpretation

The fining-upward sediment successions with late@dretion pattern are
typical characteristics of point bar deposits oé tmeandering river (Miall, 1996;
Peakall et al., 2007). The highly dispersed paleeos and lateral accretion directions
suggest that the channels are highly sinuous. &mtecuilar shape of interbedded planar
cross-stratified sandstones (facies Sp) in the mondsbeds (Fl) interpreted as crevasse

splay deposits (cf.Olsen, 1986; Miall, 1996). Mundtst facies, Fm and P, are interpreted
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as flood plain deposits. The alternation of thirethmudstones and sandstones with
ripples laminations are the evidence of depositedhfsuspension under calm water
conditions (Hjellbakk, 1997). The predominance @ddish-brown soils (P) indicates
seasonal dry and wet climatic conditions (Retalld®91; Khadkikar et al., 1999). The
sandier-upward trend may represent the shift obgiéipnal environment from distal to
proximal setting with increased in sediment accatmmh rates. The point bar deposits
with abundant fine-grained facies (mud-dominatede aonsistent with the
characteristics of the fine-grained meanderingrrsystem (Miall, 1996; Nakayama and

Ulak, 1999).

5.4.1.2 Facies association (FA2)
5.4.1.2.1 Description

Facies association FA2 is dominated by the sanddames St, Sp, Sr, Sh with
subordinate facies FIl, Fm and P. This facies aaioniappeared in the uppermost part
of the middle and the upper members of the Chigdpammation, and contains piles of
fining-upward successions (Fig. 5.3). The basdeb@de successions are represented by
an erosion surfaces and the basal parts of theessionis contain intraformational mud
clasts. From the base to top, the successionsstaidacies St, Sp, Sh and Sr, grading
into muddy facies Fm and Fl. Thickness of the il fining-upward successions
ranges from 1 to 15 m. The sandstone parts of theseessions show well-developed
lateral accretion patterns (Figs. 5.3 locs. Hnd &.5 A). The paleocurrent directions
are dispersed from the southeast to the southamstfth, 142° to 249°) (Fig. 5.3). The
mudstone facies (FI, Fm, and P) are thinly-beddeeknish grey to grey in colour and

intercalated with thinly laminated, rippled or cbing rippled sandstones and show
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sheet-like geometry as a whole (Fig. 5.5 B, C).

Fig. 5.5: Outcrop photographs of facies associatiofA 2. A) Typical example of the
lateral accretion pattern. The outcrop is 10 m thik. The black line indicates the
bedding plane, and red dot lines indicate the trace of the accretion units in
sandstone. B) Alternations of thin sandstone (Fl)ral mudstone (FI) with sheet type
geometry, interpreted as flood plain deposits. Theoutcrop is 20 m high. C)
Alternation of climbing ripples and parallel laminated sandstones representing
flood-flow deposits. 30 cm hammer for scale D) Dateof grey laminated soil beds
indicating water logged conditions. 30 cm hammer foscale.
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Fig. 5.6: Outcrop photographs of the playa lake fdes in facies association FA2. A)
Simplified columnar section composed of laminated odstone beds with roots and
bioturbation, mud flake layers, and laminated or masive very fine-grained
sandstone beds, suggesting repeated drying and irdation of a playa lake. Legend
as in Fig. 4. B) The bed at outcrop. Arrows indica the laminated mudstone, dark
color indicates the very fine grained sandstone anckd ellipses indicate mud flake
layer. C) Roots traces in the laminated mudstone los. 15 cm pen for scale D)
Desiccation cracks developed in the mudstone beds.

Total thickness of these thin-bedded sheet sanestare up to 2 m. The frequencies of
these sheet type beds tend to increase toward gher u.mmember of the Chisapani
Formation. This set is similar to the sheet-splapakits reported in the other Siwalik
sections (Hisatomi and Tanaka, 1994). This facgoeiation contains alternations of
laminated mudstone layer (FI), mud flake layer d@imd very fine-grained sandstone
layer (Sh) or (Sm) (Fig. 5.5 D). The Fl layers &40 cm and partly disrupted by

desiccation cracks and foot prints (Fig. 5.6 A D). The mud flakes are 2-5 mm in
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diameter. The sandstone layers (Sh) or (Sm) ate @p cm thick. The overall thickness

of these alternations is up to 1.5 m (Fig. 5.6).

5.4.1.2.2 Interpretation

The characteristics of the sandstones show thattthenels features are similar
to the facies association (FA1). The dispersalepatof the paleocurrent suggests that
the channel was slightly sinuous. Alternationslodet-like thin sandstones (Sh, Sr) and
mudstone beds (Fl) are interpreted as a flood pd@posits (Hisatomi and Tanaka,
1994; Miall, 1996, Nakayama and Ulak, 1999). Repeaiccurrence of thin layers of
sandstone (Sh and Sr) beds within facies Fl angferiormed by increased frequency
of the floods (cf. Nakayama and Ulak, 1999). Thie@sols facies indicate the highly
seasonal climate with increased rainfall (Retallad®01; Tanaka, 1997). Alternation of
thin laminated mudstone layer, mud flakes layer &ne-grained massive sandstone
layer are interpreted as repetition of dry-up amehdation of the playa or ephemeral
lake (Bordy and Catuneanu, 2001; Hampton and Hp2007; Bourquin et al., 2009;
Sakai et al., 2010). The repeated occurrence oh daterally accreted channel
sandstones with abundant sheet-type flood plaieda@nd playa lake facies indicates
the FA2 facies association was deposited by thedfiiow dominated meandering river
system in seasonal climate. This facies associamncorresponds to the KFA2 of

Huyghe et al. (2005)’classification, but the lovaad upper limits of this FA are differs.

5.4.2Braided river facies association

5.4.2.1 Facies association (FA3)
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5.4.2.1.1 Description

The facies association (FA3) is predominated bystr&stone facies St, Sp, Sh,
Sr, Sc and Sm, and Fl and Fm facies as minor coergsifFig. 5.7). This association is
belongs to the KFA4 facies association of Huyghalef2005). This facies association
appeared in the lower and middle members of theaBBkrmation.The facies
association contains several sets of sandstoneessioos and each set contains
fining-upward successions (Figs. 5.7, 5.8 A). Thenf-upward succession contains

facies St covers the erosional surface, whichlievied by facies Sp, Sh, Srand Sm in
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Fig. 5.7: Detailed representative columnar sectionsf facies associations FA3 and
FA4. Letters K, L, M... P (with latitude and longitude) at the top of each column
indicates the location of the sections.

ascending order, grades into the muddy facies Fuoh En The thickness of the

individual fining-upward succession reaches upQor2 The compound cross-strata are
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Fig. 5.8: Outcrop photographs of facies associatioffA 3. A) Coarse-grained,
amalgamated, sheet sandstones of the braided riveeposits. The outcrop is 10 m
high. B) Trough cross-bedded sandstone indicatingadvnstream accretion. 30 cm
hammer for scale C) Large scale trough cross-strdtcation with several bounding

surfaces showing migration of braided bars. The séa is 75 cm. D) Parallel
lamination and rippled sandstones interpreted as arbank deposits on a flood
plain. The scale is 50 cm long.

evident from the outcrops (sets of large scaleinedl strata, Bridge, 2003) (Figs. 5.7,
5.8 B) and occupy at the lower and middle parttheffining-upward successions.
These inclined strata are commonly discontinuouse Targe scale strata commonly
composed of small scale sets of St and Sp or Sshads fining-upward grained size
trend (1-4 m). These cross stratifications are comiyndiscordant. The first and second
order surfaces of Miall (1985) separate these @ats 5.8 B, C). The paleocurrent
directions are predominantly towards the southmsian azimuth 193°) (Fig 5.7). The
dip directions of these set boundaries are sirtoldihat of cross stratification i.e. toward

southeast to southwest. In some cases, coarsepwagrd successions are also evident.
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These sandstones contain facies Sh, Sp at the dabkanassive facies Sm with
bioturbation and concretions at the top and shovarsening-upward trend or little
variation of grain size. Thickness of these sanustdeds is up to 7 m. This type facies
are intermittently associated with the lower pdrEA2 facies association (Fig. 5.3, loc.
F). The greenish-grey sandstone facies, Sm andtonal$éacies Fm or Fl capped the
upper part of the fining upward successions (Fig. Bcs L, M). The individual
sandstone successions are separated by the adirroatsheet type fine- to medium-
grained sandstone facies Sr and Sh and mudstoies fécand Fm (Fig. 5.8, D). The

thicknesses of these facies range from 0.2 to 2 m.

5.4.2.1.2Anterpretation

The large inclined cross-stratification with compdusets of facies St, Sp
within individual fining-upward successions areeipreted as downstream accretion
(Smith, 1972; Allen, 1983; Bristow, 1993; Miall, 98, Bridge, 2003; Lunt et al., 2004).
Unimodal, low paleocurrent dispersions and domieawé downstream accretion
pattern suggest the braided channel deposits (Al€83). Thick fining-upward
successions correspond to channels depth, whichedaup to 20 m. Discontinuous of
these strata may be associated with occurrencel®@bsars or transitions from lower to
upper bars deposits (Bridge and Tye, 2000; Bri@@®6). Discordances in cross strata
may have formed by shift in channel position byedally and may be related to
formation of mid channel bar (Bridge, 2006). Tharfg-upward trend of sets of St and
Sp or Sr facies within the large inclined strataresent episodic discharge fluctuation
(Godin, 1991; Bridge and Tye, 2000). Coarsening-anowsuccessions also present if

upstream part of braided bar (Bridge, 2006) or epdral braided stream facies is only
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preserved (Bhattacharya and Morad, 1993). The Snedan the upper part of the
succession is formed by rapid sediment depositiom imass flow process, triggered by
falling water level after flooding (Maizels, 1998artin and Turner, 1998). The muddy
facies (Fm and Fl) overlying the individual finingpward successions suggests
deposition by waning flood on sub aerially expodsat top (Miall, 1996). The
alternation of sheet type fine-grained, thinly beddandstone facies Sr, Sh and Fl, Fm
represent the abandoned channel or flood plain siEpoThis facies association
corresponds to deep sandy braided river system ddscribed in the other Siwalik

successions (Nakayama and Ulak, 1999).

5.4.2.2 Facies association (FA4)
5.4.2.2.1 Description

This facies association is dominated by pebblyrsmao very coarse-grained,
sandstones (facies St, Sp, Sh and Sr) with fadiaad~Fm as a minor component (Fig.
5.7). This facies association is found in the uppember of the Baka Formation. This
facies association is corresponds to the KFAS aRfl&facies association of Huyghe et
al. (2005). The geometry of the individual sandst@uccessions is sheet type. Each
succession is marked by basal erosional surfaddatemally well continues and show
faint fining-upward trend (Fig.5.7). The thicknes$ the individual fining-upward

succession is up to 7 m. Individual sheet bouedaalso contain frequent erosion
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Fig. 5.9: Outcrop photographs of the facies assotian FA4. A) Very
coarse-grained sheet sandstone showing trough anthpar cross stratifications (Sp,
St). The arrow indicates the erosional surface. Tat thickness of the outcrop is 15
m. B) Erosional surfaces with pebbles representinghallow river channel. Hammer
is 30 cm long C) Alternations of sandstone and muttsne in the flood plain.

surfaces with several mud/sand clasts (Fig. 5.9Agies Sp and Sh are appeared in the
basal part of the successions and these faciesshegsconcave-up geometry (Fig. 5.7,
locs. N, O, P). The facies St beds with abundahbles and sand/mud clast cover the
erosional base of the successions in some locaffeigs 5.9 A, B). The paleocurrent
directions are dominantly towards the southeast &7, locs. N, O, P). The proportion
of mudstone facies Fl and Fm is very less as coedptar sandstone facies and occupies

the upper most part of the successions (Fig. 5.9TRirkness of the mudstone facies
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ranges from 0.5to 2 m.

5.4.2.2.2 Interpretation

The faint-fining upward succession with facies §i,facies, frequent erosional
surfaces containing abundant sand/mud clasts ieditae periodic reworked of
fine-grained sediments due to laterally migratidrbars in the channels (Kumar and
Nanda, 1989; Miall, 1977). The laterally continucsend sheet dominated by large
scale, facies Sp and St reflect the migration afedin high energy condition. The
unimodal paleoflow direction and less proportionfafies Fm and Fl, suggest the
bedforms were generated during the migration of pounmd bar of the relatively
shallow channels of braided river (Smith, 1972; IME978, 1996; Roe and Hermansen,
1993). The thicknesses of the individual fining-wgrd/successions, suggest the channel
was shallower than that of the FA3 facies assariatihe abundant pebbles indicate
the depositional site is much closer to the prokipaat of the hinterland. This facies
association is interpreted as shallow sandy braidedr system (Miall, 1996;

Nakayama and Ulak, 1999).

5.4.2.3 Facies association (FA5)
5.4.2.3.1 Description

This facies association is dominated by graveea&t and Gh (Fig. 5.10 A, B,
C). The sandy and muddy facies St, Sp and Fm @cuninor components. This facies

association is corresponds to the KFA7 facies assor of Huyghe et al. (2005). This
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Fig. 5.10: Outcrop photographs of the facies assation FA5. A) Trough

cross-bedded conglomerate in a large outcrop. Outop is 15 m high. B)
Clast-supported, cobble to pebble conglomerate (Gtyith a lens of sandstone (St).
The outcrop is 5 m high. C) Close-up of imbricategbebbles.

facies association is found in the Kuine Formatidhe Gt beds are generally gently
inclined, and individual beds are overlain by fack&, and Sp at top (Fig. 5.10 A, B).
Each inclined bed has an undulatory base and taptheeir thickness varies from 1 to 2
m. Instead of Gt, the facies Gh appears in somatitmts. The facies St, Sr and Fm

are in lenticular shape and their thickness reaapdas 1 m. (Fig. 5.10 B).

5.4.2.3.2 Interpretation

Facies Gt and Gh contain imbricated gravels sumgesite high energy river
system equivalent to gravel-laden braided streavteszgl, 1989; Brierley et al, 1993;
Bridge, 2006). The gravels were generally trangubes bedload and were deposited

under waning flow by progressively accretion of 8emaclasts, in channels as lag
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deposits and on longitudinal bars of gravelly bedidiver (Collinson, 1986; Rust 1984;
Miall, 1990; Bridge, 2006). The variation in bedcHtness is related to the periodic
growth, migration of bar and their subsequent ero¢Pandita et al., 2011). The facies
St and Sp suggests the winnowing of the fine sedlisn@uring the waning stage of flow
toward the bar margin (Miall, 1996). This facies@gation is interpreted as gravelly

braided river system (Miall, 1996; Nakayama andkUED99).

5.4.2.4 Facies association (FA6)
5.4.2.4.1 Description

This facies association is dominated by facies Giacies Gt, St or Sp or Fm
also occur as minor components (Fig 5.11). Thisefa@ssociation is found in the
Panikhola Gaun Formation. This facies associatasriot been classified by Huyghe et
al. (2005). Facies Gmm is characterized by massgenerally poorly-sorted,
matrix-supported conglomerate beds with disorgahigeains fabric (Fig. 5.11 A).
Thickness of the massive bed sets ranges fron20 ta. Clast-supported conglomerate
beds (Gt) are locally interbedded between the matrpported Gmm facies (Fig 5.11
B). The boundary between Gmm and Gt is slightlyulatdry or flat. At some places,

facies St, Sp or Fm are appeared as lens betweles famm beds.

5.4.2.4.2 Interpretation
The poorly-sorted Gmm beds, absence of stratiicasuggest that this facies
was deposited from debris-flows (e.g. Johnson, 1B®r and McPherson, 1998; Miall,
1985, 1996). The clast-supported facies Gt beddanrtdular facies St, Sp or Fm beds

are interpreted as stream-flow deposits, truncattireg debris-flow deposits (Hartley,
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1993). This facies association is correspondsead#bris-flow dominated braided river

system in the other Siwalik sections (Nakayamaldiaét, 1999).

Fig. 5.11: Outcrop photographs of the facies assation FA6. A) Matrix-supported,
poorly sorted conglomerate (Gmm) with almost no ermional surface with
underlying sandstones (St), typical of debris flondeposits. The compass is 15 cm
long. B) Alternation of lens shaped sandstone andast-supported conglomerate
(Gt) interpreted as stream flow deposits. Outcrops 3 m high.
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Chapter 6

PETROGRAPHY AND PROVENANCE

6.1 Introduction

Sandstone compositions are influenced by the conmpo®f the source rocks,
the nature of the sedimentary processes operamtjthe types of dispersal paths that
link the source and the depositional basin (Dickimsand Suczek 1979). The
provenance of sediments includes all aspects oftheece area, including the source
rocks present, climate, relief, and hydrodynamiésthee depositional environment
(Pettijohn et al. 1987, Johnsson 1993). Tectonttingeis also regarded as a major
controlling factor for the variations in compositiof sedimentary rocks (Ingersoll and
Suczek 1979, Dickinson 1985, Johnsson 1993).

The minerals occurring in sedimentary rocks areegaly used as guides for
the identification of provenance and tectonic sgttof an area. The most commonly
used approach in provenance studies is to consahelstone composition in the context
of a tectonic frameworkStandard methods for sandstone provenance analgsis
modal analysis of detrital framework compone(isckinson and Suczek 1979,
Dickinson 1985)Such methods have been used to determine the @moserof the
fluvial succession of the Siwalik Group, which i immportant repository recording the
provenance and tectonic history of the Himalayaté@irand Ingersoll 1994).

The present study targets the Siwalik Group aldveyKarnali River area of
Nepal Himalaya (Fig. 1.1). A variety of studiestims geologic section have focused on
isotopes and age dating, to understand the regimtébnics, exhumation, and the
provenance of the sediments (Gautam and Fujiwa@®,2duyghe et al. 2001, 2005,
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Szulc et al. 2006, Van der Beek et. al. 2006, Beeh@l. 2006). Despite these isotopic
and chronological studies, no detailed petrograpti@mation is yet available for the
Karnali River section. The aim of our present stiglyo describe the petrography of
Siwalik sandstones from the Karnali River section detail, and determine their
provenance. We also examine the factors controling variations in sediment

composition, based on multivariate statistical gsial

6.2 METHODS
6.2.1 Point count method

Forty-eight sandstone samples from Karnali Rivevaik Group were selected
for petrographic analysis. Of these, 26 sample®\frem the Chisapani Formation, and
22 from the Baka Formation (Table 6.1). Point coughwas carried out to identify
individual grain or crystals larger than 0.0625 mming the Gazzi-Dickinson method
(Zuffa 1985). A total of 500 grains were counted éach thin section, using a Swift
point counter. The framework constituents were ¢edirwith grid spacing designed to
fully cover each slide, at horizontal spacing o2 @nm. The detrital modes were
recalculated to 100% as the sum of quartz (Q),sfed (F) and lithic fragments (L)
(Table 2). These recalculated parameters wereepllath QFL triangular diagrams for
classification (Pettijohn 1975, Folk 1980) and d®ieation of provenance (Dickinson

et al. 1983).

6.2.2 Statistical framework
Once all the point counts were completed, compmosstiwere recalculated to

100% for the multivariate statistics, with resptectiuartz, feldspar and lithic grains, as
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Fmtn mbr Sample no. GPS location Grain size Lithofacies I Bedding type
G-5 N28°41'59"/ EB1°16'30"  coarse (salt & pepper) trough cross strat., pebbly thick
G3 N28°41'58"/ E81°16'31"  coarse (salt & pepper) trough cross strat., pebbly thick
mL?rflebLl G-2 N28°41'55" E81°16'31"  coarse trough cross strat., pebbly thick
BK-23 N28°41'52"/ E81°16'36"  v. coarse (salt & pepper)  trough cross strat., pebbly thick
G-1 N28°41'49"/ E81°16'44"  v. coarse (salt & pepper)  trough cross strat., pebbly thick
BK-14 N28°41'40"/ EB1°16'51" fine planar cross stratification thick
BK-13 N28°41'33"/ EB1°16'51"  coarse (salt & pepper) trough cross stratification thick
F-1 N28°41'31"/ EB1°16'51"  coarse (salt & pepper) trough cross stratification thick
E-1 N28°41'31"/ EB1°16'51"  coarse (salt & pepper) trough cross stratification thick
Middle D-9 N28°41'25"/ EB1°16'50"  coarse (salt & pepper) trough cross stratification thick
Baka member D-7 N28°41'10" EB1°16'56"  fine planar cross stratification thick
Formation BK-11 N28°41'10"f E81°16'56"  coarse (salt & pepper) trough cross stratification
_
D-6 N28°41'03"/ EB1°16'57" coarse (salt & pepper) trough cross stratification
BK-7 N28°40'56"/ E81°17'02"  coarse (salt & pepper) trough cross stratification thick
D-5 N28°40'51" EB1°17'02" coarse trough cross stratification
_
Bk-4 N28°40'45"/ EB1°17°03" coarse (salt & pepper) trough cross stratification
nl.'::]irer D-3 N28°40°'43"/ EB1°17°03" coarse (salt & pepper) trough cross stratification thick
D-2 N28°40°36"/ EB1°17'04" coarse (salt & pepper) trough cross stratification
_
D-1 N28°40'33"/ E81°17'05"  medium (salt & pepper) trough cross stratification
N28°40'21"/ EB1°17°02"  medium parallel lamination
_
c-21 N28°40'09"/ EB1°17'02" medium planar cross stratification
c-20 N28°40'01" EB1°17'07" coarse planar cross stratification thick
B-36 N28°40'01"/ E81°17'07"  coarse planar cross stratification thick
B-35 N28°40'01" E81°17'07" coarse (salt & pepper) trough cross stratification thick
B-17 N28°39'53" E81°17'09" medium trough cross stratification
i _
member
B-14 N28°39'51" E81°17'09" coarse trough cross stratification
B-8 N28°39'48" EB1°17'11" fine planar cross stratification thick
B-6 N28°39'47"/ EB1°17'12" medium planar cross stratification thick
Chisapani N28°39'44" EB1°17'12" coarse trough cross stratification
Formation
KS-7 N28°39'21"/ E81°17'13"  v. coarse (salt & pepper)  trough cross stratification thick
N28°39'26"/ EB1°17'13" medium planar cross stratification
member
N28°39'11" EB1°17'15" planar cross stratification
Ks-3 N28°39'11"/ E81°17°15"  fine trough cross stratification thick
N28°39'07"/ EB1°17'14" planar cross stratification
Lower
N28°39'01" EB1°17'12" fine planar cross stratification
KS-1 N28°39'01"/ E81°17'12"  medium planar cross stratification thick

Table 6.1 List of samples with GPS locations, graisize, lithofacies, and bedding
type. Shaded samples are thin bedded facies sandss.
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well as muscovite, biotite, carbonate and cemeataere also grouped by formation
and grain size /facies (thick- and thin-bedded stks) to analyze other factors
affecting the composition of the sediments (Tablg.6

Univariate statistics (arithmetic mean and standbadation) are widely used
in provenance analysis (Ingersoll 1978, Howard 19Bwever, both parameters are
semi-quantitative, because they assume a normabdion of each component and
independence of the components from each otheer{Adnd Johnson 2010). These
assumptions are not valid in ternary diagrams (MWel002). Recent work by Weltje
(2002), Ohta and Arai (2007) and Ingersoll and mBastd (2007) used several
multivariate statistical methods to evaluate samustcompositions. These methods
included Principal Component Analysis (PCA), mudtiate means, and confidence
regions.

PCA is a technique that combines numerous variabtesseveral independent
latent variables that underline the multivariatéad®CA can be viewed as a search for
the orthogonal coordinates that explain the gréat@®unt of variation within the data.
In undertaking the PCA and expressing the resuétplgcally on ternary diagrams, we
followed the approaches described by Weltje (2002 Eynatten et al. (2003), and
Buccianti and Esposito (2004). These methods asedan the statistical analytical
technique for compositional data described by Astch (1986). In brief the following

sequence of operations was carried out, using CaflaP software (Thio-Henestrosa

and Comas 20])1

1. The petrographic compositional data, whose nasamlple space is a simplex, were

mapped into Euclidean real sample space usingalbg-transformation (e.g. clr,
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alr).

2. Following the log-ratio transformation, the firstdasecond principal components
were extracted in the usual way via PCA, usingdigpl

3. The log-ratio coordinates were back-transformedh® two-dimensional simplex
space ternary diagrams by inverse log-ratio transftion.

4. Within the ternary diagrams, we utilized Weltje'siltivariate means and 90%, 95%,
and 99% confidence ellipsoids. The boundaries @& mhultivariate confidence
regions for population means were calculated tormisnate the factors controlling

the compositions of the sediments.

6.3 RESULTS

6.3.1Petrography of the individual formations
6.3.1.1 Chisapani Formation

Of the 26 samples analyzed for the Chisapani Foomaseven were taken
from the lower member, four from the middle memlagrg 15 from the upper member
(Tables 6.1, 6.2). The Chisapani Formation san@st@me matrix-poor, moderately to
well-sorted, and individual grains are sub-rounttecbunded. Quartz grains are mainly
monocrystalline, but some polycrystalline grains present (Fig. 6.1 A, B). Quartz is
the dominant mineral in this formation, rangingnird33% (B-6) to 59.8% (KS-7).
Feldspar contents are low, ranging from only 0.8%6.0% (KS-1). The feldspars are
mainly plagioclase and orthoclase (Fig. 6.1C). Aagg feldspar content is
approximately equal in all three members. Lithiaigrcontents vary widely, from 4.8%
(C-3) to 37.2% (B-17) (Table 6.2). The lithic graimre mainly sedimentary and

metamorphic, although some plutonic clasts alsauoctn all three members the
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Chisapani Formation

Modal composition (%) Recalculated QFL logratio
Sample Qtz Feld Lithic Musc Biot Chl CO3 Alt _Mat Cem Opg Oth Q F L InQF InQ/lL
C-24 372 14 148 14 24 00 238 34 74 66 02 14 69.7 26 27.7 33 09
Cc-22 380 08 258 38 30 00 110 02 78 86 02 02 588 1.2 399 39 04
c-21 472 08 344 04 26 00 60 12 28 34 10 02 573 1.0 417 41 03
Cc-20 554 30 146 22 20 06 108 02 44 62 02 04 759 41 200 29 13
B-36 548 16 130 04 22 00 158 06 74 36 04 0.2 790 23 187 35 14
B-35 452 20 158 10 06 00 174 00 86 88 04 02 7 32 251 3.1 1.1
B-17 408 44 372 26 30 04 44 00 20 52 00 00 495 53 451 22 01
C-15 400 22 206 50 60 00 128 04 56 60 04 1.0 637 3.5 328 29 07
B-14 468 18 206 18 16 04 124 00 52 94 00 00 676 26 29.8 33 08
B-8 330 20 210 32 06 00 218 04 54 110 10 04 589 36 375 28 05
B-6 330 14 192 40 26 02 210 00 82 98 02 04 616 26 358 32 05
Cc-12 410 16 162 82 74 00 118 08 44 82 02 02 69.7 27 2786 32 09
KS-9 456 20 156 56 42 00 112 00 56 72 08 22 722 32 247 31 1.1
KS-8 374 08 130 32 20 00 200 06 110 114 02 04 730 16 254 38 11
KS-7 508 18 228 18 08 00 12 04 46 56 14 00 709 21 27.0 35 1.0
KS-6 468 42 206 20 12 04 108 06 54 70 04 06 654 59 288 24 08
KS-5 458 18 242 14 02 00 78 00 86 98 04 00 638 25 337 32 086
KS-4 488 20 194 30 04 00 38 02 9.0 130 02 0.2 695 28 276 32 09
C-5 506 12 298 14 12 02 46 08 56 38 06 0.2 620 1.5 36.5 37 05
A-391 402 22 202 28 22 00 62 02 90 74 00 06 68.7 3.1 282 31 08
KS-3 5172 22 152 34 24 01 110 06 54 70 12 04 7486 32 222 3.1 1.2
KS-2 560 16 222 12 06 06 36 16 34 82 00 10 702 20 278 36 09
C-3 k4 10 48 30 02 00 104 00 80 350 06 06 863 24 114 36 20
R-1 %0 12 222 04 04 02 170 04 102 120 06 06 606 20 374 34 05
A-3 546 10 196 12 06 00 72 00 60 92 02 04 726 1.3 2641 40 1.0
KS-1 554 40 184 10 04 10 56 16 38 74 02 1.2 712 51 237 26 141
Mean 456 19 200 25 20 02 111 05 63 89 04 05 679 28 293 3.2 08
Max 508 44 372 82 74 10 238 34 110 350 14 22 863 59 451 27 06
Min 330 o0& 48 04 02 00 12 00 20 34 00 00 495 10 114 39 15
S.D 78 10 67 18 18 03 62 07 23 59 04 05 7.7 12 76 1.8 0.0

Baka Formation

Modal composition (%) Recalculated QFL logratio
Sample  Qtz Feld Lithic Musc Biot Chl CO3 At Mat Cem Opgq Oth Q F L InQ/F InQ/L
G-5 410 42 218 44 18 02 146 00 44 72 00 04 612 6.3 325 23 06
G-3 400 32 206 46 30 02 120 00 90 66 02 06 627 5.0 323 25 07
G-2 398 34 202 24 66 04 124 00 72 74 00 02 628 54 319 25 07
BK-23 370 10 198 60 122 02 88 10 56 72 02 1.0 640 1.7 343 36 086
G-1 460 38 198 48 34 02 68 20 46 84 00 02 661 55 285 25 08
BK-14 490 28 164 22 54 04 72 18 76 64 02 086 719 41 241 29 11
BK-13 470 20 142 48 108 34 32 14 38 84 02 08 744 32 225 32 1.2
F-1 418 50 258 42 26 04 120 00 36 44 00 02 576 6.9 355 21 05
E-1 k8 62 160 32 52 04 218 00 44 52 00 08 624 105 271 1.8 08
D-9 426 36 254 62 46 00 52 08 34 76 00 06 595 5.0 355 25 05
D-7 418 62 158 06 58 16 170 00 52 60 00 0.0 655 9.7 248 1.9 1.0
BK-11 418 22 170 56 60 16 110 12 70 64 02 00 685 36 279 29 09
BK-9 234 02 44 120 162 18 222 04 62 126 02 04 836 0.7 157 48 1.7
D-6 486 46 220 14 22 00 104 00 6.0 46 02 00 646 6.1 293 24 08
BK-7 600 22 126 06 22 00 86 06 82 42 00 08 802 29 16.8 33 16
D-5 426 56 158 06 14 02 174 00 68 88 04 00 666 8.8 247 20 1.0
BK-5 282 10 66 36 58 00 252 14 148 124 00 1.0 788 28 184 33 15
BK-4 520 50 164 26 12 00 112 04 66 46 00 0.0 708 6.8 223 23 1.2
D-3 562 38 166 30 26 04 66 00 50 50 02 06 734 50 217 27 12
D-2 430 44 186 38 32 00 118 00 54 88 04 08 652 6.7 282 23 08
BK-2 418 12 148 132 98 06 114 04 26 46 00 04 723 21 2586 36 1.0
D1 500 22 202 12 24 02 124 00 48 62 02 02 691 3.0 279 31 09
Mean 432 34 173 41 52 06 122 05 6.0 7.0 01 04 68.2 51 26.7 27 1.0
Max 600 62 258 132 162 34 252 20 148 126 04 10 836 105 355 48 1.7
Min 234 02 44 06 12 00 32 00 26 42 00 00 576 07 157 1.8 05
S.D 81 17 51 32 39 08 56 07 26 23 01 03 68 25 57 0.7 03

Table 6.2: Recalculated modal point count data (%and calculated Q/F and Q/L
logratios for the Chisapani and Baka Formations.
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_ ok
-~ *Carbonate cement

Fig. 6.1: Photomicrographs of sandstones from the Hisapani and Baka
Formations A) Monocrystalline quartz (Qm) B) Polycrystalline quartz (Qp) C)
Plagioclase feldspar and carbonates D) SedimentafyLs and metamorphic lithic
grains (Lm) E) Metamorphic lithic grains (Quartz-mica schist) F) Mica grains,
variegated colour indicates muscovite (Mu and darkorown colour indicates biotite
(Bt).

metamorphic lithics are dominantly quartz-mica sthiand phyllites. Muscovite and

biotite (mica) occur as accessory minerals in thes&ani Formation. The amount of
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mica present ranges from 0.4% to 8.2% for muscoartel 0.2% to 7.4% for biotite.
The percentage of mica increases toward the uppambar. Carbonate is other
important constituent in the Chisapani Formatioccusring as intraclasts, and cement
(Fig 6.1 A, C). Carbonate contents range from 1@%-7) to 23.8% (C-24), and
increase toward the upper member. Mica and carberate the only components to
show noticeable stratigraphic change at some iaterwithin this formation (Table

6.2).

6.3.1.2 Baka Formation

The Baka Formation is represented by 22 sandstom#s,seven from the
lower member, ten from the middle member, and fireen the upper member (Tables
6.1, 6.2). The sandstones are matrix-poor and acerately to well sorted, and contain
angular to sub-rounded framework grains. Quarigain the dominant mineral, with
contents ranging from 23.4% (BK-9) to 60.0% (BK-Peldspar grains consist of
plagioclase, orthoclase and microcline, and formta$.2% of the mode (D-7, E-1).
Lithics are mainly metamorphic rock fragments sashmica schists, foliated quartz,
and phyllite (Fig. 6.1 D, E, F). The proportions lmbtite and muscovite range from
1.2% (BK-4) to 6.2% (BK-9) and 0.6 % (BK-7) to 12¢BK-9) respectively, and
contents increase toward the upper member (TaB)e i@aching maximums of 12.2%
(biotite) and 6.0% (muscovite) in sample BK-23 ([Eal6.2, Fig. 6.1F). Carbonate
contents contain range from 3.2% (BK-13) to 25.BK-5), but no clear stratigraphic
change is evident. Heavy minerals, opaque mineaal$ chlorite occur in minor
amounts (Table 6.2). Feldspar and Mica contentasti® same changes in some

intervals in this formation.
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6.3.2 Classification of the sandstones

According to this classification scheme of Pettijof1975), most samples are
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Fig. 6.2: Classification of Karnali River Siwalik sandstones A) QFL diagram based
on Pettijohn (1975), showing sublitharenite to litic arenite sandstones. B) QFL
diagram of Folk (1980) showing litharenite to feldpathic litharenite sandstones.
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lithic arenites, and the remainder sub-litharen{telyg. 6.2A). Using the Folk (1980)
diagram, slightly higher feldspar content in a fBaka Formation sandstones leads to
their classification as feldspathic litharenite$il the majorities are litharenites (Fig.
6.2 B). However, there is no significant contrastthe compositions of these two

formations, and high quartz/feldspar ratio is mamed throughout the succession.

6.3.3 Comparison with the other Siwalik sections
The QFL characteristics of the Karnali River sampleere also compared with
those from other Siwalik sections in the Surai Kh&run-Tinau Khola, Hetauda, and

Muskar Khola districts (Dhital et al. 1995, Tokuod&ial. 1986, Tamrakar et al. 2003,

Chirouze et al. 2012) (Fig. 6.2C).

Hetauda section (Tamrakar et al. 2003)
Muskar Khola (Chirouze et al. 2012)

Karnali River (Present study)

Arung-Tinau Khola
(Tokuoka et al.1986)

§: ﬁ Surai Khola (Dhital et al.1995)
R\
38 ? >
35 2
75% 55 s 25%
F L

C) Comparison with sandstones from different sectiess of the Siwalik Group,
Nepal.
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This shows that QFL compositions are similar amtimgse areas, except for lower
feldspar content in the Karnali section. Surai khahd Arung Khola sandstones have
the highest feldspar and lithic fragment conteats] are classified as litharenites and
feldspathic litharenites. Similarly, Hetauda setts@andstones have indicates that higher
feldspar and quartz contents, and are classifietittas arenites through to arkosic
arenites. The Muskar Khola samples contain the feédspar.The overall recalculated
QFL composition of the Chisapani Formation igskdlL2e, and that of the Baka
Formation QgFsL27 (Tables 2)These results are comparable with previous studies

the Surai Khola and Bakiya Khola sections, whicé eharacterized by quartzolithic

compositions of @F4L39 and QgoFsL 35 respectively (Critelli and Ingersoll 1994).

6.2 Comparison with the surrounding area

Based on the QFL scheme of Dickinson et al. (1988)nali River sandstones
plot in the recycled orogen field (Fig. 6.3A ), sistent with previous results from the
Surai Khola and Bakiya Khola sections (Critelli aingersoll 1994). The Arung-Tinau
Khola and Hetauda-Bakiya Khola sections have tighdst feldspar and lithic grain
contents among all Siwalik sections. These comiposil variations are probably due to
contributions from Lesser Himalayan granitoids swshthe Agra Granite and the
Palung Granite in west-central and eastern Nepw®. récycled orogen provenance of
the Karnali samples is also consistent with thatSwvalik sandstones from the Potwar
Plateau (Fig. 6.3B). The only significant differaatthe higher feldspar content in the
Potwar Plateau relative to the Siwalik Group in Blehis compositional variation in
the Potwar Siwalik sediments may be related to rdmuttons of detritus derived from

volcanic sources in their hinterland (Critelli aimgdjersoll 1994).
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Fig. 6.3: QFL provenance plot (Dickinson, et al. 183) for the Karnali sandstones.
A) QFL plot for the Siwalik Group along the Karnali River section, indicating
derivation from a recycled orogen source. B) QFL pmt showing regional
comparison in the Himalaya foreland basin (modifiedfrom Critelli and Ingersoll
1994).
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6.4 Analysis of controlling factors using multivarate statistics
6.4.1 Principal Component Analysis (PCA) and Weltjis confidence regions

PCA loadings of cIr-transformed data are presertedable 6.3. The first
principal component (PC1) shows a positive cori@tatvith clr-transformed quartz,
feldspar, lithics, carbonate and cement componeanis, negative correlation with
muscovite and biotite. The second principal compor{BC?2) is positively correlated
with muscovite, carbonates and cements, and negaterrelated with quartz, feldspar,
and lithics components. PC1 and PC2 capture 46%246@ of the total variability,
respectively. Collectively 70% of the total varii is explained by these two
components, with a smaller amount (17%) being actsxl for the third principal

component (PC3).

PC1 PC2 PC3 PC4 PC5 PC6
Quartz 0.247 -0.055 0.067 -0.364 0.188 -0.788
Feldspar 0.369 -0.500 0.156 0.630 0.198 0.101
Lithics 0.282 -0.207 0.171 -0.482 -0.569 0.386
Muscovite -0.415 0.406 0.586 0.298 -0.267 -0.129
Biotite -0.716 -0.440 -0.220 -0.192 0.228 0.112
Carbonate 0.045 0.281 -0.741 0.285 -0.365 -0.107
Cement 0.188 0.516 -0.018 -0.175 0.588 0.424
Varience explained (%) 45.76 2262 17.27 8.92 3.96 1.47
Cum.Prop.Exp. 0.458 0.684 0.857 0.946 0.985 1.000

Table 6.3: Results of Principal Component AnalysigPCA) for the Chisapani and

Baka Formations

PC1 and PC2 are illustrated as a biplot (GabrigT11 Aitchison and Greenacre, 2002)
in Fig. 6.4. Samples from the Chisapani Formatitot andomly on the biplot. PC1 is
positively correlated with quartz, feldspar, anthit fragments. Carbonate is also
positively correlated, but plots in a near-perpealdir direction to PC1. Muscovite and
biotite are negatively correlated in PC1. Similadgrbonate muscovite and cement are

positively correlated in PC2, with all other compats negatively correlated. Samples
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from the Baka Formation also plot randomly, althoum few samples tend to be
concentrated near the quartz and feldspar compgndie carbonate is mainly
originated from the Lesser Himalayan sources atdspar, muscovite and biotite are
indicators of the Higher Himalayan source. Thesamonents of data suggest that PC1
probably related to the mixed sources from the é&easd Higher Himalayas, and PC2
is correlated with the Higher Himalaya (Fig. 6.4he data for both formations are
strongly influenced by both PC1 and PC2, probahig tb mixed sediments from the
Lesser and Higher Himalayas.

The PCA biplot confirms that there is a strong tiefeship between quartz,
feldspar and lithic grains in both the Chisapani Baka Formations (Fig. 6.4). To more
clearly discriminate between these components, ae hused another multivariate

2nd

Muscovite &

1st

Biotite | ] o Feldspar

m Chisapani Fm
0 Baka Fm

Fig. 6.4: Principal Component Analysis (PCA) biplotof the clr-transformed data
from Table 2. Scattered data indicates little variion in sediment composition
between the fomations (see text for details).
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O Baka Fm
@ Chisapani Fm

F L L

Fig. 6.5: Multivariate ellipsoids (Weltje 2002) for the Chisapani and Baka
Formations. Confidence regions are 90%, 95% and 99%A) Predictive regions of
the data points. B) Confidence regions of the popation mean. See text for details.

statistical method adopted by Weltje (2002). Thistimd is formalized by use of the
multivariate additive logistics normal distributiofitchison 1986). Stattegger and
Mortan (1992), Prins and Weltje (1999) and Garzattial. (2000) have also used
ternary confidence regions for petrographic datseld on this model. The purpose of
these confidence regions were given by Weltje (2082
® Confidence regions of the entire population cam$ed to predict the range of
variation in observations;
® Confidence regions of the population mean areuli$ef deciding if samples
differ significantly from each other.
The multivariate confidence regions of the Chisaertd Baka Formations are shown
in Figure 6.5. Most of the data falls within the%®0confidence regions of both

formations. The mutual clustering of the Chisapsrd Baka Formations data and the
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nearly total overlap of their confidence regiondigates general lack of significant
compositional variation between the formations, #rat the sediments mixed (Weltje
2002). This suggests the sediments in each formateére simultaneously derived from
both the lesser Himalaya and Higher Himalaya. $lafange in the composition of the
Baka Formation and subtle shift of the data towdtds 95% and 99% confidence
regions likely reflects some contribution from dfetent source area (i.e. Higher
Himalaya), or some local influence such as hydcaabrting during transportation

(Weltje, 2002, Allen and Johnson, 2010) (Fig 6.5B).

6.4.2 Grain size and facies control on sedimentdhitk vs. thin-bedded sandstones)

Thick-bedded sandstones in the Karnali section isbmsainly of trough to
planar cross-stratified, medium to coarse-grainaddstones, with bed thicknesses
ranging from 4.0 to 10.0 m. These thick-bedded stmes are interpreted as channel
deposits. The thin-bedded (shaded part) sandssamagled here are mainly very fine to
medium-grained, and cross-stratified to rippledo(&z.1). Bed thicknesses range from
0.5 to 2.0 m, and the beds are interpreted as legihgr flood plain or crevasse splay
deposits (Sigdel et al., 2011).

We have also applied the multivariate statistiethod here to test for contrast
between grain size/facies groups, based on the a@sitqns of the thinly and thickly
bedded sandstones (Table 6.1). The biplot from R analysis shows random
distribution in all coordinate planes (Fig. 6.6helTWeltje triangular confidence 90%,
95% and 99% regions for the two facies also ovedagh other, indicating the
sediments are well mixed, and no specific contslekercised by the principal

components (Fig. 6.7). The slightly different ldoas of the population means of the
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confidence regions suggest changes in the soues ar minor influence by the

facies/grain size of the sediments.
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Fig. 6.6: Principal Component Analysis (PCA) biplotof clr-transformed data by
grain size. Data are grouped on the basis of faciesd grain size. (A) thick-bedded;
(B) thinly-bedded. See text for details.
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@ Thin bedded sandstone

O Thick bedded sandstone

Fig. 6.7: Multivariate ellipsoids (Weltje 2002) ofthe thick and thinly-bedded
sandstones Confidence regions are 90%, 95% and 99%) Predictive regions of
the data points. B) Confidence regions of the popation mean. See text for details.

6.4.3 Climatic-physiographic control on sediments

A general petrographic measure of the weathdrgrgds of sandstone may
be defined in term of the log-ratios of principaarhework elementscf{ Aitchison,
1986), for example as log (Q/F) or log (Q/L), whé€ye= quartz, F = feldspar and L =
lithic fragments (Weltje 1994). The log-ratios fadividual samples are listed in Tables
6.2. For many types of sand, values of both logpsaare expected to correlate with
weathering intensity, because quartz is more segidb weathering than feldspar and
lithic fragments. The combination of these logeatin a single diagram permits the
distinction of parent rock type, weathering histcand paleotopography (Weltje et al.,
1998) (Fig. 6.8). Based on this diagram, all ex¢eptof the Karnali samples fall in the

field of weathering index 1 (Fig. 9). The ChisapBormation samples mainly fall near
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the boundary between weathering index 0 and 1,rasuaetamorphic and sedimentary

parentage. Samples from the Baka Formation plaen#ae boundary between

8 b T L] l T L] L} l L} T L] l L] T L) | T T L
6 - Metamorphic/Sedimentary -
4 - —
In(@/F) [ ]
2 |- -
0F * Baka Formation "
i Plutonic * Chisapani Formation 7
i 0-4 weathering Index value |
2 PR T WU [N R SR SN [N TS SO WO [ ST TR S N T TR
2 0 2 4 6 8
In (Q/L)
Semi quantitaive High Moderate Hill | Low plain
weathering Index Mountain
(4] 1 2
[Serrti}arid and o o o o
mediterranean
@
@ Temparate
£
5 subhumid 1 ° L 2
Tropical humid 2 o 2 4

Fig. 6.8: Log-ratio plot after Weltje (1994). Q — Quartz; F — Feldspar; L — Lithic
fragments. Fields 0-4 refer to the semi-quantitatie weathering indices defined on
the basis of relief and climate, as indicated in #table.

metamorphic/sedimentary and plutonic parentage.s@himdices indicate that the
sediments were mainly derived from high mountakiglier Himalaya) and moderate
hills (Lesser Himalaya), and the influence of climan the sediment compositions was

very small (0-1) (Fig. 6.8).
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Chapter 7

DISCUSSIONS

7.1 Lithostratigraphy

7.1.1 Ages of the Lower - Middle and Middle - UppefSiwalik boundaries

Previous lithostratigraphic and magnetostratigra@tudies of sections from
the Hetauda-Bakiya Khola area (Harrison et al.,3199ah et al., 1994), Arung
Khola-Tinau Khola (Tokuoka et al., 1986, 1990; Gawitand Appel, 1994), Surai Khola
(Corvinus and Nanda, 1994; Dhital et al., 1995; édlpgnd Rosler, 1994) and our new
lithostratigraphic and magnetostratigraphic workdautam and Fujiwara, (2000) in the
Karnali River permit regional correlation in then@ilik Group across Nepal Himalaya.
Basically, the stratigraphy of these areas difféllse traditional tripartite (Lower,
Middle and Upper Siwaliks) stratigraphic boundars® used here to discuss the
stratigraphic patterns and their age. Several pusvstudies have already indicated that
there are discrepancies in the ages of these baesdetween locations (Tables 7.1).
The Lower—Middle Siwalik boundary is defined as tbp of the Rapti Formation in the
Hetauda-Bakiya Khola area (ca. 9.5 Ma), the tothefArung Khola Formation in the
Arung Khola—Tinau Khola area (ca. 8.5 Ma), andttiye of the Chor Khola Formation
in the Surai Khola (ca. 8.3 Ma). The top of the €apiani Formation in the Karnali
River section is dated around 9.6 Ma, only sliglutlgler than the age in the Hetauda—
Bakiya Khola area (Table 7.1).

The Lower and Middle Siwalik boundary is definedgéd on the grain-size and

increasing thickness of sandstone beds, togethlerttne appearance of distinctive “salt
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Age Karnali River Surai Khola Arung Khola- Hetauda-
(Ma) Tinau Khola Bakiya Khola
(Present Study) (Dhital et al. 1995) (Tokuoka et al. 1986, 1990) (Sah et al. 1994),
(Nakayama and Ulak 1999)
Churia Mai Fm
Panikhola Dhan Khola Deorali Fm
— 4 Gaun Fm Fm
. Churia Khola F
—_— - — — — A Chitwan Fm uria Bhofa Fm
p—3 Kuine Fm Dobata Fm Upper mbr
Upper mbr 2 e E
— 5 5 c Upper mbr % Middle mbr l-l::. Upper mbr
b 5 Middle mbr | g £
L, |2 . @ — 1 £ ]
7 | = Middle mbr Lowermbr | @ E
@ -
—8 @ . : Lower mbr Middle mbr
] mEr
— g Lower mbr § - Lower mbr
w
1
— 10 E Jungali uE_ Upper mbr E Upper mbr
(6] Khola mbr © = -
— 11 £ Upper mbF g % Middle mbr
| w x . = Lower mbr
12 = Bankas Fm o Middle mbr
o c
— a £
B — <
I— 5 Middle mbr Lower mbr
1 Lower mbr

Table 7.1: Lithostratigraphic classification of the Siwalik Group in the Nepal
Himalaya and its correlation. The bold lines indicge that the boundaries between
the Lower-Middle and Middle-Upper Siwaliks. Black part indicates the no
deposition. Fm: Formation, mbr: member

and pepper sandstone”. These sandstone beds comemica grains than underlying
sandstone intervals, suggestive of derivation frin@ Higher Himalayan Belt. The

fining-upward successions that characterize thasdstones may represent channel fill
deposits (Miall, 1996). The thickening trend of lsusriccession implies that river size
increased through time. In the present day Himalagreer systems, the channels

become deeper downstream from the upstream braegidn to the downstream
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meandering region; bed-thickness also increas#dweisame direction, hence recording
increased water discharge and sediment supply ghrbone (Zaleha, 1997).

The appearance of the “salt and pepper’ sandsiod&sate not only that the
drainage basins of the river systems had reacheddigher Himalayan belt, but also
that they had deeply incised the Higher Himalayacks. The earlier appearance of
such sandstones in the Karnali River section indgthat its drainage basin spread into
the Higher Himalayas earlier than in other aredse &ppearance of such sandstones
also coincides with the increase in uplift ratehof Himalaya in western Nepal at about
12-9 Ma (DecCelles et al., 1998, Robinson et alQ12MHuyghe et al., 2005). Therefore,
the timing of the Lower — Middle Siwalik boundany the Karnali River section is
consistent with the timing of the uplift.

The Middle and Upper Siwalik boundaries also shawations in ages. In the
Hetauda-Bakiya Khola area it is dated at aroundM&a) compared to ~2.5 Ma in the
Arung Khola — Tinau Khola and ~4.0 Ma in the Swhbla. Although the specific age
of the boundary has not yet been obtained in th@diaRiver section, it is expected to
be around 3.9 Ma, based on calculated sedimentatier(Gautam and Fujiwara, 2000).
Corvinus and Nanda (1994) and Dhital et al. (196pbrted that the Dobata Formation,
which forms the lower part of the Upper Siwalikstire Surai Khola; Nakayama and
Ulak (1999), considered that it had an anastomased origin. In contrast, in other
areas the Upper Siwaliks is represented by a comgyiatic facies (alluvial fan deposits).
The onset of “normal” Upper Siwalik deposition anduthe Surai Khola area should
thus be recognized as the base of the first congjiatic deposits in the Dhan Khola
Formation (around 2.3Ma).

The Middle — Upper Siwaliks boundary is marked bghange from sandy to
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gravelly facies (Nakayama and Ulak, 1999). Thesrefaare closely related to the
progradation of alluvial fans; these were develolpgdhe southward-flowing transverse
drainage pattern created by the activity of thryBteCelles et al., 1988; Heller and
Poala, 1992; Kumar et al., 2003). This thrust dgtiis manifested by the trapping of
coarse detritus sediment in the proximity of theush front, and transportation of
finer-grained material toward distal environmentseller and Paola 1992). The
progradation rate of alluvial fans along the vityinof the MFT is consistent with the
diachronous boundaries between the Middle and Uigwenrliks (Burbank, 1992;
Brozovic and Burbank, 2000). In the modern envirenin activity of thrust splays in
the footwall of the Main Frontal Thrust (MFT) haaused large-scale progradation of
alluvial fans (gravel fans near the foot of the &iw Hills) toward the present
Indo-Gangatic plain (Pati et al., 2011). Howevke Surai Khola section experienced a
different environmental change, marked by the agmem of anastomosed river
deposits. This clearly suggests that the environmémhe Surai Khola area changed
temporarily to become an inter-alluvial fan regioBecause the distribution of
coarse-grained river deposits is limited to thecgdawhere the rivers crossed the
Himalayan Frontal Thrusts at their time of depositithe diachronity of this boundary
should be expected to be larger than that of theec@and Middle Siwaliks. Based on
comparison with the Siwalik deposits in the Nepamélaya, the Siwalik Group
sediments along the Karnali River were deposit@infrrivers with larger drainage
systems than in other areas. In large river systé&al climate (i.e. local precipitation)
has minimal effect on the fluvial channel style,iethcan change only by regional or
basin-wide precipitation. Previous paleoclimataatistudies from the Siwalik Group

of Nepal Himalayas have less focused on the paaualje systems into account. The
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Karnali River section is thus a sedimentary sugoasshich is suitable for the analysis

of paleoclimate related to the uplift of the Himgda in the future.

7.2 Fluvial Facies
7.2.1 Fluvial systems and their comparison with pndous work

Our facies analysis and paleocurrent data showShedlik Group sediments
along the Karnali River section were deposited franhighly sinuous fine-grained
meandering river system (15.8-13.5 Ma), a flooavfldominated meandering river
system with intermittent appearance of a sandydbdariver system (13.5-9.6 Ma), a
deep and shallow sandy braided river system (®6M3a), and gravelly braided
(~3.9-~2.0 Ma) to debris-flow dominated braidecrigystems, in ascending order (Fig.
7.1). This reconstruction differs slightly from tkarlier interpretation by Huyghe et al.
(2005). The major differences lie in the timingagfpearance and characteristics of the
flood-flow dominated meandering system, and thatdhastomosed river system was
not identified in our study.

We estimate the timing of the appearance of thedfflow deposits at around
13.5 Ma, some 0.4 Ma earlier than that suggesteduyghe et al. (2005). The reason
for the discrepancy in this facies association @y is unsure, because Huyghe et al.
(2005) did not describe the boundary. We believe lbundary we have defined is
appropriate, as: i) the appearance of flood-flownag@ted system is interpreted to have
been associated with an increase in water disch&gg colour also changed from
reddish-brown to grey or pale greenish-grey, sutgggsincreased water logging

conditions (Retallack, 1991), and ii) playa demosiere identified from FA2, which
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Fig. 7.1: Classification of the fluvial system

in he study area based on the

magnetostratigraphic time frame (modified from Gautam and Fujiwara, 2000).
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also suggests more frequent water supply with lmighasonality than in the FAL1 phase.
Furthermore, we recognized a shallow sandy braided facies in the interval from
which Huyghe et al. (2005) identified an anastordaseer system. This sandy braided
river facies is characterized by laterally continsigheet sandstones dominated by large
scale facies Sp and St and unimodal paleoflow tinecwhich indicates the frequent
shifting of shallow channels of braided river (Smit972; Miall, 1996), and hence we
reinterpret the anastomosed river system of Huyghal. (2005) as a braided river

system.

7.2.2 Significance of the change from a fine-graie meandering system to a
flood-flow dominated meandering system around 13.Ma

The change from fine-grained meandering river dipaegth red soils (FAL)
to the flood flow-dominated meandering river deposwith greenish-grey to
yellowish-brown soils (FA2) indicates increased evadischarge in the river channel
after 13.5 Ma. This increased water discharge afrose increased precipitation related
to climate change (Nakayama and Ulak, 1999). Howetlds facies changes is
diachronous in Siwalik sections, occurring at ahd9.5 Ma, 10.0 Ma and 9.5 Ma in
the Bakiya Khola, Tinau Khola, and Surai Khola are@spectively (Nakayama and
Ulak, 1999; Ulak and Nakayama, 2001) (Table 7.20hédugh Huyghe et al. (2005)
inferred that larger river catchment size contdouto the earlier appearance of this
facies in the Karnali River than in other areagytprovided no specific discussion on
the size of the river catchment, or how it affedteel fluvial depositional system.

River catchment size may be a possible cause afifthronous facies change,

as Huyghe et al. (2005) inferred. Rivers with sneatichments size could be strongly
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affected by orographic precipitation associatechviagical uplift, as small increases in
precipitation can change the channel charactesidticcontrast, if catchments are large,
river characteristics (especially width and depshpuld respond only to regional
precipitation changes, because water supply fraemr targer area suppresses the effect
of local increase or decrease of precipitation ascldirge and river channel
characteristics. Presence of large catchment sgsiertne past has been identified by
analysis of river channel deposits and provenaBoeh studies in the Tinau Khola
section have shown that the sediments were degdsjtea larger river system in the
past i.e. the paleo-Kaligandaki River (Tokuokalgti86; Hisatomi and Tanaka, 1994;
Nakayama and Ulak, 1999; Ulak and Nakayama 200dlcS al., 2006). Petrographic
and isotopic analyses from the Karnali section aldeate the earlier supply of detritus
from both the Higher and Lesser Himalaya (DeCed#lesal., 1998; Robinson et al,,
2001; Szulc et al.,, 2006), suggesting the sedimevdse supplied from a large
catchment system, probably the paleo-Karnali River.

The reason why the flood-flow dominated river systdeveloped earlier in the
Karnali River section than in the central and easparts of the Nepal Siwaliks remains
unclear, however. As noted above, the Karnali Rsggtion contains sediments that
were deposited mainly from a large catchment systéhe Karnali section thus
provides a record of regional climate, and henedrtbrease in water discharge around
13.5 Ma can be interpreted to have been due togifigation of the Indian Summer
Monsoon. Earlier uplift in the western part of thepal Himalaya may also have caused
higher orographic rainfall in this region.

Ojha et al. (2000) reported the magnetostratigragfhtie Khutia Khola section,

which is located about 50 km west of the KarnalieRi(Fig. 1.1), and showed that the
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age of base of the Middle Siwaliks was about 1M@5which is 1.5 Ma earlier than the

Karnali River section.
Age Karnali River Surai Khola Arun - Tinau Khola |Hetauda- Bakiya Khola!
(Ma) Present study Nakayama and Ulak (1999) Ulak and Nakayama (2001) | MNakayama and Ulak (1999)
. - Debris-flow dominated Debris-flow dominated Debris-flow dominated
Debris-flow dominated braided river system braided river system braided river system
1— braided river system | 1.0 Ma 0 Ma 1.0 Ma
o ~2.0 Ma Gravelly braided river Gravelly braided river Gravelly braided river
B . system 25 M system system
3—| Gravelly braided river = a Shallow séndy braided M
system Anastomosed river system river system :
4— ~3.9 Ma 4.0 Ma
, ; Shallow sandy braided
5— gr:rlg;";f:nqdy hred river system Shallow sandy braided
Deep sandy braided river D dv braided ri river system
8 6.0 Ma system eep sandy bralded nver
* L B5Ma system
?_
g—I| Deep sandy braided river Flood-flow dominated Deep sandy braided river
system meandering river system 8.2 Ma | system
5 — Flood-flow dominated 9.0 Ma
9.6 Ma 9.5 Ma meandering river system Flood-flow dominated
10 — 10 .0 Ma | meandering river system
10.5 Ma
L Flood-flow dominated Fine-grained meandering | Fine-grained meandering Fine-grained meandering
12— meandering river system river system river system river system
13—
13.5 Ma
14—
Fine-grained meandering
15— river system
16

Table 7.2: Comparison of the fluvial systems in diérent sections of the Siwalik
Group of the Nepal Himalaya.

According to their lithological description, muddsgcies predominate in the Lower
Siwaliks in Khutia Khola. Consequently, it is prateathat the Khutia Khola succession
was deposited from smaller river systems than ivagaése in the Karnali River section.
In general, the Middle Siwaliks are the depositdEided streams, and they contain
detrital grains (salt and pepper) derived from Higher Himalayas. Although it is
difficult to discuss the timing of the alluvial fatevelopment in the Siwalik successions

associated with the Himalayan Uplift without thrémnensional distributions of the
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alluvial fan facies (cf. Burbank, 1992), the earb@pearance of the alluvial fan facies
(Middle Siwaliks) in the Khutia Khola section toget with supply of detritus from the
Higher Himalayas implies that early uplift of tredurce may have promoted erosion,
even in small river systems in the western Nepalddaya. Therefore, the early uplift of
the western part of Nepal Himalaya may have caubsethge in the climatic pattern
(monsoonal precipitation) earlier than in the caihdind eastern parts. The early uplift is
contemporaneous with increased exhumation rateeHigher Himalaya (Szulc et al.,
2006) and higher sedimentation rate (Gautam andv&ia, 2000) recorded in the
Karnali section. Several other studies have idedtidliachronous uplift and exhumation
of the Nepal Himalaya, with earlier uplift and exhation in the western part (Arita and
Ganzawa, 1997; Szulc et al.,, 2006; Bernet et #1062 Chirouze et al., 2012). As
discussed above, the climate change at 13.5 Maresponse to early uplift of the
western Nepal Himalaya. Integrated study of uplifthe western Himalaya at that time
and related climate change is lacking to date. Hewe_iu et al. (2009) showed that
extension of drier areas in western China andicéisin of humid areas to southern
China during the late middle Miocene (13.5 Ma) nraflect the early uplift of the
western Himalaya. This uplift blocked deep pen&mabf wind jet streams originating
from the Indian Ocean to the Tibetan Plateau, crga rain shadow zone in western
China (drier area) and wet and humid climate inftbatal Himalaya, and associated

intensification of the Indian Summer Monsoon.

7.3 Provenance

The multivariate statistical analysis (PCA biplaad Weltje’'s confidence
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interval of geometric means and ellipsoids) enallesct comparison between the
datasets to evaluate if minute differences in casitpo can be detected. These
analyses found slight variation in sediment commmsibetween the Chisapani and
Baka Formations. These contrasts are mainly lirtkethe source area and tectonics,

rather than being controlled by the facies, gr&@e,r climate.

7.3.1 Regional controlling factors (source litholog and tectonic setting)

All Karnali Siwalik sandstones fall well within threcycled orogen provenance
field on the QFL provenance diagram of Dickinsoraket(1983), indicating that bulk
compositions do not vary significantly within thection (Fig 6.3A). The sandstones are
characteristically rich in quartz and lithic grairend poor in feldspar. Within such
recycled orogens, clastic detritus is dominantlyriveéel from sedimentary and
metamorphic rocks exposed and eroded by orogeffift affold belts and thrust sheets
(Dickinson and Suczek 1979, Dickinson 1985).

The sandstones of the Karnali River section areaci@rized by an assemblage
of monocrystalline and polycrystalline quartz, fgddr, carbonates, mica schist lithics,
muscovite and biotite. These detrital grains weaved mainly from sedimentary and
low- to high-grade metamorphic sources. The abundenocrystalline quartz grains
are of plutonic origin (Young, 1976), probably frahe Dadeldhura granite (Szulc et al.
2006, Bernet et al. 2006).

Temporal changes in petrographic modes in the Kiaseation indicate that
the proportion of carbonates increased after 1320(FMg. 7.2). These were probably
derived from the Lesser Himalaya. This result issistent with an increase $Srf°Sr

ratio from 12.0 Ma onwards (Szulc et al., 2006).yghe et al. (2001, 2005) also
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reported more negativeNd isotopes values from the Karnali section aftgQlwith
peak around 10.0 Ma (Fig. 7.2). Similarly, the prdns of feldspar and mica grains
(Higher Himalayan source) decrease in the inteireah 12.0-9.0 Ma. The combination
of these results suggests that between 12.0-9.¢h#m&arnali Siwalik sediments were
mainly derived from the Lesser Himalayan zone, pbip due to the development of
the Lesser Himalayan duplex. Similarly, DeCellesakt(1998) and Robinson et al.
(2001) documented strongly negatsidd isotopes values from other Siwalik sections
(Khutia Khola, Surai Khola) at about 12.0-9.0 Marhmps reflecting deeper erosion of
both granitoids and high-grade metamorphic rocksthat unit. This result is
alsoconsistent with increased proportions of heainerals (Szulc et al., 2006) and the
shift to positivesNd isotope values (Huyghe et al., 2001, 2005) at thterval (Fig. 7.2).
Decrease in feldspar and mica content after 6.0 tigether with somewhat higher
carbonate content, indicates increased supply ¢fe ltesser Himalayan-derived
sediments, as also supported by shift to more ivegdtld isotopes values (Huyghe et
al.,, 2001,2005). However, heavy mineral assembla@=milc et al.,, 2006) and
significant mica contents indicate that sedimetgs aontinued to be supplied from the
Higher Himalaya after 6.0 Ma (Fig. 7.2).

By combining our petrographic results with previegmstopic and age data, we

can constrain provenance of the Karnali River Skvaiccession.
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Fig. 7.2: Vertical variations of carbonate, feldspga and mica content in Karnali
River sandstones with depositional age, and compaien with éNd isotopes values
from Huyghe et al. (2001, 2005).

Our data confirms that the sediments were mainiyvel@ from the Higher
Himalaya and Lesser Himalaya, throughout the pewadddeposition. The Higher
Himalaya was a major source terrain even in thy estage (16.0 Ma) of deposition of
the Siwalik Group, with increased sediment suppiynf the Lesser Himalaya after 13.0
Ma, concurrent with continued supply from the Highimalaya. It seems that the
Higher Himalaya has maintained a high elevatioteast since the Miocene, and that
the Lesser Himalaya may have undergone uplift @ebBmalayan Duplex) after 13.0
Ma, as shown by the petrographic analysis in thusl\s However, appearance of ‘salt

and pepper sandstones (increase in feldspar and grains) in the Middle Siwalik
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after 9.6 Ma indicates dominant supply from the HéigHimalayan source. This is
comparable with results from the Surai Khola, Titdwla and Bakiya Khola sections,
albeit with some time variation (8.5 to 9.5 Ma).rQuetrographic results together with
mica age (Szulc et al., 2006) and fission trackiiBeet al., 2006) data from all Siwalik
sections suggest lateral continuity in tectonicifumf the Himalaya, but an earlier

beginning in far western Nepal.

7.4 Himalayan tectonics, paleoclimate and Siwalikeslimentation

The sedimentation history of the Siwalik Group @ldhe Karnali River area
started in the middle Miocene (16 Ma) with appeeeanf fine-grained meandering
river system (FA1l) (Lower and Middle members of @l@sapani Formation). During
this time period, the Main Central Thrust (MCT)vesll as Dadeldhura Thrust (DT) and
Ramgarh Thrust (RT) were active (Prakash et aB01Szulc et al., 2006, Bernet et al.,
2006). The Higher Himalaya ranges were the majarcof the Siwalik sediment and
the Lesser Himalaya had low relief and its southeoandary was marked by RT.
During that time, the height of the Himalaya mayédaot been sufficient to block the
wind from the Indian Ocean and, hence no signitieard frequent rainfall occurred in
this region. The less rainfall with dominant dryripd may have caused the high
evaporation and chemical weathering on the flooginpls indicated by the red

paleosols containing abundant nodules and conoee(ieig. 7.3).
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FA1 Dry and wet season (Drier condition dominant)

16-14 Ma
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gessication e
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bioturbation >
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MCT: Main Central Thrust
DT: Dadeldhura Thrust

RT: Ramgargh Thrust

MBT: Main Boundary Thrust
MFT: Main Frontal Thrust

Activation of MCT, DT and RT
(Prakash et al., 1980, Huyghe et al., 2005, Szulc et al., 2006)

Fig. 7.3: Schematic depositional model for the FAfacies association in relation to
tectonic, climate and provenance of the western NapHimalayan. Note: Height of
the Higher Himalaya and Lesser Himalaya was fear ah no significant rainfall
occurred. Wet and dry seasons prevailed with high evaporatiorepresented by the
abundant nodules and concretions in the flood plaime drier condition dominant.

After the 13.5 Ma, in the upper member of the Qbesa Formation, the
sedimentation pattern was changed with increa$leanl discharge in the river channel
(flood-flow dominated meandering river system, FARe increased flood discharge
was due to increased precipitation in the catchnoérnthe river and the change in
climate from drier to wetter condition in high seaality. The flood-plain deposits of
this fluvial system clearly reflect this phenomen(gee 5.4.1.2). The increase in

precipitation was resulted by the orographic preijpn due to the uplift of the Higher

96



Doctoral Thesis 7. Discussons

Himalaya and Lesser Himalaya. The Higher Himalayas wplifted by continuous
under-thrusting along the MCT and activity of RTdavBT led the uplift of the Lesser
Himalayan rock (Lesser Himalayan Duplex) as addilsignificant sources of detritus
(Huyghe et al., 2005). The height of Higher Himalagay have blocked the moistures
from the Indian Ocean having been resulted the rapigc precipitation in the
catchment of the paleo-Karnali River which was duamntly extended in the Lesser

Himalaya as of present scenario (Fig.7.4)

FA2 High seasonal precipation (wetter condition dominant)

13.5-10 Ma

—_

== stone
'.am'matﬂc{‘sf::: Alluvial fan
d mu
< = ! y
playa lake

MCT: Main Central Thrust
DT: Dadeldhura Thrust

RT: Ramgargh Thrust

MBT: Main Boundary Thrust
MFT: Main Frontal Thrust

Activation of MCT, DT and MBT
(Harrison et al., 1998, Huyghe et al., 2005, Szuic et al., 2006)

Fig. 7.4: Schematic depositional model for the FAfacies association in relation to
tectonic, climate and provenance of the western Nap Himalaya. Note: Height of

the Higher Himalaya was significantly increased whih may have caused the high
orographic precipitation and the Lesser Himalaya ato uplifted which caused the
increase in Lesser Himalayan sediments during the gposition. Due to high

seasonal rainfall, increase in flood discharge inhe river channels i.e wetter
condition dominant.
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FA3 and FA4

13.5-10 Ma P N . N

MCT: Main Central Thrust
DT: Dadeldhura Thrust

" " : h
Activation of DT, RT and MBT .R,TBT?::E?: Lgl'uf,di”;'rhmst

(Huyghe et al., 2001, 2005, Szulc et al., 2006) MFT: Main Frontal Thrust

Fig. 7.5: Schematic depositional model for the FABA4 facies associations in
relation to tectonic, climate and provenance of thevestern Nepal Himalaya. Note:
deep incision of the Higher Himalaya or close to # Higher Himalaya (Dadeldhura

Granite) by paleo-Karnali River may have supplied he coarse ‘salt and pepper’
sandstones. Seasonal climate was prevailed.

The fluvial facies at around 9.6 Ma shows changenfrmeandering river
(fine-grained facies) to braided river facies (searsalt and pepper) sandstones
(FA3-FA4). Although it is difficult to discuss thening and causes of the alluvial fan
development (Middle Siwalik) in the Siwalik success associated with the

Himalayan Uplift without three dimensional distriimns of the alluvial fan facies (cf.

Burbank, 1992), the basinal subsidence, sourceugég basinal topography, and size

98



Doctoral Thesis 7. Discussons

FA5 and FAG6 Seasonal climate (frequent precipitation)

13.5-10 Ma N N N

e/"lf' MCT: Main Central Thrust
DT: Dadeldhura Thrust
RT: Ramgargh Thrust
MBT: Main Boundary Thrust
MFT: Main Frontal Thrust

Activation of MBT
(DeCelles et al., 1998;Huyghe et al., 2001, 2005; Szulc et al., 2006)

Fig. 7.6: Schematic depositional model for the FABAG6 facies associations in
relation to tectonic, climate and provenance of thevestern Nepal Himalaya. Note:
Activity of the MBT may have caused further uplift of the Lesser Himalaya which
shortens the distance between hinterland and depd®inal basin and progradation
of the large alluvial fan (gravelly braided river). Seasonal climate was prevailed
with increase in precipitation than before.

of catchment may have played role on changinggbiimentary facies (Kumar et al.,
2003). However, it is clear from mineralogical eade (salt and pepper sandstones)
that the Higher Himalaya and close to the Highen&laya (Dadeldhura Granite) were
uplifted by the activities of Dadeldhura Thrust (O(Huyghe et al., 2005; Szulc et al.,

2006). This process may have caused high relief lagd incision of the Higher
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Himalaya, which resulted the increased supply afamerphic detritus (muscovite and
biotite) till 6.0 Ma (Fig. 7.5). Apart from tectanicontrols on basin fill, climate has
exerted an influence on the facies change whictlaged to precipitation (Kumar et al.,
2003). Grey to greenish and brown-coloured palsosdh calcareous nodules suggests
humid warm climate and the plot on the Weltje’'s9@pP diagram also indicates the
climate was temperate humid climate (Fig. 6.9).

After ca.5 Ma, the vast and abrupt increase in supply ®@tthhglomerates over
the sandstone could be either due to the continagollision of plates or changes into
the energy conditions. This collision may have eaugurther activation of Main
Boundary Thrust (MBT) (DeCelles et al., 1998; Szelcal., 2006). The activities of
MBT may have caused further uplift of the Lessemblayan rocks, and shortening
distance between depositional basin and hinterl&hdse activities trapped the coarse
detritus in the proximity of thrust front and fihalprogradation of the alluvial fan
dominated by the gravelly braided river systems5dFA6). The dominant clast type is
guartzite of the Lesser and Higher Himalayan rogktk subrounded to rounded clasts
indicates the high concentration of sediment loadl dong distance transport
respectivelyThis reflects high water content in the catchmeetido mobilize coarse
material for long distance downstream transporghHvater discharge will be available
by increased rainfall (Fig. 7.6). The increaseamfall in this time (< 6 Ma) may have
due to the full phase of Monsoonal precipitation ragntioned by the previous

researchers (Quade et al., 1995, Nakayama and 1988).
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Chapter 8

CONCLUSIONS

Based on the studies on lithostratigraphy, deostifacies and petrography,
the following conclusions have been drawn:

1. The stratigraphy of an almost complete succesdidineoSiwalik Group was studied
in the Karnali River section. The Siwalik Group tinis section consists of the
Chisapani, Baka, Kuine, and Panikhola Gaun Formstiin ascending order, all
newly defined in this study.

2. The Chisapani Formation is equivalent to the Lo®®valik, and is dominated by
mudstone. It is here subdivided into lower, midélad upper members. The Baka
Formation corresponds to the Middle Siwalik, andclearacterized by “salt and
pepper’ sandstone. The Baka Formation is also sidadi into lower, middle, and
upper members. The Kuine and Panikhola Gaun Favmsatogether correspond to
the Upper Siwaliks. The Kuine Formation is chanazésl by well-sorted and
imbricated pebble to cobble conglomerates, whetleaoverlying Panikhola Gaun
Formation consists of poorly-sorted, matrix-suppdfoulder conglomerates.

3. The correlation with the stratigraphy of the Su¢hbla, Tinau Khola, and Hetauda
Bakiya Khola sections confirms that the boundarywieen the Lower and Middle
Siwaliks is diachronous, as previously reporteceraan age range of ~1 Myr. The
top of the Chisapani Formation (Lower-Middle Siaboundary) is dated at about
9.6 Ma, slightly older than the age of equivaleatitons in the other sections. The
earlier appearance of sediments originating frora Higher Himalaya can be

recognized in the Karnali drainage basin, whichlbadk into the Higher Himalayas
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earlier than in other areas. Similarly, the boupdagtween the Middle and Upper
Siwaliks is also highly diachronous, with ages & Bla (Karnali River) and 4.0 Ma
(Surai Khola), and 2.5 Ma (Tinau Khola) and 3.0 (Matauda-Bakiya Khola).

4. These boundaries are strongly linked to the pragiad of alluvial fans, and hence
could be related to the propagation of major sauthtbrust systems (MBT and
MFT) in the Himalaya.

5. Twelve depositional facies and six facies assawiatiwere identified in the Siwalik
Group along the Karnali River section, based oaitbet and refined facies analysis.

6. The individual facies associations represent a@irsened meandering river system
(FAl) flood-flow dominated meandering river systaith intermittently appeared
braided river facies (FA2), deep and shallow sabdyded river systems (FA3 and
FA4, respectively), followed by a gravelly braideder system (FA5) and a debris
flow-dominated braided river system (FAG6), in astiag order.

7. Huyghe et al. (2005) proposed the flood-flow dortedameandering system (their
KFA2) and sandy flood-flow dominated meanderingteys (their KFA3) in the
upper part of middle and upper members of the @hisaFormation, and an
anastomosed river system (KFAG6), in the upper memifeBaka Formation,
However these deposits are here reinterpretedlasdaflow dominated meandering
system with intermittent appearance of a braidedrrsystem (FA2). A shallow
sandy braided river system (FA4) was identifiedthre upper member of Baka
Formation, rather than the anastomosed river sysimposed by Huyghe et al.
(2005).

8. The reconstructed fluvial systems show that mal@nges in the fluvial systems

occurred at around 13.5 Ma and 9.6 Ma. The charmge & fine-grained meandering
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system to a flood-flow dominated meandering sys&m3.5 Ma, is 0.4 Ma earlier
than proposed by Huyghe et al. (2005), and 3-4 kidiee than in other Siwalik
sections.

9. This change arose from increased flood in riverncledés from increased water
discharge, due to intensification of the Indian $uwen Monsoon. Similarly,
appearance of the braided river alluvial fan fa¢Mgldle Siwaliks) at 9.6 Ma in the
Karnali River and at 11.05 Ma in the Khutia KholacBons suggest early
progradation of alluvial fans in the western Nefgahalaya.

10. The early uplift and erosion of the Higher Himalayavestern Nepal may thus have
played a significant role in changing climate, asllwas changing the fluvial
depositional systems.

11. Multivariate statistics identify the slight variafis in sediments composition between
the Chisapani and Baka Formations. These variaao@snainly linked to the source
area and tectonics, rather than to the faciesp giaé and climate.

12. QFL diagrams show that all sediments were havimgcgicled orogen provenance.
The detrital modes of the Siwalik Group along tharali River sandstones were
mainly derived from sedimentary rocks as well asamerphic source terrain.

13. The results of these detrital modes together widvipus studies suggest that most
of the sediments were derived from the Higher HayaJ even at an early stage of
deposition with simultaneous contribution from thesser Himalaya.

14. A small change in sediment composition from thes@pani to Baka Formations was
related to source area change from the Lesser Hyaab Higher Himalaya. This
was probably due to upliftment of the Higher Hinyaleby collision, which might

cause deep incision and erosion of the Higher Higaal metamorphic rocks.
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