N

N

Shallow marine to fluvial transition in the Siwalik
succession of the Kameng River section, Arunachal
Himalaya and its implication for foreland basin evolution
Suchana Taral, Tapan Chakraborty, Pascale Huyghe, Peter van Der Beek,
Natalie Vogeli, Guillaume Dupont-Nivet

» To cite this version:

Suchana Taral, Tapan Chakraborty, Pascale Huyghe, Peter van Der Beek, Natalie Vogeli, et al..
Shallow marine to fluvial transition in the Siwalik succession of the Kameng River section, Arunachal
Himalaya and its implication for foreland basin evolution. Journal of Asian Earth Sciences, 2019, 184,
pp.103980. 10.1016/j.jseaes.2019.103980 . insu-02272680

HAL Id: insu-02272680
https://insu.hal.science/insu-02272680
Submitted on 28 Aug 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://insu.hal.science/insu-02272680
https://hal.archives-ouvertes.fr

Journal Pre-proofs

Shallow marine to fluvial transition in the Siwalik succession of the Kameng
River section, Arunachal Himalaya and its implication for foreland basin evo-

lution

Suchana Taral, Tapan Chakraborty, Pascale Huyghe, Peter van der Beek, Natalie
Vogeli, Guillaume Dupont-Nivet

PII:
DOI:
Reference:

To appear in:

Received Date:

Revised Date:

Accepted Date:

Journal of
Asian Earth Sciences

S1367-9120(19)30332-3
https://doi.org/10.1016/j.jseaes.2019.103980
JAES 103980

Journal of Asian Earth Sciences

21 January 2019
2 August 2019
21 August 2019

Please cite this article as: Taral, S., Chakraborty, T., Huyghe, P., van der Beek, P., Vogeli, N., Dupont-Nivet, G.,
Shallow marine to fluvial transition in the Siwalik succession of the Kameng River section, Arunachal Himalaya
and its implication for foreland basin evolution, Journal of Asian Earth Sciences (2019), doi: https://doi.org/10.1016/

j-jseaes.2019.103980

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version will
undergo additional copyediting, typesetting and review before it is published in its final form, but we are providing

this version to give early visibility of the article. Please note that, during the production process, errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier Ltd.


https://doi.org/10.1016/j.jseaes.2019.103980
https://doi.org/10.1016/j.jseaes.2019.103980
https://doi.org/10.1016/j.jseaes.2019.103980

Shallow marine to fluvial transition in the Siwalik succession of the Kameng
River section, Arunachal Himalaya and its implication for foreland basin

evolution

Suchana Taral!, Tapan Chakraborty™, Pascale Huyghe?, Peter van der Beek?, Natalie Vogeli?,

Guillaume Dupont-Nivet**

!Geological Studies Unit, Indian Statistical Institute, Kolkata 700108, Tndia
nstitut des Sciences de la Terre (ISTerre), Université Grenoble Alpes/CNRS, C540700, 38058 Grenoble Cedex 9,
France
3Géosciences Rennes, CNRS/Université Rennes I, CS 74205, 35042 Rennes Cedex, France

“Department of Earth and Environmental Sciences, Potsdam University, Germany

*Corresponding author (Chakreborty.tapan@gmail.com)

Abstract

An understanding of the depositional environment and paleogeography of the Siwalik foreland
basin are crucial in interpreting the basin configuration, sediment transport pathways and its
evolutionary history. This study examines the sedimentology of the Siwalik succession of the
Kameng River valley, Arunachal Himalaya, northeastern India. The facies characteristics of the
fine-graincd, well-sorted sediments of the Dafla Formation and its complex, polymodal
palcocurrent pattern in this section, reveals deposition in a variety of open marine to deltaic
environment. The overlying Subansiri Formation, characterized by coarse-grained, thick,
multistoried sandstone, and showing more consistent SW-ward paleocurrent, indicate deposition

from a large, axial braided river system. The proposed redefinition of the boundary between the



Lower Siwalik Dafla and the Middle Siwalik Subansiri formations implies their transition at
around 7.5 Ma, instead of 10.5 Ma, suggested earlier. The revised age of the transition is consistent
with the age of arrival of the Transhimalayan sediments at 7 Ma and also denotes the time of
marine to fluvial transition in this area. Presence of marine sediments in the Kameng section, with
similar records further west, indicates the existence of an extensive seaway in the eastern Himalaya
during the lower Siwalik time. The extant paleodrainage reconstructions hiave been recast on the
basis of new data on the sedimentology and paleocurrent from this section. it is inferred that the
changing sea level, uplifting Shillong Plateau and drainage evolution in the eastern Himalayan

foreland during the middle Miocene time controlled the marine o fluvial transition in the basin.

Keywords: Siwalik Group, Kameng River Section. basiern Himalaya, Sedimentary Facies,

Shallow Marine Deposits, Paleocurrent, Basin Analsis

1. Introduction

Sedimentology and paleogecoraphic analysis are critical for understanding the evolution of
sedimentary basins with titae (Miall, 2000; Leeder, 2011). The basin-scale geography and mosaic
of varied landscape and the depositional processes in a basin are forced by continuous interaction
of tectonics and climate (Burbank and Pinter, 1999; Allen, 2008; Clevis et al., 2004). Conversely,
carefil! analveis of basin-fill strata should reveal these tectonic-climatic controls and evolving
lan¢scanc scenario in a basin (Burbank et al., 1988, Fraser and DeCelles, 1992; Zaleha, 1997;
Horton et al., 2004; Huyghe et al. 2005; Rohais et al., 2012). Systematic facies analysis is the main
tool for inferring depositional environment and provides a genetic link between stratigraphic

architecture and paleogeography in a basin (Miall, 2000).



A number of recent studies in the Siwalik succession of the eastern Himalaya have focused on
their depositional age and sedimentary provenance, particularly the arrival of the Transhimalayan
detritus and its implication for the evolution of the drainage system (Cina et al. 2009; Chirouze et
al., 2012, 2013; Lang and Huttington, 2014; Lang et al., 2016, Govin et al., 2018). However, these
studies did not address detailed process-based facies analysis of sedimentary succession to reveal
their depositional environment and transport pattern. However, a convincing initerpretation of the
depositional system and their paleocurrent pattern is a pre-requisite for undersianding the pathway
of sediment transport from the source to their sink. A detrital sedimenary particle deposited in a
shallow marine setting, characterized by a complex flow tysiem, will have a more complex
transport pathway that is commonly not related to the rcgicnal clope. Whereas a detrital sediment
particle transported by a fluvial system moves in a comparaiively more linear pathway down the
regional slope (Klein, 1967; Tucker, 2001; Clifton, 7006). Recently a variety of wave- and storm-
generated structures, trace fossils o marine 2 ffinity, and brackish water tolerant spore pollens have
been documented from the Siwalii rocks of eastern Himalayan sections of the Tista valley and
Bhutan (Taral, 2012; More ¢t al., 2016; Coutand et al., 2016; Taral et al., 2017; Taral and
Chakraborty, 2018; Taral ct al., 2018). A brackish water influence has also been inferred for the
Siwaliks of the Aiunacha! Himalaya from palynological and botanical studies (Dutta, 1980; Dutta
and Singh, 1980, Joshi et al., 2003; Khan et al., 2006). The existing depositional models for the
Siwalils succession, as worked out from the Western and Central Himalaya, suggest deposition in
m ¢rchisively continental, transversely oriented megafan system (Willis, 1993a, b; Khan et al.,
1997; DeCelles et al., 1998; Kumar et al., 1999; Nakayama and Ulak, 1999; Goswami and Deopa,

2015). The new observations from the Eastern Himalaya denote a significant deviation from the



extant depositional models and needs to be taken into consideration while explaining the
provenance data, dispersal pattern and stratigraphic evolution of the foreland basin.

This study presents sedimentology of the Siwalik Group exposed along the Kameng River section,
a succession which has previously been dated magnetostratigraphically and analyzed for its
provenance characteristics, burial/exhumation history, and weathering regime through
mineralogical and geochemical analysis (Cina et al., 2009; Chirouze et a!, 2012, 2013; Vogeli et
al., 2017). One of the main goals of this work is to explore the possible eastward extension of the
marine influence that has already been documented from the Tista valicy and Bhutan. We propose
a minor redefinition of lithostratigraphic boundaries based o1 the detaled lithologic attributes of
the succession. Paleocurrent data collected from different units and have been combined with
facies information to understand the sediment dispersa! paticrn recorded in the succession. Based
on the facies analysis and interpreted paleoseography, we show that these sedimentology and
paleocurrent data resolves some of Lhe discicpancies between the depositional age and provenance
information as suggested by previou: works on this succession (Chirouze et al., 2012, 2013). Also,
combing the sedimentology with available paleomagnetic and geochemical data from the section
allows to develop a well-consitained picture of basin evolution and drainage development in the

eastern Himalava.

2. Geological Background

The Himalayan fold-thrust belt in Arunachal Pradesh can be divided into five major subdivisions.
From south to north these are: 1)the Quaternary deposits of the foothills; 2) the Subhimalayan
sedimentary succession comprising mainly the Siwalik rocks, 3) the Lesser Himalayan succession

consisting of low-grade metamorphic rocks of Proterozoic age (Bomdila Group) and marine



deposits of the Permian Gondwana Group, 4) the Higher Himalayan succession comprising a series
of high-grade metamorphic rocks and 5) the Tethyan Himalayan succession comprising
Neoproterozoic to Eocene sedimentary rocks that accumulated on the Tethys passive margin of
the Indian plate. The major north-dipping faults that separating these tectonostratigraphic units
from south to north are Main Frontal Thrust (MFT), Main Boundary Thrust (MBT), Main Central
Thrust (MCT), and normal faults of South Tibetan Detachment Zonc (STDZ). These
tectonostratigraphic units and faults of the eastern Himalayan fold-thru:t beit are broadly
correlatable with those of the western and central Himalaya (Chirouze ¢t al.. 2013; DeCelles et al.,
2016 and references therein).

The Kameng River section is located about 115 km east o1 the Dungsam Chu (Bhutan) and about
400 km east of the Tista valley, the sections from which scdimentology of the Siwalik rocks have
previously been reported (Coutand et al., 2016; Tara! and Chakraborty, 2018). The Kameng River,
oriented broadly Northwest-Southcast in the study area, exposes the Siwalik strata along its course
north of the Bhalukpong town (Fig. ). The Tipi thrust passes through the succession (Yin et al.,
2010) and places a thick unit ¢ the Lower Siwalik rocks over the Upper Siwaliks. The Bhalukpong
Thrust, to the south of the expousure belt, places the Siwalik rocks over the Quaternary alluvium
(Kumar, 1997; Burgess ¢t al., 2012). To the north, the Permian Gondwana succession overthrusts
the Siwaliks alon o the Main Boundary Thrust (Kumar, 1997; Fig. 1).

The Siwalils Group in Arunachal Pradesh is classically divided into the Dafla, Subansiri and Kimin
Forations, and have been compared to the Lower, Middle and Upper Siwaliks respectively of the
tvre area in Pakistan (Table 1, Fig. 2; Karunakaran and Ranga Rao, 1976; Chirouze et al., 2012).
The Dafla Formation consists of 1-10 m thick, fine- to medium-grained, indurated sandstone

alternating with few cm to >2 m thick, grey siltstone and mudstone (Tablel, Fig. 3A-C).



Bioturbation and leaf impressions are common. Root traces and large biogenic vertical cylindrical
structures of unknown affinity are encountered at places. The Subansiri Formation is characterized
by coarse- to very coarse-grained sandstones with common pebbly layers. The sandstone bodies
of the Subansiri Formation are at places more than 16 m thick. They are internally characterized
by cosets of large planar and trough cross-beds. In the uppermost part of the Subansiri Formation,
a few decimeters to meter thick mudstone beds alternate with sandstone beds of comparable
thickness (Fig. 2, 3D). The Upper Siwalik Kimin Formation consisic of cobble-pebble
conglomerate beds that regularly interlayer with fine- to coarse-graincd sandstone and dark grey
mudstone. Conglomerate beds are 0.5 to 5.0 m thick with alternating firie sandstone and mudstone
beds that are a few decimeters to a meter thick. Only a thin strip of the Kimin Formation is exposed
in the river bank section north of Tipi village, as the bulk o ihe formation is truncated by the Tipi

Thrust (Fig. 1).

Detail sedimentology of the Siwalik rocks in Arunachal Himalaya is rare. However a number of
paleobotanical studies or the Siwaliks of Arunachal Pradesh have inferred brackish water
influence in the succession specifically in the Upper Siwalik strata (Kumar, 1997; Joshi et al.,
2003; Khan et al.. 2006). although the stratigraphic level of samples is not clearly specified,
resulting in difliculiy to infer the nature, period and extent of brackish water influence in different
units of the Siwaiik Group based on paleo-botanical evidence alone. An arenaceous foraminifer
Trochonimina sp. (Ranga Rao, 1983) has been reported from the Dafla Formation and a solitary
record of vertebrate fossil, Bos sp. (Singh, 1977) have also been reported from Arunachal Pradesh.
it should be noted that the reported fragment of the Bos sp. was collected as a loose material and
its stratigraphic position is not clear. Further, despite many intensive studies in this area over the

last three decades, reports of freshwater vertebrate fossils have remained conspicuously absent in



the Siwalik strata over the entire eastern Himalaya. It is noteworthy that early workers reported
that on many counts the Neogene rocks of the eastern Himalaya differ from that of the western
Himalaya, and they proposed that these strata have closer affinity with that of the Neogene rocks

of the Assam Basin (Karunakaran and Ranga Rao, 1976; Dutta, 1980).

Chirouze et al. (2012) carried out a detailed magnetostratigraphic study of the Siwalik rocks in the
Kameng River section and inferred that the depositional age of the succcssion range between 13
and 2.5 Ma. They dated the transition from the Dafla to the Subansiri 4t aiound 10.5 Ma and that
from the Subansiri to the Kimin at around 2.6 Ma. Along the Dungsain Cliu section in Bhutan, 100
km to the west, about 2000 m of the Siwalik succession wa« infeircd to be deposited between 7
and 1 Ma (Coutand et al., 2016) where the Dafla to the Subansiri transition was recorded at around
6 Ma. 215 km to the east of the Kameng River, in the 5iji Kiver section (Likhabali-Garu area), the
paleomagnetically determined depositional age of thie lower 1700 m of the supposedly Subansiri
Formation was estimated to date betwecn 7.6 and 3.5Ma (Lang et al., 2016). However as base and

top of the Subansiri Formation is not cxposed in this measured section, these dates are less useful.

3. Methodology

This study focuses on the delineation of facies and facies associations in the Dafla and Subansiri
formations usiug the standard techniques (Reading, 1996; Walker and James; 1992; Walker and
Posamenitier, 2006). The sedimentary structures were used to define processes of sedimentation
whereas vertical and lateral relationships of the primary structures, geometry of the lithosomes and
palcocurrent patterns was taken into consideration in defining the facies associations. Paleocurrent
data, collected from all the accessible outcrops in the study area, were tilt corrected and plotted in
circular histograms using standard methods (Potter and Pettijohn, 1977; Chenney, 1983). About

two hundred current vectors have been measured from different facies units (Fig. 1). Detailed
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sedimentological logs were measured in selective sections and the position of these detailed logs
was marked on the map as well as the in generalized litholog of the entire Siwalik succession of
this area (Fig. 2). Based on the available maps and observed lithologic character, boundary
between the Dafla Formation and Subansiri Formation is redefined and has been shown in the
revised map and the litholog (Figs.1, 2). The conglomerates and sandstones of the Kimin
Formation could only be studied along a narrow transect of the Kameny River. Preparation of
detailed sedimentary logs and systematic delineation of facies in the Kiumnin rormation was

therefore not possible.

4. Stratigraphy of the Siwalik Group

A detailed examination of the lithopackages (Fig. 2) icveals that the boundary between the Dafla
and Subansiri formations, that was proposed earlier (Chirouze et al., 2012), needs some revision.
Based on the lithologic attributes of the succe:-ion and previous literature, the boundary between
these two formations should be placed at tie first occurrence of thick beds of coarse-grained
sandstone and should be accompanicd by a rapid decrease in the proportion of siltstone-mudstone

up the succession. Initially the contact between the Dafla and the Subansiri was placed at a

stratigraphic level o 1200m ia the hanging wall block of the Tipi Thrust (see Fig. 8 of Chirouze
et al., 2012). However, 300 meters above this stratigraphic level, the thicker sandstone-dominated
succession giades into a ~800 m of fine-grained sandstone-siltstone-mudstone unit. This fine-
grained sanastone-siltstone-mudstone successions differ markedly with the thickly bedded, coarse
to neboly, large cross-bedded sandstone typical of the Middle Siwalik Subansiri Formation, well-
exposed in the footwall block of the Tipi Thrust. The lower 0-350 m of the measured Siwalik

succession (exposed near Bhalukpong town area in the footwall block of the Tipi Thrust) is

characterized by laminated, grey mudstone alternating with thinner (up to 2m), fine-grained



sandstone (Fig. 4), that is similar to strata exposed in the hanging wall of the Tipi Thrust (cf.
Chirouze et al., 2012). The lithologic character of both the units (the 800 m of strata exposed in
the uppermost part of the hanging wall, and the lower most 350 m exposed in the footwall of the
Tipi Thrust) are very similar to the classical description of the Dafla Formation (Karunakaran and
Ranga Rao, 1976; Gupta, 1997) comprising of fine sandstone-mudstone alternation and differ
markedly with the large cross-bedded, coarse-grained sandstone of the Subunsirt Formation. These
two units, therefore, are marked as the Dafla Formation.

Therefore, in this study we have placed the transition from the Dafla Form:tion to the Subansiri
Formation at the 325 m stratigraphic level above the base of exposed succession in the footwall
block of the Tipi Thrust, and consider the entire hanging wall tiock as the Dafla Formation (Fig.
1, 2). This new delineation of the boundary between the Dafla and the Subansiri is congruent to
the original lithostratigraphic definition of thesc two formations in the Arunachal Himalaya as
described by Karunakaran and Ranga Rao (1976) and Kumar (1997). This lithostratigraphic
redefinition is also more consistent with the classical definition of the Lower and Middle Siwaliks
across the foreland basin (Pascoe, 1963; Acharyya, 1976; Parkash et al., 1980; Kumar, 1997;
DeCelles et al., 1998). Moreovcr, this redefinition, when compared with the magnetic age model
of Chirouze et ai. (2012), would imply the transition of the Dafla to the Subansiri occurred at
around 7.5 Ma, iather than at 10.5 Ma, as proposed in the earlier study of this section (Chirouze et
al., 2012). Thi; age of transition is closer to the paleomagnetic ages of the same transition (6 Ma)
letcrmincd from the Dangsam Chu section of Bhutan (Coutand et al., 2016). As discussed in the
latcr part of the manuscript, this revised transition age also resolves some of the inconsistencies
between the age of the stratigraphic boundaries, sedimentology and the Nd-Hf isotopic data

obtained during earlier work (Chirouze et al., 2013).



5. Sedimentology

Eleven facies, which are recognized from the Siwalik succession exposed along the Kameng River
section, are summarized in Table 2. Based on their preferred occurrences in the studied sections,
these facies have been grouped into six facies associations (termed FA1 to FA6; Table 3). Each of
these associations is inferred to represent a specific depositional sub-environment within the

overall paleogeographic setting in which the Siwalik deposition took placc in the Kameng area.

5.1. Facies Association 1 (shoreface-offshore transition)

5.1.1. Description: The facies association is mudstone-doniinated and is comprised mainly of
laminated to bioturbated mudstone beds (Facies F1, F2 11 Tavle 2; Fig. 3A), interlayered with
parallel stratified or hummocky cross-stratified sandstonc (F8; Fig. 3C) and subordinate wave
rippled thin sandstone/siltstone beds (F5). The stacked units of this facies association vary from
1.2 to 4.5 m in thickness. This ussociation locally displays coarsening-upward trends, with
increasing proportion of rippled or parallel-stratified sandstone up-section. Bioturbation is intense
at places (Bl up to 6; Taylor und Goldring, 1993) and the identifiable trace fossils are Zoophycos
and Teichichnus (Fig. SA. B).

5.1.2. Interpretation: i he preponderance of laminated or bioturbated mudstone-siltstone units
(F1/F2) togcther with the presence of Zoophycos indicates quite water environment in a lower part
of shoreface to off-shore marine setting. The sharp-based, hummocky cross-stratified and wave
-ippled sandstone/siltstone units encased in Zoophycos-bearing mudstone facies, are interpreted as
distal storm deposits formed below the zone of fair-weather wave influence (Brenchley et al., 1986;

Pullham, 1989; Ainsworth and Crowley, 1994). The coarsening-upward trend of the facies
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association reflects progradation of the shoreline (De Raffet al., 1977; Johnson and Baldwin, 1996;

Quin, 2008).

5.2. Facies Association2 (deltafront-delta mouth)

5.2.1. Description: This facies association consists of: a) dark grey, laminated mudstone (F1); b)
laterally extensive, graded thin siltstones (F3); c) sharp-based, wave-rippled, fine-grained
sandstone (F5), and d) less common smaller (10-55 cm thick), lenticular bodies ol cross-stratified,
fine-grained sandstone (F4) (Fig. 4A, B). Units of this facies association arc 2-6 m thick and show
a coarsening-up trend. Sparse bioturbation is present with escape tiaces, mantle and swirl
structures and a few, small, Ophiomorpha in the siltstone (I'3) aid ie-grained sandstone beds
(Fig. 4B). Comminuted, coalified, vegetal matters arc common in this facies association. This
facies association is dominant in the upper nart of the Dafla Formation exposed near the
Bhalukpong town.

5.2.2. Interpretation: The prescnce ol laminated mudstone indicates suspension settlement of
clay and the presence of Cnhiomorp/io implies a marine environment for its deposition. Normal,
reverse and normal-to-rcverse graded thin siltstone layers (F3, Fig. 4B) are identified as
hyperpycnite deposits in the delta-front environment and formed from sediment-charged flood
outflow at the tiver inouth (Mulder et al, 2003; Bhattacharya and MacEachern, 2009). The “mantle
and swirl” biczenic structures and rare occurrences of mud-lined Ophiomorpha indicate formation
of coupy ground due to accumulation of fluid mud that suppressed abundance of benthic fauna, a
teature typically associated with river-dominated delta-front environments (Buatois and Mangano,
2ul1). Isolated, thin, sharp-based wave-rippled beds encased in mudstone indicate deposition of
distal storm layers in delta-front environment. Lenticular fine-grained, cross-bedded sandstone

(F4) with smooth lower boundary at the top of each of the coarsening-upward successions,
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represents deposits of distal terminal distributary channels (TDC) that are subaqueous continuation
of the on land distributary channels (cf. Olariu and Bhattacharya, 2006). All these features of this
association denote a river-dominated distal delta-front depositional environment (Martinsen, 1990;
Johnson and Baldwin, 1996; Bhattacharya, 2006; Ahmed et al., 2014; Martini and Sandrelli, 2015).

Each of the coarsening-upward units indicates progradation of the individual delta lobes.

5.3. Facies Association 3 (shoreface)

5.3.1. Description: The facies association consists of 4-30 m thick, @#malgamcted units of well-
sorted, very fine- to fine-grained sandstone with rare mud parting:. Saudstone units erosively
overlie the sandstone-mudstone alternating units of FA1 and are latcrally persistent for more than
50 m across the available exposures (Fig. 3A, B). The succession of sandstone beds shows a
slightly coarsening and thickening upward trend (Fig. 3A) Usually, hummocky cross-stratified
(HCS) and parallel laminated sandstones bed: doninate the lower part of the facies association
whereas amalgamated beds of svaley cross-sirata, plane parallel lamination and low-angle trough
cross-strata and ripple lamination (i 2. 6) dominate the upper part of each of the coarsening-
upward packages (Fig. 2/, B). Mud beds, occasionally present in the lower part of the facies
association, occur a: thin partings in the upper part of the succession (Fig. 3A, B).

In addition, in a fcw sections fine- to very fine-grained sandstone consisting of meter-scale,
sigmoidal cross-stiata (F9, Fig. 7) and interlayered parallel strata (F8) (well exposed around 2100
m seratigraphic level in hanging wall block of the Tipi thrust, see Fig. 2) occur as an important
constituent of the facies association. The foresets of the large-scale cross-beds dip at an angle much
less than the angle of repose, have sigmoid shape, merge imperceptibly at the top and bottom of
the set with plane parallel laminations (Fig. 7), and display highly variable dip direction, varying

from N-NE to S-SW (Fig. 1, location JBH 11). Wave ripple crests measured from underlying FA1
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sandstone show a mean NW-SE trend which is at high angle to the primary current lineation found
on some of the plane parallel strata of this unit.

Occasionally, Skolithos, Teichichnus and probable Glossifungites (Fig.5) are found from the
parallel-stratified fine-grained sandstone (F7). Bioturbation index (BI) is significantly variable and
range from O to 4. This facies association forms a significant part of the Dafla Formation, exposed
north of the Tipi thrust.

5.3.2. Interpretation: Thick, well-sorted, fine- to medium-grained <andsiones consisting of
parallel strata, low-angle cross-strata and hummocky and swaley cross-strats, are characteristic of
shoreface environment (Clifton et al., 1971; Brenchley et al., 1962 Ainsworth and Crowley, 1994;
Clifton et al. 2006). The intervening mudstone units of tiic association represent deposition during
low-energy, fair-weather condition. Occurrence of frace fossils like Teichihcnus and
Glossifungites provides additional support for marine interpretation. Upward gradation from HCS-
dominated to SCS and low-angle trough cross-strata dominated units, indicates increasing energy
conditions as relative position of the depositional site moves up the shoreface. The hummocky and
swaley strata indicate periodic storm surges in lower-middle shoreface environment. Low-angle
trough cross-stratification 1s the result of migrating asymmetric combined flow dunes in the
shoreface during (#ir-weather condition (Arnott and Southard, 1990; Dumas et al., 2005; Perillo et
al., 2014).

The isolaicd, rneter-scale, sigmoid cross-beds of facies 9 are inferred to records of shoreface-
wittached bars, the accreting flank of which produced low-angle sigmoid foresets. Variable
accretion direction denoted by the foresets of the cross-beds indicates near symmetrical form of
the bars that accreted on both of their flanks. The shoreface attached bars forming under tide or

storm-wave induced shallow marine current system has been documented by large number of
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workers (Swift and Field, 1981; Johnson, 1977; Cotter 1985; van de Meene et al., 1996). However,
lack of evidence of tidal flow asymmetry in the Dafla succession favors a deposition through
storm-wave processes.

The wave-ripple crests measured from immediately underlying facies associations show NW-SE
trends of local shoreline. The north-dipping foresets of F7 and F9 units appear to be formed by
onshore current related to velocity asymmetry generated by shoaling wave: in 2 high energy
middle-upper shoreface environment (Hunter et. al., 1979). South-dipning ioresets in the facies
association indicate storm induced offshore directed current (see Clifton ct al., 1971; Clifion,
2006). NW-SE ward flow (parallel to shoreline) components measurcd from FA3 are probable
longshore current. Absence of intense bioturbation or local prescnce of Skolithos is consistent with
high energy condition of shoreface environment. Prescice of Teichichnus and Glossifungites
indicate hard ground in a non-deltaic sandy shallow marine environment in contrast to evidence of

soupy ground associated with FA?

5.4. Facies Association 4 (coastal bai =)

5.4.1. Description: Thic association consists of planar to low-angle laminated fine-grained
sandstone (F7, FQ) organized in flat-based, convex-upward, mound-shaped sandstone bodies
capped by wave ripples (F5) (Fig. 8). The convex-upward sandstone bodies, up to 45 cm thick, are
interlayered with 10-20 cm thick mudstone-siltstone beds (F1). At places amalgamated units of
convex-up sandstone bodies alternate with rooted siltstone-mudstone beds and drab-colored
paleosol deposits (F10). The mudstone and sandstone beds of the facies association contains
abundant comminuted plant debris. FA4 is less frequent than the other facies associations

recognized in the Dafla Formation.
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5.4.2. Interpretation: Parallel or low-angle stratified sandstone bodies with flat base and convex-
up top is interpreted as nearshore coastal bar deposits (Hunter et al., 1979; Chaudhuri and Howard,
1985; Brenchley, 1985; Davies and Gibling, 2003; Clifion, 2006). The wave ripples on the upper
surface of the sandstone bodies indicate fair weather wave-modification of the bar-tops
(Brenchley, 1985; Midtgaard, 1996). Occurrences of gleyed paleosol and root-penetrated
mudstone of F10 indicate existence of sub-aerially emergent coastal plain mar-hlands that existed
close to the coastal bars. This facies association is inferred as deposits of uppermost shoreface to

coastal plain environment.

5.5. Facies Association 5 (coastal marsh)

5.5.1. Description: This association comprises 0.2 to .2 m thick units of laminated to massive,
light yellowish to greenish grey (5BG-4/5Y6/4/Gley1-N3, Viunsell Colour Book, 2009) mudstone
(F10) interlayered with few cm to dm thick lavers of current-, wave- or combined-flow rippled
fine-grained sandstone and siltstone (F9, F6). The mudstone beds at places, show large root traces
as well as complete destratification with development of fractures and a greenish grey color of the
mudstone. The interstratilicd ripnle laminated fine sandstone layers have a sharp basal contact.
The root-penetrated massive mudstone, at places, is sharply overlain by undisturbed, thinly
laminated dark grey mudstone. At places, decimeter to meter thick flat-based, cross stratified fine-
grained sandstone oeds alternate with the FAS mudstones (Fig. 3D). The facies association occurs
both in the Dafla and Subansiri exposed in the hanging wall as well as footwall of the Tipi Thrust.
5.3.2. interpretation: Dark grey mudstone with roots indicates deposition in vegetation-covered
suallow pools of stagnant water. Destratification, fracturing, greenish grey colour and root traces
denote development of gleyed paleosols (Retallack, 1990; Douchafour, 1982). The rippled

sandstones denote periodic sand incursion, similar to that of prograding crevasse delta in marshes
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(Perez-Arlucia and Smith, 1999). Overall, FAS is inferred as deposits of coastal swamp or lower
delta plain shallow lakes. Dark grey, laminated mudstone that sharply overlies massive greenish
grey mudstone, denote periodic rapid flooding of the marshes. The alternating decimeter-thick
sandstone beds with remarkably flat base, as in the upper part of the Subansiri Formation (Fig.
3D), denote subaqueous emplacement of distributaries into these coastal marshes from the adjacent

channel belts (McKee, 1957; Taral and Chakraborty, 2018).

5.6. Facies Association 6 (braided stream)

5.6.1. Description: The facies association comprises coarse, peooly sanastone with 0.5-3.2 m
thick planar and trough cross-beds (F11) that are irregula:'v inicrlayered with 0.2-1.2 m thick
current or combined-flow rippled fine sandstone-siltsione (F6) or massive mudstone. Calcarcous
concretions, 0.15-1.2 m in diameter, and coalified fo:sil wood fragments are common throughout.
The bulk of the sandstone of this association 1= organized in 5-15 m thick weakly fining-upward
units. The amalgamated units of candstones tormup to 16 m thick sandstone bodies. Flat to slightly
undulating erosion surfaces of variahle dimension, each lined by thin units of mudclast-rich
conglomerate and pebbly sandsione are common throughout the sandstones. Cosets of large-scale
cross-strata, at placcs, migrate over surfaces that are inclined at a low-angle to the downcurrent
direction (with respect to the major bounding surfaces), and grades upward into coset of smaller
(10-20 cm) cross-sets. This facies association is typical of the Subansiri Formation. In the
uppermost part of the Subansiri Formation, some of the thick sandstone beds of this facies
association show remarkably flat, sharp basal contact with underlying grey mudstone of FAS (Fig.
V).

Tilt-corrected paleocurrent data measured from the association show a comparatively low

variability and a west to southeast mean paleo-transport direction (Fig. 1). The paleocurrent
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measured from the uppermost part of the Subansiri Formation (JBH22, Fig. 1 and 2), are
polymodal in nature and show higher dispersion.

5.6.2. Interpretation: The poorly sorted, coarse-grained sandstone succession with a number of
conglomerate-lined, internal erosional surfaces of varying dimension, unidirectional current-
generated large planar cross-strata, and the paucity of mudstone are indicative of deposition from
a large braided stream system (Collinson, 1996; Best et al., 2003; Miall and Jones, 2003). Pebble-
marked undulating erosion surfaces are inferred as bases of channels. The variabie dimension of
erosion surfaces denotes existence of different orders of channels i a braided river (Best and
Bristow, 1993). The downdip inclined cosets of cross-beds repiesent the downcurrent accreting
(DA) macroform elements (Haszeldine, 1983; Miall, 1994, Chokraborty, 1999; Best et al., 2003;
Almedia et al., 2016). Southwestward mean paleocurrent it most of the exposures of this facies
association are sub-parallel to the local trend of orozenic belt (Fig. 1) and suggest axial nature of
the fluvial system similar to the modern Brahmaputra River in northeast India.

In the upper part of the Subansiri Forination, increasing thickness of wave-/combined-flow-rippled
siltstone, decimeter to metei-scale pebble-free sandstone units with remarkable smooth base
overlying the equally thick grey mudstone beds (Fig. 3D) denote their emplacement as subaqueous
distributary channels (icrminal distributary channels) of the lower delta plain environment

(McKee, 1957; Dasgupta, 2005; Olariu and Bhattacharya, 2006; Taral and Chakraborty, 2018) .

6. Iyiscussion

6.1, Depositional environment

based on the following features, the sediments of the Dafla Formation are attributed to deposition
in an open-marine shoreface to coastal plain setting: a) The sandstones are clean, mica-poor,

medium- to very fine-grained, well-sorted (as compared to the overlying Subansiri Formation); b)
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abundance of wave- and combined flow generated structures (wave ripple, hummocky cross-strata
etc.) throughout the Dafla Formation (Figs. 3, 4, 6); ¢) presence of flat-based, convex-up sandstone
bodies with the top surface marked by wave ripples (Fig. 8); d) occurrence of trace fossils of marine
affinity like Zoophycos, Teichichnus, Glossifungites, Ophiomorpha etc. (Fig. 5); ¢) polymodal
paleocurrent patterns showing significant modes towards the N or NE (Fig. 1), and f) 7-16 m thick
coarsening- and thickening-up successions (Fig. 3A, B)

The overlying Subansiri Formation, on the other hand, is characterized bv poorly sorted, pebbly,
coarse-grained sandstone with multiple, pebble-lined, erosion surfaces of different dimension,
downcurrent-dipping cosets of cross-strata, an upward decreasc in the scale of the bedforms and
grain size in some of the sandstone units. The palcocurrent directions measured from this
Formation show less dispersion, compared to that of tic Dafla Formation (Fig. 1). All these
features indicate deposition of bulk of the Subansiri Formation from a large braided river system.
Occurrence of this variant in the unper part ofthe Subansiri Formation denote increasing influence
of the coastal processes.

The Kimin Formation is charccterized by pebble-boulder conglomerates interlayered with cross-
bedded sandstone and dark gicy mudstone. A proximal alluvial fan depositional system was
previously inferrcd for tiie Kimin Formation (Chirouze et al., 2012). However, thick beds of grey
mudstones ond I'me-grained sandstones are unlikely to be preserved in a gravelly alluvial fan
environment (3lair and McPherson, 1994). It should be noted that throughout the Arunachal
Hiroalava, the Kimin Formation is marked by the significant presence of mudstone-siltstone beds
altcrnating with pebbly conglomerate and sandstone (Kumar, 1997; Chirouze et al., 2012, Lang et
al. 2016). It is also noteworthy that several paleobotanical studies from the upper Siwalik Kimin

sediments report recovery of Palmaepollenites, which is well-known as a brackish-water tolerant
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palynomorph commonly found in nearshore environments (Dutta, 1980; Dutta and Singh, 1980;
Kumar, 1997, Coutand et al., 2016). Considering the above aspects, we suggest that the mud-silt
bearing part of the Kimin Formation probably represents a fan delta/braidplain delta environment
similar to the Upper Siwalik units of the Tista valley (Taral and Chakraborty, 2018). This
interpretation is consistent with increasing presence of wave-rippled siltstone, mudstone and
terminal distributary channel deposits in the uppermost part of the Subansiii Formation. Thus, the
upper part of the Siwalik succession in the Kameng section probably denotc: another episode of

rising sea level.

A majority of the intervals studied in details are located in the nanging-wall block of the Tipi
thrust. These studied intervals are dominated by FA1 io FAS. representing a non-deltaic, shallow
marine environment that ranged from the off<horc-shoreihce transition to a foreshore-coastal
swamp environment. This finding implics that the marine deposits recognized in the Siwalik
successions of the Tista valley and in Bhutan (Taral and Chakraborty, 2018; Coutand et al., 2016),
extend further east. Therefore, a significant part of the eastern foreland basin was part of a marine
basin during deposition ¢f the¢ Dafla sediments. The paleogeographic scenario visualized is

depicted in figure ©

The uppermost part ol the Dafla Formation, exposed in the footwall block of the Tipi thrust near
Bhalukpong town (Fig. 1), on the other hand, is inferred to represent sedimentation in a river-
dominated marine delta setting (FA2). This deltaic succession is overlain by a ~2.5 km thick
succession of braided fluvial deposits of the Subansiri Formation (FA6). The transition from the
deltaic deposits to sandy braided fluvial deposits is marked by sandstone-mudstone alternations

unit (Fig. 2). However, when compared with the Siwalik deposits of the Tista valley and Bhutan,
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the bulk of the middle Siwalik Subansiri Formation of the Kameng section differ lithologically

from them and lacks evidence of marine deposition.

6.2. Stratigraphy, sedimentology and the drainage reconstruction in the EHFB

It has already been pointed out that the stratigraphic redefinition, when combined with
paleomagnetic age model of Chirouze et al. (2012), indicate the transition Tom the Dafla to
Subansiri at around 7.5 Ma rather than at 10.5 Ma. In the Kameng section, the boundary between
the Dafla and Subansiri also correspond to the transition from marinc to continental depositional
system, and is therefore in conformity with the recommendation o the code of stratigraphic
nomenclature for maintaining congruence between lithostratigraphic boundaries and genetic units
(North American Code of Stratigraphic Nomenclature, | 983 article 23¢).

Paleomagnetically dated Siwalik successicn, combined with the detection of Cretaceous-
Paleogene (<200 Ma) detrital zircons or whole rock eNd values from different units of the Siwalik
Group has been utilized to recoustruct the arrival of the Transhimalayan sediments in different
sections. The presence or absence of the Transhimalayan detritus has been utilized to construct the
drainage network in the EH2 (Cina et al., 2009; Chirouze et al., 2013; Govin et al., 2018a, b). It
has been observed thai most of the Mesozoic to early Paleogene zircons were derived from the
Gangdese Batuuolith terrain, lying northwest of the eastern syntaxial zone of the Himalayan
mountaio belt. The zircon population with an age distribution around a peak of 500 Ma, on the
other hand, were mostly derived from the Higher or Tethyan Himalayan terrain (Cina et al., 2009;
Lang and Huttington, 2014, Govin et al., 2018b and references therein). In the Kameng River
section, the W-SW paleocurrent pattern of the braided alluvial system of the Subansiri Formation,
its age of establishment over the marine Dafla depositional system around 7.5 Ma, and the age of

first arrival of the Transhimalayan material around 7 Ma (Chirouze et al., 2013), conjointly point
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out to the fact that the Transhimalayan detritus was transported from the east by the axial braided
system. A similar phenomenon is still prevailing in the modern Brahmaputra River of the Assam
Valley that transports young detrital zircons brought from the Tibetan terrain via Yarlung-Siang
connection. The Transhimalayan detritus suffers dilution in their proportion as it is transported
through the Brahmaputra fluvial system along the axis of the foreland basin and gets intermingled
with the Himalaya-derived sediments (Singh and France-Lanord, 2002) The isotonic signature
and zircons dates of the samples collected of many of the modern transverse drainage emanating
from the Himalaya are conspicuously depleted in the presence of <200 Ma zircons indicating
derivation from the Lasha terrain (Cina et al., 2009; Chirouzc ¢! al., 2013; Lang and Huttington,

2014).

The existing drainage reconstruction models in the easicrn Himalaya are envisaged on the
assumption that both the Transhimalayan or [limalayan detritus are fed to the foreland through
fluvial depositional systems. The sediments from a particular provenance must have been
transported by a fluvial network; however, the final depositional process affecting them may be
different. Thus, sediment Urougut from the adjacent mountain to its foothill by a drainage network
can be reworked and transpo:ited up, down or along slope by different processes. Eolian system
can transport these waterials up the slope, longshore marine transport system can carry this detritus
many kilometers parallel to the shoreline, and storm or gravity processes can transport these
detritus down the slope to its deeper abyssal plain. The facies analysis of the Siwalik succession
1 the Kameng area indicates that the Dafla Formation was deposited in a marine environment.
Reconstruction of a stream network is not meaningful in these marine units although the question
of transport pathway is important. Further, the measurement from the Dafla Formation yield a

significant number of paleocurrent vectors to the northern quadrant (Fig. 1) that is inconsistent
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with their deposition by a south flowing Himalayan stream system. Transport pathway in a shallow
marine setting can be very complex owing to superposition of fair-weather wave agitation, tidal
current, longshore current and storm-induced geostrophic currents (Klein, 1967; Johnson and
Baldwin, 1996; Tucker, 2001; Clifton, 2006). This complexity in transport vectors is probably
reflected in the more complex paleocurrent pattern of the Dafla Formation including a significant
northward (hinterlandward) component of the paleocurrent data. The sediments derived from the
Transhimalayan terrain, even if it reaches the marine shelf or delta-front region, 1ts transport path
may be significantly more complex than down the slope of the basin nath ‘ollowed by a fluvial
system. In spite of the fact that the Gangdese Batholith derived sedituent started coming to the
casternmost corner of the foreland basin via Yarlung-Siing patiway from middle to late Miocene
time (Lang and Huttington, 2014; Govin et al., 2018b). a iaine environment may delay its arrival
in a significant proportion to the Kameng section situated more than 300 km away from the Siang-
Brahmaputra confluence. At the same timc this detritus might have been transported through a
different pathway within the mariuc pasin to reach the contemporanecous deposits of the Bengal
Basin and Bengal Fan (Uddiz and Lundburg, 1998; Galy et al., 2010; Bracciali et al. 2015; Fig.
9A). In summary, absence ofthic Transhimalayan material need not imply establishment of a south-
flowing, Himalaya-fed tiuvial depositional system in the basin. It is reasonable to assume that all
along the foreland basin the Himalayan detritus were fed into the basin, and was intermingled with
detritus from other provenance (the Transhimalayan or other). The absence or dominance of
naicriale of different provenance in a particular stratigraphic level, in one specific section in the
Siwalik succession should be a function of transport processes and path dictated by the

paleogeography, rather than the establishment of a different fluvial drainage system. This is
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probably the reason for absence of the Transhimalayan sediment in the Kameng section prior to 7
Ma or in the Dangsam Chu section in Bhutan prior to 5 Ma.

It is noteworthy in this context that the braided fluvial deposits of the Dungsam Chu section, dated
to have been deposited after ~5 Ma (Coutand et al., 2016) show presence of the Transhimalayan
detritus whereas the underlying marine-deltaic sediments of the Lower Siwalik and lower part of
the Middle Siwalik, lack evidence of the same (Govin et al., 2018a). Therefore, Transhimalayan
detritus recognized in the Siji River section from around 13 Ma reached Kameng area around 7
Ma and the Dungsam Chu section around 5 Ma. The combined evidence, therefore, strongly
suggest a correlation between the presence of the Transhimalayan detritus and the establishment
of an axial braided fluvial system. As the fluvial dcpositional system propagated gradually
westward, younger and younger horizons record the first appearance of Transhimalayan detritus.
This also explains the diachroneity of the transition of marine to the fluvial system in the Kameng
and Dangsum Chu sections. However, it siiould be noted that in the Bhutan section, the transition
from the Lower to Middle Siwaliks {oes not coincide with the marine to fluvial transition (Coutand
et al., 2016). In fact, lithostratigraphic successions being time transgressive in nature the contact
should normally show a diachroneity between two sections 100 km apart.

The marine denosits of the Lower Siwaliks was probably having a different sediment transport
system, resu'ting in the absence of significant proportion of the Transhimalayan detritus in the
lower part of the Kameng and Dungsam Chu section (Chirouze et al., 2013; Govin et al., 2018a)
vhereas the same has been recognized from the Bengal Basin and Bengal Fan deposits. The
cartoon diagram of Fig 9 shows the visualized paleogeography that depicts inferred extent of the
marine inundation, subsequent retreat of the sea and establishment of axial fluvial system in the

Kameng area.
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6.3. Controls of marine to fluvial transition in the EHFB

The above discussion on the role of west-flowing axial braided system in transporting the
Transhimalayan sediment across the eastern foreland brings forth the question as to why the Dafla
sea retreated from the foreland basin making room for progradation of a continental stream system.
First of all, globally a period younger than 10.5 Ma, has been marked as the period of sea-level
fall and has also been recorded from the Bengal Fan deposits (Cochran, 1990, France-Lanord et
al., 1993; Miller et al., 2005; Hansen et al., 2013). This must be one of the riajor reasons for the
retreat of the Dafla sea from the Kameng area after 8 Ma. Secondly, fiom middle Miocene, as the
connection between the paleo-Yarlung and paleo-Brahmaputia was established, a significant
volume of sediment from the Yarlung catchment basius of tie Tibet drained into the Siwalik
foreland basin. Together with the supply from the ranidiy croding eastern Himalaya (Singh and
France-Lanord, 2002; Vogeli et al., 2017), this additional sediment load evacuated through the
steeply sloping Tsangpo gorge, was ted inio the foreland basin (Lang and Hutington, 2014). This
cumulative sediment load is likeiy o transform the foreland basin from an underfilled to an
overfilled one, resulting in the change from marine to a subaerial fluvial depositional system in the
basin. Thirdly, the availablc record suggest that the rapid exhumation of the Shillong Plateau was
initiated some finic about 10-8 Ma ago (Biswas et al., 2007, Clark and Billham, 2008; Coutand et
al. 2016). Sieniiicant surface uplift of the plateau was, however, initiated much later, probably
aronnd 4 w0 5 Million years ago (Govin et al., 2018; Rosenkranz et al., 2018), an uplift inferred to
he decoupled from the exhumation of the continental crust below the Shillong Plateau. The
exhumation must have given rise to subtle topography in the submerged basin floor and must have
significantly contributed to reducing the marine accommodation space. A similar conclusion has

been drawn by other workers from the analysis of seismic and well data of the Surma Basin, located
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south of the Shillong Plateau (Najman et al., 2016) or the rate of sedimentation derived from
paleomagnetic dates of the Siwalik rocks of Bhutan (Coutand et al., 2016). Although the plateau
was probably still below mean sea level, the uplifting crustal surface must have a tangible role in
reducing the marine accommodation, making pathway for the progression of the delta and
establishment of the subaerial braided stream system of the Subansiri Formation. We postulate the
uplifting Shillong Plateau was one of the major factors in reducing the marine accommodation and

onset of the fluvial deposition of the Middle Siwalik succession.

Thus, the exhumation of the Shillong Plateau prior to its surface uphit and input of additional
sediment load from the Tibetan drainage basin to the foreland had luiportant ramifications in the
evolution of the EHFB. Both these changes were crucial in transforming the foreland basin from
its underfilled to overfilled state. As a more and morc convergent strain of the colliding Asian and
Indian plate was taken up by the major busernent-cored structural features (Oldham and Dauki
faults) surrounding the Shillong 1 iatean, it decreased the accommodation space created in this part
of the foreland basin. Such decreasiis accommodation space must be instrumental in the major
reorganization of the forcland hasin paleogeography, as is reflected in the marine to fluvial
transition recorded 'n the arnieng River section. We contend that this major change in the basinal
paleogeography and its underlying control of sea level, geomorphology and tectonics could have

been overlookxod without a carefully collected sedimentological and paleocurrent data.

7. Conclusions

1. The revised lithostratigraphic definition implies the age of transition of the Lower to the Middle
Siwalik at around 7.5 Ma rather than at 10.5 Ma as suggested earlier. This age of transition is
consistent with the reported isotopic data from this section and now closer to the age of this

transition (6 Ma) determined from the Bhutan Himalaya.
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2. The facies analysis in the Kameng River section indicates deposition of the Dafla sediments in
an open marine setting; the coarse-grained sandy succession in the Subansiri Formation has been
deposited by braided rivers. The topmost gravelly Kimin Formation resembles fan/braidplain delta

deposit.

3. The complex polymodal paleocurrent pattern of the Dafla Formation is typical of shallow marine
successions, whereas a more consistent SW-directed paleocurrent from the Subansiii Formation

denotes axial nature of the Subansiri river system.

4. The transition between the marine Dafla and fluvial Subansiri sediments marks a major
reorganization in the foreland basin paleogeography. The age of arrival of the Transhimalayan
materials around 7 Ma in the Kameng section (Chirouze et al.,, 2013), matches well with this
revised age of the transition. This age relationshrp strengthens the correlation between the axial

braided system propagating from the cast (0 west aird emplacement of the Transhimalayan detritus.

5. The sedimentology of the Siwaltk rocks in the study area shows that the absence of the
Transhimalayan sediment need not denote establishment of a transverse Himalayan fluvial system.
Indeed it is cleared that the scdiment mixing and complex flow pattern in the Dafla sea was
responsible for the abserice of significant proportion of the Transhimalayan detritus in the lower

stratigraphic 'evel of the Kameng succession.

6. 'he uansition of marine basin to a continental basin would imply filling up of the marine
accommodation space that must have been achieved through a conjoint action of falling global
custatic sea level, tectonically driven exhumation of the Shillong Plateau and geomorphologically

controlled input of additional volume of the Transhimalayan sediment.
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Figure captions:

Fig. 1: Geological map of the Siwalik succession exposed along the Kameng Rivcr, western
Arunachal Pradesh showing the formation boundaries and bedding plane ciientations. The rose
diagrams display tilt-corrected paleocurrent vectors measured from di'ferent exposures. One dip-
strike plotted in the Quaternary alluvium indicates the bedding-plane orientation of the subcrop
exposure of the Siwalik rocks. The index map is shown 2t the (op where a red star marks the

study area.

Fig. 2: Litholog of the Siwalik succession exposcd along the Kameng River, Arunachal Pradesh
(modified after Chirouze et al., 20 12). Note revised boundaries defined in this study between the
Dafla Formation (lower Siwalik) aiic! Subansiri Formation (middle Siwalik). The stratigraphic
position of the exposures wheie detailed sedimentology was carried out has been marked with

red stars. See Fig.1 for in2p location of the study points.

Fig. 3: (A) The sediinentological log measured from the exposure shown in figure 3B (Log 2 in
fig. 2). (B) Ficld pnotograph depicting the typical features of the Dafla Formation in the hanging
wal blocks of the Tipi Thrust. Note the coarsening- and thickening-up successions of FA1 and
F /A3 (constituent facies annotated as F1, F2 etc.); the human figure is 165 cm tall. The exposure
covers ~3m to ~32m of log shown in figure 3A. (C) Field photograph of facies 8; amalgamated
hummocky cross-stratified, fine-grained sandstone unit. Note low-amplitude, up-arched lamina

separated by convex- up erosional surfaces (yellow arrowheads). The F8 sandstone overlies a

44



bed of laminated mudstone with silt partings; road cutting section, north of location AS17 (Fig. 1
and 2). (D) Field photograph of meter-scale, sheet-like sandstone beds alternating with
heterolithic mudstone beds, Subansiri Formation, 2550 m level of the log shown in fig. 2. Note
remarkably flat base of the sandstone beds that on closer examinations reveal lack of coarse

basal lag layers; thick grey mudstone-siltstone units show abundant wave/combined flow ripples.

Fig. 4: (A) Field Photograph showing a succession comprising F1, F3 anc F4, ciranged in several
vertically stacked C-U lithounits. In the bottommost C-U package, po<itioi of tlie fig. 6(B) is
shown as a red box. The succession represents facies association A in tic Dafla Formation,
exposure north of the JBH6 (Fig.1), left bank of the Kameng Rivei, (3) Field photograph of
graded mudstone-siltstone (F3) and wave rippled fine-crained sandstone unit (F5) encased in
mudstone. Distinct coarsening- and fining-up trends in F3 si'ty beds are shown (yellow
arrowheads). Escape structure (Es) and mautle and swirl structure (MS) present in the exposure.
A very small Ophiomorpha (Op) ourrow is preserved in the F3. Note smooth, erosive base of a

cross-stratified sandstone of facies 4 ot the top of the photograph (red arrows).

Fig. 5: Trace fossils in the Siwalik rocks of the Kameng River section. (A) Zoophycos, in
bioturbated mudstone-si'tstone units of facies 2, oblique to bedding plane view; Bioturbation
Index: 4 (sensu Taylor and Goldring, 1993); (B) Teichicnus, in facies 2, oblique view of a
subvertical bed; the pen is lying on bedding plane, where tubular form (yellow arrow) is
exposed; view at high angle to bedding plane shows successively stacked, tabular spreiten
structures (black arrows). Stratigraphic top of the section is marked by the 3D arrow. The part of
the pen is 5 cm long; (C) vertical, cylindrical traces of Glossifungites in parallel stratified fine

sandstone (F8) of shoreface deposits (FA3); (D) Skolithos identified by tubular, vertical, lined
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burrows seen in sectional view (yellow arrows) whereas circular, opening is visible on the

bedding-plane view (red arrows); parallel stratified fine-grained sandstone (F8).

Fig. 6: Field photograph of low-angle trough cross-stratified sandstone (F7) and plane parallel
stratification (F8) that grades vertically into ripple-laminated sandstone (F5; marked by yellow
arrow). Note the low dip of the foresets. The length of the pen is 16.6 cm. Dafla Formation near

exposure JBH 10A (Fig 1 and 2), Kameng River section.

Fig. 7: Field Photo of meter-scale, sigmoidal cross-beds of facies 9 of the Dafla Formation. The

man is 157 cm tall. Road cutting north of JBH11 (see Fig.1 and 2 for iocation).

Fig. 8: Field photograph of FA4 showing alternation of plaino-convex sandstone bodies with
laminated siltstone-mudstone layers of FA4. Top of the sandstone bodies are wave-rippled
(marked by red arrow and enlarged in the insct). the flat base and convex-up top of the

sandstone bodies are marked by dashed lincs. Dafla Formation, Kameng River section, exposure

JBH11A (Fig.1 and 2).

Fig. 9: Cartoon diagrams iiustrating paleogeography of the Dafla and Subansiri Formation in the
study area (based o1 the data presented in this paper and the published data). (a) Reconstruction
during the Dz fla tinic at (>7.5 Ma <13.5 Ma). Note the drainage in the Siji River section
emanating from Transhimalayan terrain although the Tibetan detritus did not reach the Kameng
section u!l the establishment of the braided fluvial system during Subansiri Time. (b)
Kceonstruction of the Siwalik in the eastern part of the foreland basin during the Subansiri time
(<7.5 Ma >5 Ma). Note the advancing Himalayan thrust front and the position of the future

Shillong Plateau. The exhumation of the Plateau has consumed the marine accommodation
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space. However, the exhuming plateau is yet to create a surface uplift deflecting the Subansiri

Fluvial drainage further north and west.

Table captions

Table 1: Generalised lithostratigraphy of the Siwalik Group in the Kamern z River <cction,
Arunachal Himalayan region. (Modified after Karunakaran and Ranga Pao, 1976; Kumar,1997;

Chirouze et al, 2012)

Table 2. Summary of the sedimentary facies recognized in tie Datfia and Subansiri Formations of

the Kameng River section.

Table 3.Facies associations of the Siwalik secimerts in the Kameng River section-
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Table 1: Generalised lithostratigraphy of the Siwalik Group in the Kameng River section,
Arunachal Himalayan region. (Modified after Karunakaran & Ranga Rao, 1976; Kumar, 1997;
Chirouze et al, 2012)

Generalised .
Age Lithostratigraphy Formation Descr
. Pebble-cobble conglomerates interlayered with soft,
U I?hocene— Upper Siwalik Kimin Formation and dark grey mudstone. Large fragment

Pleistocene

Thick beds of iriable, pebbly, medium to very coar
U. Mlocene— Middle Siwalik Subansiri Formation textur ¢ 9‘1@ leareous concretions; sandstone ug
Pliocene mudstone-siltstone beds. Large trough and pla
Mid Miocene Lower Siwalik Dafla Formation Fine- to medium-gr alr}ed, indurated, greyish white t
coloured siltstone-shale layers; burrow 1
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Table 2. Summary of the recognized sedimentary facies from the Dafla and Subansiri Formations of the
Kameng River section:

Facies | General Lithology Sedimentary Bounding Bed thickness Fossil content C
description structures surfaces of beds

F1 Dark grey | Carbonace | Laminated mudstone | Usually both 0.2 to 0.85m At places sand-filled, T
laminated | ous, with interlayered mm | base and top are | thick units; large, biogenic c
mudstone | greenish to cm-scale units of gradational. laterally cylindrical structures T

grey (5BG- | very-fine sandstone traceable over | present (max. diameter: | s
4)/ pale and siltstone ~60m. 3.7cm; max. length:5.2 | fi
olive cm); leaf compressions
(5Y6/4) and impressions and
mudstone comminuted plant
(Munsell debris common

Rock

Colour,

2009)

F2 Massive Dark grey | Thin silty layers with | Sharp to 0.2tolm Identifiable trace C
bioturbated | mudstone | wavy or parallel strata | gradational thick; laterally | fossils are Zoophycos, | b
mudstone- | and clayey | recognisable at places | boundary traceable for Teichichnus. T
siltstone siltstone more than 50 1

m. T
S
2
v

F3 Thin, Dominantly | Layers of siltstone Usually sharp Vary in Presence of drifted C
graded siltston: show norinal, inverse | base and thickness from | coalified vegetal matter | s
layers of layers or normal to inverse gradational to a few mm to a
fine sand- | encased in rading; soft- sharp top 2.5cm;stacked s
silt-clay darc grey sediment deformation units up to (
grade mudsione. | features and gutter 15cm; a layer b
material cast locally present can be traced

laterally
- N for>50m
Facies | General | Lithology | Sedimentary Bounding Bed thickness | Fossil content
description structures surfaces of beds

F4 Leriticular, Fine- to Cross-strata in Smooth erosive Units 0.25 to Sandstone beds are

cross-bedded | medium- sandstone beds are base and 0.6m thick sparsely bioturbated
andstone grained up to 25cm thick; gradational top; (BI:0-1). A few
sandstone | low-angle strata and | bases lack Ophiomorpha burrows
wave/combined pronounced could be identified.
flow ripple lamina erosional relief
near the top of the and lag
units. conglomerate

F5 Wave Moderately | Straight, bifurcating | Sharp, slightly Individual set | Sparsely bioturbated
rippled well-sorted, | crests in plan and erosive base; thickness few

fine- symmetrical profile, mm to 2 cm,
grained
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sandstone sandstone internal lamina locally rippled units
and siltstone | and show draping, over- | bioturbated top. are up to Im
siltstone shooting, chevron thick.
up-building etc.
F6 Current Very fine- | The ripples often Undulating, Individual At places bioturbated;

/combined to fine- climb sub-critically | erosive top and ripple lamina | trace makers

flow ripple grained and some of the gradational to are 0.5-3.5 cm | unidentifiable due to
laminated sandstone | foresets show sharp base. and beds are exposure limitations.
sandstone- and prominent up to 55 cm

siltstone siltstone sigmoidal shape and thick, which

low-angle toe
region.

are traceable
laterally
for>10m
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Facies | General | Lithology | Sedimentary Bounding Bed thickness Fossil content Other f
descripti structures surfaces of
on beds
F7 Low- Well- Foresets dip<15° Sharp base Facies units are up | No bioturbation Facies u
angle sorted, and are tangential to | and top; to 0.85 m thick and | was observed in into ripy
trough very-fine | lower bounding slight fining- | individual beds are | the facies F6. Pala
Cross- to surfaces. upward 20-55 cm thick and measure
stratified | medium- trend can be traced usually
sandstone | grained laterally for several dispersi
sandstone tens of meters. pattern -
and SW
F8 Parallel Well- low-angle (<10°), Lower Individual facics Sparse to Laterall
laminated | sorted, undulating strata bounding units 70-50 ¢cm moderate low-ang
and very fine with gradual surface over | thick; amalgamated | bioturbation is strata in
hummocky | to fine- thickening and mudstone is | units are Tow micters | observed in this plane pl
~Cross- grained thinning over the sharp, at thick facies. at place:
stratified | o3 dstone | depressions or places with Identifiable trace | present
sandstone elevations; strata few fossils are
flattens away from mudstone Skolithos and
the dome or hollow; | chips; Glossifungites

subtle undulating
internal erosion
surfaces separate
sets of strata

gradationally
PassEs
upward into
| ~7, F5

51



Faci | General Lithology | Sedimentary Bounding Bed thickness | Fossil content

es | description structures surfaces of beds
F9 | Isolated, Well- Cross-beds are Upper and lower | Individual -

meter-scale, | sorted to characterised by part of the cross-beds 60-

low-angle moderately | 1)<20° dip of the foresets 120cm thick

sigmoidal well-sorted | foresets; ii) sigmoidal | transitional to and in

cross-bedded | fine- foreset geometry with | flat beds. longitudinal

sandstone grained low-angle tangential section

sandstone | toe; iii) lack of angle- traceable
of-repose foresets; iv) for>100m.

lateral gradation of
foresets to sub-
horizontal flat
lamination and v)
common association
with F8.
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foreset

Facies | General Lithology Sedimentary Bounding Bed thickness | Fossil content
description structures surfaces of beds
F10 | Root- Greenish Mudstones are Basal surface Thickness up Laminations within
penetrated to usually massive and | gradational and to 60cm, siltstone-mudstone are
massive to yellowish fractured; root upper surface laterally bent downward
laminated grey traces common; sharp and at traceable for indicating penetration
mudstone- mudstone fractures are bed places overlain more than 15 by larger roots; smaller
siltstone and | and thin confined, randomly | by laminated m. roots and leaf
rare fine siltstone/ oriented; slicken dark grey impressions common
sandstone fine- sides on some of the | mudstone |
grained fractures; colour
sandstone changes from dark |
grey to mottled pale
yellowish grey
(5BG-
4/5Y6/4/Gleyl -N3)
up the section. A
F11 | Large cross- | Poorly Few decimeter to | Undulatig oasal | Cross-sets are | Drifted, coalified
bedded, sorted, meter thick trough rosion surfaces | 0.15-3.2m vegetal matter abundant
coarse- medium- and planar cross- o1 the sandstone | thick and
grained, to, coarse- | beds, with angle- oi- | bodies marked cosets 1.5 to
pebbly grained repose (>22% vith intra- and several meters
sandstone sandstone unidircctional extra-formational | thick; in some
with thin forescis pebbles layers up | cases set
conglomer to 20 cm thick; thickness and
ate layers in some sections | grain size
or pebble the basal surface | show slight
pocket of the sandstone | decrease
bodies are
remarkably flat
without any lag
. N pebble layer
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Table 3.Facies associations of the Siwalik Group of rocks in the Kameng River section:

] Depositional
Facies ;
e ] a0 Bed Palacocurre . environment
Associatio Facies Description Ichnofossil
n Geometry nt and process
Interpretation
. Lower shoreface-
Laminated
mudston offshore
udastone Tabular/ transitional
with thin - .
lavers of sheet like environment
h}é based units; Bioturbation | favouring mud
SNAIP-based, thicker Index (BI) deposition and
. wave- sandstone (Taylor & intense bio-
Dominantl | rippled/parall ! Y AN
. beds are up . Goldingting, irning;sandsto
yF1,F2 | el laminated Wave ripple s .
& less sandstone; tol .7 m crests 19y ne with
FA1 . ’ thick; . 6, identiticd | wave/combined-
common . | thicker laterall oriented aces flow ripples and
F5/F6 and | sandstone Y NW-SE ) PP
. traceable clude HCS represent
F8 units show ) S
for >100 m; Zoophycos periodic
hummocky . .
cm-scale and incursion by
cross-strata . .
wave- Teichichnus storms in the
(HCS); .
rippled lower shoreface-
mudstones
. layers oft-shore
intensely transitional
bioturbated .
environment
. River-dominated
Thlnly distal delta front-
laminated i
delta mouth;
mudstong Laterally .
. | . graded siltstones
WIL extensive .
) resulting from
alternatin mudstone- .
. b : river mouth flood
thin, laterally siltstone
. . outflow
gxiensive units, Small (hyperpicnites):
Dominantl graded sandstones Ophiomorph Yperpr ’
. i wave rippled
y F1, F3, siltatone lenticular a burrows; .
. beds are distal
F4 and layers; thin and up to at places .
FA2 3 - storm deposits
less wave-rippled 34 cm mantle and :
. . . and lenticular
common | fine sandstone | thick; the swirl and
. . sandstonesare
F5 beds, and less | units of this escape cobable distal
common FA forms structures p terminal
thicker, cross | 2-6 mthick .
. . distributary
stratified, coarsening o
channel deposits;
smooth- upwards
. presence of
bottomed units. .
Ophiomorpha
sandstone :
confirm brackish
beds.

water influences.
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Amalgamated
, thick, fine-
to medium-
grained
sandstone
dominated by
plane parallel
lamination,
hummocky-
swaley cross Wave- and
strata and storm-influenced
Jow-angle Qandy shoreface
trough cross | pla nggcrlze:rii
strata; HCS Sharply ‘ .
common in overlies 3;;&52?;2;?:
the lower part beds of .
of the KFAL Bioturbation ar}d the
association Sheet-like Variable r‘"l ) dcomblnzd ﬂOYV
Dominantl whereas laterally mean ) J?;;ZS re‘?:cst %ir;crsev;saizs
y F&, F7; SCS/low- traceable directions chich ’ deoth of th &
FA3 common | angle troughs | for several from S-swy | femams epti ot the
F9; rare dominate the tens of o N-INE, and pr(_)babl_e upper shoreface
F1 upper part; meter along | high circular Glossifungit environment.
units of this available variance es can be Incregsmg grain
Facies exposu identified size and
association | amalgamate sapdstone body
show dbeds 130 thickness trer}d
coarsening 1 thick up the succession
and | refiletq )

. . progradation o
u;}\:;;fglgref ) the shoreline
isolated large

planar sets
with fow-
angle sigmoid
al foresets
common at
places
Flat-based, Plano- Flat-based,
convex- convex convex-up
upward sandstone . eometry of
Dominantl sarI:dstone bodies 25- Trace ff[)SSﬂS fandstone is
y F8, F7, bodies with 45 cm obsr:r)ve d typical of wave
FA 4 F5, F10 low-angle to thick; can | Wave ripple plant ’ reworked bars
and less | parallel strata | be laterally | crest NW-SE | . . formed in the
common | and capped by | traced for 1II(11p1‘68810nS coastal region;
Fl1 wave ripples | few 10s of and roots are locally overlying
or thin mud | meters, F10 common rooted mudstone
partings; units of F10 indicate
rooted tabluar upward transition
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mudstone-
siltstone units
at many
places overlie
the sandstone

to emergent
coastal marshes

units.
Alternation of
dark grey
t
rooted, Grey mudstone
mudstone
. denote stagnant
with wave to :
water while root
current Sheet, ,
. . 1ces denote
rippled thin laterally near emergent
Dominantl | sheet-like fine | traceable . nerg
Bioturbation condition;
y F1F2, sandstone for >35 m, Wy .- deposition in
FA5 F10, beds; units of this - N, postt
; . but trace floodplain lakes
subordinat | remarkably facies . ..
o nidentified or coastal
e F5, Fé6. flat base of association marshes with
the over and 1.7-3.6 m .
: : occasional
underlying thick
emplacement of
sandstone
; sand as crevasse
beds in the
delta or splay
upper part of
the Subansiri
Formation
Large planar
and trough
cross-bedded
coarse-
: 1
granc Coarse, thick
sandstone, .
sandstone with
locally .
b basal erosion
pzla y;e d Individual surfaces, fining-
mte: >
Yl, H ver F-U Mean upward trend,
PP’ ine y sandstone directions dowmcurrent
Dominani! . units are 1- | towards SW- | Plant roots dipping cross-
sandstone; . .
vill, 5 mthick, S; mostly and wood sets, paucity of
FA6 calcareous o
subordinat . amalgamate | show lesser fragments mud indicate
concretions of A .\
> F6 . . d variability common deposition from
various size; .
units with sandstones | compared to large braided
. upto 15 m | that of KFA3 streams; flow
multiple basal . U
. thick direction imply
erosion -
. axial nature of
surfaces with the fluvial
F-U trend.
system.
planar sets at
places are
organised in

down current
dipping cosets
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o O O O O

Highlights

The transition from the Lower to the Middle Siwalik took place around 7.5 Ma.

The Lower Siwalik of this area is a shallow marine/deltaic deposit.

A large marine embayment existed at least till ~7 Ma in the eastern Himalaya.

The Middle Siwalik of this area is an axial braided fluvial deposit.

The changing sea level, uplifting Shillong Plateau and additional sediment from the
Transhimalayan source controlled this marine to fluvial transition.
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