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1 | INTRODUCTION
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Structural mapping and fieldwork in the Lesser and Higher Himalayan sequences in
the western Arunachal Himalaya reveal crucial deformation fabrics in the Main Cen-
tral Thrust (MCT) and Dirang Thrust (DT) zones. The top-to-SW ductile shear in the
MCT and DT zones is correlated with the swing in the trend of MCT and DT from NE
to NNW. The curved MCT and DT as traced by previous authors on the regional map
of Arunachal Himalaya are studied. It is found that at places where these faults swing,
shear senses developed at the meso-scale. These shear senses are studied in meso-
and micro-scales. Seismicity in the western Arunachal Himalaya is influenced by
basement cross-strike crustal-scale NW-trending buried Bomdila Fault (BF). Land-
slides occur frequently along the Bhalukpong-Bomdila-Sela traverse are also linked
with the transverse BF. In its southern part, the BF coincides with the Dhansiri Linea-
ment and is the basin margin fault in the upper Assam shelf. The Gondwana sedi-
ments extended further south below the Brahmaputra alluvium along the fault is to

be explored for hydrocarbon exploration.
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Bomdila Fault, Gondwana sediments, hydrocarbon prospect, seismotectonics

Zone (Kellett, Cottle, & Larson, 2018). The crustal-scale fault imbrica-

tions produced due to collision developed four major tectonic units.

The Himalayan mountain chain was developed by the collision
between the Indian and the Eurasian plates since ~55Ma
(Hodges, 2000; Hu et al., 2016). The arcuate length of the Himalayan
fold-thrust belt stretches for ~2,400 km from the western to the east-
ern syntaxis (DeCelles, Robinson, & Zandt, 2002). India-Eurasia colli-
sion led to triclinic transpression at the plate to plate contact (Duta &
Mukherjee, 2021).The collision between the two plates has been
accommodated by a number of north-dipping major thrusts. The
crustal shortening is thus concentrated in these major thrusts in the

south of the extensional zone known as the South Tibet Detachment

Towards the south, these are: (a) Tethyan Himalaya, (b) Higher
Himalaya (c) Lesser Himalaya, consisting of two parts—a crystalline
and a sedimentary sequence, and (d) Sub-Himalaya/Siwalik Hills
(Heim & Gansser, 1939). These tectonic zones are separated from
each other by three major south-vergent thrusts: (a) Main Central
Thrust (MCT) occurring as a fault zone (b) Main Boundary Thrust
(MBT), and the (c) Main Frontal Thrust (MFT) (Le Fort, 1975)
(Figure 1). One of the major crustal-scale thrusts in the Himalaya is
the MCT, along which the high-grade metamorphic Higher Himalayan
Crystallines (HHC) is thrust over the low-grade Lesser Himalayan
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FIGURE 1 (a) Geologic map of the
Himalayan orogen (modified from Zhang,
Xiang, Dong, Ding, & he, Z., 2015)
showing the location of Arunachal
Himalaya. The study area is shown within
the rectangle. (b) Regional geological
sketch map of eastern Himalaya, Namche
Barwa Syntaxis and adjoining regions
(modified from Ding, Zhong, Yin, Kapp, &
Harrison, 2001). The study area is within
the bold rectangle. Kanchenjunga, Tista,
Gangtok, Dhubri, Kopili and Bomdila
faults are shown (Dasgupta et al., 2013;
Kayal et al., 2012). The location of oil
fields (solid white circles with cross) in the
south-west of Bomdila Fault and Bihpuria
well (solid green circle) are shown. DT,
Disang Thrust; GT, Gangdese Thrust;
HFT, Himalayan Frontal Thrust; IYS, Indus
Yalu Suture; MA, Manabhum Anticline;

T
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B Lchit Plutonic compl [ [
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- Tethyan Himalayan Sequence { Siwalik Formation

Namiche Rarwa

riashs 307

MBT, Main Boundary Thrust; MCT, Main
Central Thrust; MT, Mishmi Thrust; NT,
Naga Thrust; RZT, Renbu Zedong Thrust;
SA, Siang Antiform; STD, South Tibet
Detachment

rocks (Gansser, 1964; Martin, 2016). Thrusting along the MCT
occurred throughout the Himalayan orogen during the late Oligo-early
Miocene, and the crystalline rocks were emplaced over the Lesser
Himalaya, such as Pandoh-Jutogh in Himachal, Baijnath-Almora in
Kumaun, Dudalhera-Kathmandu in Nepal, Shumar in Bhutan, and
Bomdila in western Arunachal Pradesh (Bikramaditya, Sen, &
Sangode, 2017; Patel, Singh, & Lal, 2015; Singh et al., 2022; Singh &
Patel, 2017, 2022; Singh, Patel, & Chaudhary, 2022; Singh, Patel, &
Lal, 2012; Singh & Singhal, 2020). In the western Arunachal Himalaya
(India), the Lesser Himalayan Crystallines (LHC), in the north of Bome
Thrust (Yin et al., 2010b), are divided into two units. The lower unit
(basal LHC) is dominated by mylonitic Bomdila Gneiss (BG), phyllites
and quartzites, and the upper unit (upper LHC) consists of the schis-
tose rocks of the Dirang Formation (DF). The lower unit of the LHC is
juxtaposed against the wupper unit along the Dirang Thrust
(DT) (Bikramaditya & Gururajan, 2011; Goswami, Bezbaruah,
Mukherjee, Sarmah, & Jabeed, 2018; Goswami, Mahanta, Mukherijee,
Syngai, & Sarmah, 2020). The MCT marks significant variation in
structural geometry along its length (Biswal, 1997; Singh &
Thakur, 2001). A recent review on tectonics of eastern Himalaya can

Indo Burma
terrane

(b)

be found in the recent special volume (Singh, Chung, & Somerville,
2022) in the Geological Journal.

In Himalaya, along-strike variation in the deformation style,
crustal shortening, and seismicity are well established (Dasgupta,
Mukhopadhyay, & Mukhopadhyay, 2013; Duvall, Waldron, Godin, &
Najman, 2020; Mukherjee, 2013; Rajendran, Parameswaran, &
Rajendran, 2017; Yin, 2006). The arcuate shape of the orogen and the
great earthquake rupture zones are connected to transverse fractures
and faults on the subducting Indian basement (Gahalaut &
Kundu, 2012). Therefore, our understanding of the configuration of
the colliding Indian basement and its influence in building the Himala-
yan architecture needs more clarity. The Himalayan thrusts as MFT,
MBT, and MCT are affected by the basement transverse faults and
this can be studied through outcrop- scale deformational imprints in
the thrust zones. The inherited structures in the Indian basement
might have influenced the Himalayan orogen during the entire span of
subduction and collision. There are palaeo-topographic ridges in the
Indian basement, which are connected to orogen-perpendicular faults.
The Himalayan orogen from west to east is segmented by these trans-

verse faults (Godin & Harris, 2014 and references therein). Along-
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strike variation of seismicity is attributed to segmentation of the Main
Himalayan Thrust (e.g., Pandey, Tandukar, Avouac, Vergne, &
Heritier, 1999). Geomorphic evidences like mountain front advance-
ment or change of the river courses are associated with upper crustal
faults. These faults are connected to basement ridges that extends
beneath the Himalayan orogen (e.g., Bose & Mukherjee, 2019;
Goswami, Bhowmik, Dasgupta, & Pant, 2014).

Despite the lack of deep seismic data, the basement structures
are presumed to extend towards the north below the Himalaya
(Gahalaut & Kundu, 2012). Large earthquakes along the leading part
of the Main Himalayan Thrust (MHT) ruptured the surface. In western
Bhutan, the geometry of MHT especially in the northern part repre-
sents an interseismic stress build-up and poses a greater seismogenic
potential (Diehl et al., 2017; Zhao et al., 2021). This part is intersected
by basement cross-strike Kopili Fault.

In the Arunachal Himalaya, the Proterozoic rocks of the Lesser
Himalayan Sequences (LHS) crop out in a vast track from the western
to the eastern part. The complexity in the deformation style in the
LHS is inadequately constrained along the orogenic trend (Goswami,
Mahanta, et al, 2020; Singh & Chowdhury, 1990; Srivastava,
Srivastava, Srivastava, & Singh, 2011). The present study discusses
the deformation in the LHS from the Dedza-Sela sector in western
Arunachal Pradesh.

This work also aims to investigate the deformation kinematics in
the MCT and DT zones through meso- to micro-scale ductile to duc-
tile-brittle fabrics imprinted in the rocks. We highlight the influence of
the basement cross-strike faults in the orientation of the major Hima-
layan thrusts such as the MCT in Arunachal Himalaya. Finally, the
hydrocarbon potential of Gondwana sediments in the Upper Assam
shelf is discussed from a cross-section in the east of the Bomdila
Fault.

Reactivation of basement structures in the orogen is documented
from a number of studies (Godin, Roche, Waffle, & Harris, 2018;
Thomas, 2006 and references therein). The configuration of the
Indian basement is very crucial for understanding the seismicity along
the strike of the Himalayan orogen. For example, deep-seated base-
ment structures (e.g., Tista, Gangtok, and Kopili faults) may be the
cause for the variation in the (a) ductile strain (Gibson, Godin, Kellett,
Cottle, & Archibald, 2016), (b) exhumation rate (Yin & Harrison, 2000)
and (c) seismicity (Gahalaut & Kundu, 2012; Mugnier et al., 2017)
along the strike of the Himalaya. In eastern India, the Eocene Hinge
Zone (see south of Dhubri Fault in Figure 1b), that separates the Ben-
gal Basin in the NW and the oceanic crust in the SE, align with the
Dhubri Fault in the west of the Shillong Plateau (Curray, 2014; Godin
et al, 2018; Godin & Harris, 2014) (Figure 1b). In the eastern
Himalaya, a cluster of seismic epicentral plots constrain the continua-
tion of the basement fault in the Himalayan mountain belt. Many
earthquakes located in the footwall of the MHT yield strike-slip focal
mechanism for transverse faults in the Himalaya (Dasgupta,
Mukhopadhyay, & Nandy, 1987; Kayal, 2001; Kayal et al., 2010;
M. Mukhopadhyay, 1984a; S. C. Mukhopadhyay, 1984b). The 2011
Darjeeling earthquake (Mw 6.9) related strike-slip reactivation of the

Tista lineament is speculated to be genetically linked to the Munger-

Saharsa ridge (Diehl et al, 2017; Ni & Barazangi, 1984; Pradhan
et al., 2013). The Pingla and the Kishanganj Faults mark the eastern
edge of the Munger-Saharsa Ridge. The Kishanganj Fault is an active
basement fault in the Himalayan belt and extends through Sikkim to
the Tibetan Plateau offsetting the South Tibetan Detachment (Rao
etal, 2015).

In the Shillong Plateau, the Dudhnoi, Kulsi and the Krishnai faults
are oriented ~N-S and are transverse to the Himalayan arc
(Figure 1b). However, there is no information on the continuation of
these faults below the Himalayan orogen. Regionally extensive faults
or lineaments like Kanchenjunga, Tista, Gangtok lineaments and the
Dhubri Fault have produced prominent offsets of MFT, MBT, or MCT
in the eastern Himalaya. The offsets in the MCT, MBT, and MFT in
the map-scale are due to the orogen-transverse lineaments, for exam-
ple, the Tista, Gangtok and Kopili lineaments (Figure 1b).

In other parts of the Himalaya, the manifestations of the interac-
tions of the ridges and subduction arc in the form of ‘concave out-
ward local cusp’ involving MFT and MBT are observed (Bollinger
et al, 2004; Gahalaut & Kundu, 2012). For example, the Faizabad
Ridge makes a cusp or dent in the MFT; similarly, the Munger-Saharsa
ridge interacts with MFT and forms a cusp. Bends/salients of MCT in
Sikkim and Bhutan might have formed due to the cross-strike Tista
and Kopili Faults in the underthrust Indian basement (Dasgupta
et al., 2013; De & Kayal, 2004; Kayal et al., 2010, 2012; Mitra,
Bhattacharyya, & Mukul, 2010) (Figure 1b). The field evidence for
salients in the MCT is observed in the form of ductile shear fabrics in
the thrust zones depicting a consistent top-to-SW shear. The Kopili
Fault has been seismically active (two major quakes Mw 6.3 and 5.1 in
September, 2009 and Mw 6.4 earthquake in April, 2021)
(Nandy, 2001; Kayal et al., 2010, 2012; Baruah & Kayal, 2013; Panthi,
Singh, & Shankar, 2013; Sharma, Sarma, & Baruah, 2018).

The strike-slip NE-dipping Bomdila Fault in the east of Kopili
Fault is a basement fault, which runs in WNW-ESE trend from the
Belt of Schuppen to the MCT (Figure 1b). Two major rivers in the
Brahmaputra valley, Dhansiri and Bargang, follow straight courses par-
allel to the trend of the Bomdila Fault (i.e., ~NW-SE) (Sarma &
Sharma, 2018; Sharma et al., 2018). In the NW part, the salient
(curved trace in the MCT—concave to the foreland) in the MCT might
be due to the Bomdila Fault. The evidence for this is the sudden swing
in the trace of the MCT from NE-SW to NW-SE in the map-scale.
Further, the NW-SE trace of the MCT is parallel to the C-plane with
top-to-SSE shear in the footwall sequence of the Bomdila Gneisses.
The salient in the MCT is well observed in the map-scale (Figures 1
and 2a,d). The trend of MCT and DT swings from ENE-WSW to NE-
SW in the map scale. Field documentation of the ductile shear fabrics
indicates: (a) top-to-SW sense of shear, both in the MCT and DT
zones, is parallel to the NE-SW trend of MCT and DT, and (b) the
mylonitic Bomdila Gneisses show a top-to-SE sense of ductile shear
(C-plane) which is parallel to the NW-SE trend of MCT and DT (MCT
and DT zones are shown clearly in the structural map. Coordinates are
given in the structural map in the 5 interval). It is worth noting that
the trend of MCT and DT again follows an ENE-WSW trend to the
west of the salients as observed in the map-scale (Figure 2).
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FIGURE 2

(a) Geological map of the western Arunachal Pradesh. In addition to the data from this study, the map incorporates elements from

Yin et al. (2010a) and DeCelles et al. (2016) (inset: Location map of the area studied). The continuity of the Miri Formation quartzite (in the
footwall of Bome Thrust) is shown through field data from this study and DeCelles et al. (2016). (b) Section along AB is shown. The concise
stratigraphy of the area is incorporated. The Gondwana sequence in the footwall of the Bome Thrust is shown. (c) The compression axis map
(modified from Verma, 1985) for western Arunachal Pradesh. The NNW-SSE compression is depicted for western Arunachal segment. (d) The
seismotectonic map for the western Arunachal Pradesh (modified from Seismotectonic atlas, GSI, 2000). The salient in the MCT and DT and
WNW trending Bomdila Fault is shown. Inset—earthquakes associated with Bomdila Fault during 1964-1993. Events showing strike-slip FMS
during 1984-2015 as per Sharma et al. (2018). (e) Landslide map along Balukpong-Bomdila-Sela section of Arunachal Pradesh (prepared by us).

Numbers of earthquakes in different locations shown from Pinjoli to Sela

The Bomdila Fault in the western Arunachal Himalaya trends
WNW-ESE, which runs from belt of schuppen in the SE to NW of
MCT. The focal mechanism solution indicates that the fault is strike-
slip with left-lateral shear (Sarma & Sharma, 2018). The fault is
seismogenic and the northern part of the fault is more active than the
southern part (Sharma et al., 2018). There are geomorphologic evi-
dences that Dhansiri and Bargang rivers follow a straight course paral-
lel to the ~NW-SE Bomdila Fault (Sarma & Sharma, 2018; Sharma
etal, 2018).

Ductile deformation of the MCT hangingwall and footwall
sequences in the western Arunachal Himalaya have not been studied
adequately (Bhattacharya & Nandy, 2007; Bikramaditya &
Gururajan, 2011; Sarma, Bhattacharyya, Nandy, Konwar, &
Mazumdar, 2014; Srivastava et al., 2011). How the buried basement
faults affect the major Himalayan thrusts, for example, MCT and MBT
has remained indeterminate. Further, the changing pattern of the
mesoscopic ductile deformation in the MCT zone or in the MCT foot-

wall have not been constrained so far.

2 | METHODOLOGY

Mapping was done on a toposheet with a scale of 1:50,000 from
Pinjoli to Sela. For convenience, the entire traverse was divided into
three segments (Section 3). Samples are collected from the LHS and
HHC across the MCT and DT. Oriented samples are collected for the
preparation of thin sections from the hangingwall and footwall
sequences of MCT and DT. Orientations of the structural elements of
different generations of deformation in the LHS and HHC are
recorded in the field.

3 | GEOLOGY

The study area is located in the West Kameng District of Arunachal
Pradesh of NE Himalaya (Table 1 presents the stratigraphy). The HHC
in the MCT hangingwall consists of kyanite-bearing migmatitic

gneisses and orthogneisses of Neoproterozoic to Ordovician age
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(DeCelles, Carrapa, Gehrels, Chakraborty, & Ghosh, 2016; Yin
et al.,, 2010a). The DT brings the Mesoproterozoic Lesser Himalayan
Crystallines (LHC) of the Dirang Formation (DF) over the
Palaeoproterozoic Bomdila Gneisses (BG) (DeCelles et al., 2016;
Goswami et al., 2014). The Dirang Formation (DF) is equivalent to the
Jaishidanda Formation of Bhutan (Daniel, Hollister, Parrish, &
Grujic, 2003; DeCelles et al., 2016). However, rocks of the DF are also
interpreted as either low-grade protolith of the HHC or high-grade
LHS rocks (DeCelles et al., 2016; Yin, 2006).

The LHC is further divided into a lower unit consisting of
mylonitic Bomdila Gneiss (BG) and Salari Granite with garnet-mica
schists and amphibolites and an upper unit composed of garnet-
kyanite -staurolite-schist, quartzites and phyllites. Dirang Thrust
(DT) separates these two units (Figure 2). Bomdila Gneiss yielded
whole-rock Rb-Sr isochron ages, which range between 1,914 + 23 Ma
(Dikshitulu, Pandey, Krishna, & Raju, 1995) and 207Pb/206Pb age of
1,752 + 23 Ma (Pathak & Kumar, 2019), while high-Ca Salari granite
yielded an Rb-Sr age of 1,528 + 60 Ma (Dikshitulu et al., 1995) and
U-Pb ages between 1,791 and 1,768 Ma (Bikramaditya, Chung, Singh,
Lee, & Lemba, 2021).

The metapelitic sequence of the LHC was intruded by the
Bomdila Gneisses (BG) in the hangingwall of the Bome Thrust in

the SE. In the NW of Bomdila, Dirang Formation was thrust over
the Bomdila Gneisses along the Dirang Thrust. Thus, there are
repeated occurrences of the mylonitic augen Bomdila orthogneisses
along the studied section. Ductile shear fabrics are better devel-
oped in BG in its marginal parts (along the thrust contacts with
Tenga and Dirang Formation) than its interior. The asymmetric por-
phyroclasts and the mylonitic S-C fabrics in BG display a consistent
top-to-SE shear.

The DF mainly consists of garnet-muscovite-biotite schists,
quartzites, phyllites, calc-silicates, and minor amphibolite bands.
The gradual increase of the metamorphic grade of the rocks of
the DF from Munna-Camp towards MCT is observed with the
appearance of kyanite and staurolite in association with garnet,
biotite, and muscovite (Bhattacharyya & Nandy, 2007; Goswami,
Bhowmik, & Dasgupta, 2009). Towards MCT, the pelitic schists of
the Dirang Formation shows occasionally kyanite and staurolites
in addition to garnet, biotite, and muscovite (Bhattacharyya &
Nandy, 2008; Goswami et al., 2009). Frequency of mylonitic folia-
tion, conjugate shear bands, and orthogniesses inter-layered with
leucogranite sills and veins indicate deformation of the footwall
sequences close to the MCT (Saha, 2013; Saha, Sengupta, &
Das, 2011).

TABLE 1 Generalized tectonostratigraphic succession of the West Kameng District, Arunachal Pradesh (modified after Das, Bakliwal, &
Dhoundial, 1975; Kumar, 1997; Bhattacharjee & Nandy, 2007; Goswami et al., 2009)
Tectonic Zones Groups Formations Lithology
Migmatite, garnetiferous Bt-Pl gneiss,
Galensiniak Formation calc-gnglss/marble, staurolite sch}sl,
tourmaline-bearing leucogranite,
uartzite and pegmatite.
Higher Himalaya SEALA GO 1 B8
Taliha Formation Not exposed
Main Central Thrust (MCT)~~~~~~~m~mm e
Garnetiferous Ms-Bt schist, phyllite,
DIRANG (Upper Unit) N sericite quartzite, calc-silicate and Tr-
Act marble.
Dirang Thrust (DT)| ~~~~~~~m~mmm s
Bomdila Gneiss (Lower Unit) 2 LHC Willeiily gugem  guels, @RS
amphibolite.
~~~~~~~~~~~~~~~~~~~ t~Tenga Thrust (TT)~~~~~~~~~~m~ e
BOMDILA GROUP q q 2 2
LESSER Tenga (Lower Unit) Quartzite, phyllites, schist, micaceous
HIMALAYA sandstone.
Rupa and Dedza (LHSS) Dolomlte, quartzite, carbonaceous
phyllite.
Main Boundary Thrust- Upper = Bome Thrust (BT)~~~~~~~~~~~~~~~~
GONDWANA Carbonaceous shale, sandstone with
GROUP coal bands and slate.
~~~~~~~~~~~~~~~~ ~~Main Boundary Thrust-Lower (MBT)~~~~~~~~~~mmmm~
Dafla Formation Grey to green sandstone.
Tipi Thrust
SUB-HIMALAYA SR EOU? Subansiri Formation | Siltstone with salt-pepper texture.
~~~~~~~~~~~~~~~ Bhalukpong Thrust~~~~~~~~~~~~
Kimin Formation | Pebble to boulder bed.
~~~~~~~~~~~~~~~ Himalayan Frontal Thrust (HFT)~~~~~~~~~mmmm~~
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In the north of Seppar, garnet and kyanite-bearing migmatites,
biotite-plagioclase gneiss, staurolite schists, calc-gneiss or marble
bands, tourmaline-bearing leucogranites, and quartzites of the Sela
Group differentiates the footwall sequences of DF in the south of the
Rama Camp (Bhattacharyya & Nandy, 2007; Srivastava et al., 2011).

3.1 | Fieldinput

We mapped the area in three NW-SE traverses: (a) Pinjoli-Bomdila
transect, (b) Bomdila-Dirang transect and (c) Dirang-Sela transect
(Figure 2). The length of these transects are: 86 km (Pinjoli-Bomdila),
42 km (Bomdila-Dirang) and 62km (Dirang-Sela). Based on our field
data and in the combination with the existing information we have pre-
pared the geological map of the area in the scale of 1:50,000 (Figure 2).
The thrust contact between the BG and the Mesoproterozoic DF is

shown as DT on the basis of our field data and the existing one by
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Bikramaditya, Sen & Sangode, (2017). The DT shown in the present
study may be a continuation of the East Dirang Thrust (EDT) mapped
by DeCelles et al. (2016). We have mapped a ductile shear zone in the
Bomdila Gneisses around Mirpur (27°12'48"N:92°25'11.8"E) (Figures 2
and 3). We documented ~200 m thick NE-SW trending ductile sheared
MCT zone near Seppar (Figure 3), where the meso-scale kinematic indi-
cators in garnet-bearing schists indicate top-to-SW shear. The DT was
traced for ~1 km near Munna Camp in the West Kameng District of
Arunachal Pradesh based on the abundance of mylonitic foliation,
increase in grain size, the appearance of garnet, staurolite, and micas in
the rocks of the DF. The MCT was mapped (~16 km NW of Dirang)
based on: (a) frequency of mylonitic foliations, (b) appearances of
orthogneisses interlayered with sills and veins of leucogranites, and
(c) first appearance of kyanites in the pelitic schists of the DF. In the
footwall of the BT, the Miri Quartzite is shown as a mappable unit

(Figures 2 and 3). Figures 2 and 3 present the lithology and structural

elements in the area.

ZT00ren”

FIGURE 3

Field structural data from Dedza-Dirang-Sela area plotted on the map (modified from DeCelles et al., 2016; Yin et al., 2010a). The

modification of the map is based the field traverse of the authors in the area. Equal area and lower hemisphere plots of the bedding, foliation, and
fold axis of different phase of deformation are data from the area: (a) Foliations in Miri quartzite in the north of Sessa; the foliations dip towards
NE. (b) S2 foliation in Bomdila gneiss (BG) in the south of Nichiphu shows dominant dip towards NNW. (c,d) S1 and S2 foliations in the quartz
mica schists of the Tenga Formation around Dedza dipping to WNW and NW directions at moderate angles (~53°). (e,f) S2 foliation in BG in two
places: At Rupa junction and at Birpur show dominant dip towards NE direction. (g,h) S2 foliation in BG shows change of dip direction from SE to
southerly at 20 km north of Bomdila. F3 folds recorded in BG dips at low angle to northerly direction. (i) The BG shows strike of the dominant S2
foliation along NW-SE dipping moderately (48°) towards SW direction. (j) S1 foliation in quartz mica schists of Dirang Formation (DF) shows NW-
SE orientation dipping to SW direction. (k) S2 foliation in DF shows WNW orientation dipping to SW direction. S2 orientations are however
affected by the subsequent deformation episodes. (I-n) S1 and S2 foliations of the DF show dominant dip to SW direction. (0-q) Shows plunge of
the F1 and F2 fold axis to NE and NW directions respectively. (r,s) Depicts plunge of the F1 and F2 fold axis of the DF to NW and SE directions
at steep angles (~68°). (t) The DEM of the study area where major thrusts are drawn
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4 | RESULTS

4.1 | Deformation pattern in the basal LHC
We documented mesoscopic structures of the LHC and the HHC for
~146 km along a NW-SE-traverse from Dedza to Sela. The planar and
the linear fabrics in the rocks signifying pervasive ductile deformation
were noted in the scales of cm up to tens of meters. The present
study documents the structural data for different phases of deforma-
tion in the basal unit of the LHC from Dedza to Tenga (Figure 3).
Three phases of deformation (D1-D3) were documented in the
schistose rocks of the basal LHC. D1 is imprinted with tight isoclinal
recline type F1 folds with attenuated and detached limbs in the
metapelites of the Tenga Formation. F1 fold hinge line plunges at 51°
to NE at 10 km NNE of Nichiphu (i.e.,, 40% of the F1 fold hinges
plunges to NNE), 78° to SW direction at Dedza (i.e., 35% of the F1
fold hinges plunge to SW) and 72° to ENE at 15 km NNW of Dedza
(i.e., 25% of the F1 fold hinges plunge to NNW). The axial plane schis-
tosity S1 of the F1 folds dip dominantly to NW direction (Figure 4a).
The F1 and F2 fold axes plunge are also represented through a line

diagram (Figure 4a). The curvature of the S1 axial planar cleavage of

the F1 folds is due to the effect of the subsequent deformation. The

-to-
Top-to-SE shear Top-to-3L sbear

F1 folds are refolded to open (interlimb angle ~90°) asymmetric F2
folds where the axial plane schistosity S2 trends NNE (i.e., 65% of the
S2 trends NNE) or NE (i.e., 35% of the S2 trends NE) and dips steeply
to WNW (i.e., 80% of the 52) and NW (i.e., 20% of the S2) directions.
The F2 hinge lines plunge to NE or NNE or SSW directions. The F1
and the F2 folds display coaxial refolding and curved S2 schistosity
(Figure 4a). The D3 deformation is manifested by the open F3 folds
that plunge to NW direction at a moderate angle (30-35°). The com-
petency contrasts in the case of the multi-layered open F3 folds are
observed as the phyllite layers show kink folds in comparison to the
open folded quartzite layers (Figure 4b). S2 schistosity in BG defines
the syn-Himalayan intense intracontinental ductile shear fabric dis-
cussed in the following section.

411 | Top-to-SE shearin BG

The ductile shear fabrics in the Bomdila Gneisses (BG) include S-C
structures, asymmetric porphyroblasts, and asymmetric folds. These
pervasively developed fabrics were studied for shear sense.
Mesoscopic F1 fold and associated S1 axial planar foliation are not

observed in the BG. Himalayan deformation (D2 episode) is

FIGURE 4 (a) F1 and F2 axes in the
quartz mica schists of Tenga Formation.
The axes plunge at moderate to high
angle (55-74°) to NE and SW direction.
F1 and F2 folds show coaxial refolding.
Inset line drawings: Fland F2 axial traces
and fold axes. (b) F3 open folds in the
quartzite inter-layered with phyllite at
Tenga. The fold axis plunge ~22° towards
NW. (c) Mylonitic Bomdila gneisses at 18
km from Bomdila towards Dirang. The
mean shear plane trends NW-SE. The
asymmetric K-feldspar porphyroclasts,
S-C atructures and top-to-SE shear is
depicted through c-1 and c-2. (d) SE
vergent F2 folds in BG at Birpur. The fold
axis plunge to NE and SW at ~62°. The
folded mylonitc foliation verging SE is
depicted through d-1

SE-vergent fold
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FIGURE 5 (a) Synformal MCT plane
(Bhattacharyya and Nandy, 2008) and cuspate
thrust trace (concave outward) in the longitudinal
section (modified from Ray, 1995, Figure 11). The
early F1 folds verge to NE and are parallel to the
thrust plane. The F2 hinge trend NW-SE and
parallels the cuspate thrust trace. (b) The
antiformal DT plane and the longitudinal

section of the cuspate thrust trace which parallels
the mesoscopic F2 folds in the DT sheet. The
thrust trace may also depict syn-thrust shear in
the DT zone where top-to-SW sense (to the left)
is depicted

MCT hangingwall synform
(oblique view)

footwall cut off

DT hangingwall
antiform

Left shear
top-to-SW

footwall cut off

(a)

(b)

d-2 shear zone related late folds
kf- kink fold

FIGURE 6 (a,b) F1 and F2 folds in the psammitic gneisses of the Sela Group (46 km from Seppar). The F1 and F2 folds are coaxially refolded.
The hinges of the tight F1 folds are thick and fold axis plunge to ENE or WSW direction. The F2 folds depict class-2 geometry of Ramsay 1967,
and the fold axis plunge at low angle to the NE or SW directions. In a-2 and b-2, the line diagrams further magnify the fold geometry. (c,d) Ductile
shear in mylonitic meta-psammites at sapper. In (c), the S-C structure depicts top-to-SW sense of shear; the S and C make acute angle (~15°)
relation. (d) The shear related folds gradually becomes sharp hinge chevron type towards left and records the end phase of the ductile
deformation with shorter limb got dissected—see left part of the photograph. The line diagram (d-2) further illustrates the geometry. KF, Potash

feldspar
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synchronous with the exhumation and ductile shearing with compos-
ite S-C planar fabric. S2 schistosity represents the regional schistosity
plane and may be considered as parallel to the intense
intracontinental ductile shear of the D2 episode along which all earlier
structures are transposed (Jain, Singh, & Manickavasagam, 2002). The
pervasive regional ductile shear in BG may be parallel to the S2 folia-
tion. Two dominant trends of the S2 foliations are noted in BG (ENE
and NE), the dominant trend being the ENE. The foliations dip at mod-
erate angles (~50°) to WNW, NW, or NE directions (Figure 3b,e-i).
This indicates a shortening from the NNE direction. The C-plane dips
~60° to ENE and trends NW-SE in the north of Bomdila. Near the
contact with DT, the S2 within the BG trends NW and dips ~48°
towards SW. The S and the C planes make acute angle relation and
the angle decreases considerably (~40-10°) near the contact of BG
and the DT in the north. A top-to-SE shear sense is recorded from the
BG (Figure 4c).

Barring the symmetric clasts (Mukherjee, 2017), sigmoid
porphyroblasts analogous to sigma-structures have their major axis
tilted towards the shear direction (Figure 4c). The spacing of the C-
planes varies ~2-12 cm. The intensity of shear in BG can be noted
from the spacing of the C-planes. The spacing is reduced considerably
in the highly sheared portions. In the south, near the contact with the
Tenga Thrust, asymmetric folds (Mukherjee, Punekar, Mahadani, &
Mukherjee, 2015) in the mylontic foliation (S-C composite) depict top-

to-south shear in the BG (Figure 4d). The sigmoid porphyroclasts are
composed of feldspars and the sheared matrix is dominated by quartz,
feldspar, and mica. Sigmoid feldspar porphyroclasts, asymmetric
lenses of quartz, and feldspar and quartz vein showing sigma-like
structures indicate the shear sense (Figure 4c,d).

Thus, the mesoscale structures in the mylonitic BG reveal a strong
imprint of Himalayan deformation. The earlier fabric of the Protero-
zoic Lesser Himalayan basement is completely transposed/obliterated
(Sarma et al., 2014).

4.2 | Deformation across MCT and DT zones

Here we primarily discuss the deformation pattern in the rocks of the
DF (the upper unit of LHC), the Dirang Thrust (DT) zone, rocks in the
MCT hangingwall, and the MCT zone specifically.

Internal deformation of thrust sheets is generally characterized
intriguingly by folds of different orientations and the associated devel-
opment of fabrics (Rattey & Sanderson, 1982). There may be differen-
tial displacements between adjacent tip points of large thrusts
associated with folding and eventually these faults are segmented and
linked through smaller fault segments (Ellis & Dunlap, 1988). Further,
the trace of major crustal-scale thrusts may exhibit cuspate and lobate
structures of the thrust plane in lateral sections. These types of

a-1 b-1 c-1

FIGURE 7 Deformation in Dirang
Thrust sheet. (a) Tight isoclinal F1 folds in
DT sheet. The fold axis plunge (~69°) to
NW or SE direction. a-1 shows axial plane
orientation of the F1 folds. (b,c) Close
asymmetric F2 folds in DT sheet ~1 km
north of Munna camp. Fold axis plunge
~70° to NW or SE direction. b-1 and c-1
shows orientation of the axial plane in F2
folds in DT sheet. Both F1 and F2 folds
verge steeply (~80°) to SW direction. (d)
The open, nearly upright F3 folds in DT
sheet (~1 km north of Munna camp) show
NNE-SSW trending axial plane (depicted
in d-1) orientation and the fold axis

d-1 plunge at low angle to northerly direction
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cuspate and lobate structures are observed in Shumar thrust in east-
ern Himalaya and viewed along lateral and transverse sections
(Ray, 1995). The Shumar thrust displays a scoop-shaped structure
(listric fault with curvi-planar or concave upward fault surface. The
fault surface becomes horizontal with increasing depth) and is
imprinted occasionally with ridges parallel to the direction of thrust
movement. Significantly, the NE-dipping axial surfaces of the earliest
folds in the hangingwall progressively reorient temporally parallel to
the thrust plane (Ray, 1995).

Published maps and our field data from the area indicate that the
MCT and DT in the western Arunachal display a recess or ‘concave to
the foreland’ thrust trace in a synformal (MCT) and antiformal
(DT) hangingwall over a footwall ramp (Bhattacharyya & Nandy, 2007;
DeCelles et al., 2016; Yin et al., 2010b). The HHC in the hangingwall
of the MCT is folded into a broad synform (Bhttacharyya & Nandy,
2008; DeCelles et al, 2016). We have observed that in the

hangingwall of MCT, north of Sela, early folds verge towards NE
(Figure 5a). However, in the MCT ductile shear zone at Seppar, the
sense of shear is top-to-SW and this is in conformity with the Dirang
Thrust zone at Munna Camp, where the outcrop scale kinematic indi-
cators depict same top-to-SW shear (Figure 5b).

421 | Thrust parallel shear at the MCT zone

Quartzites and calc-silicates in the hangingwall of the MCT at Sela are
tightly/isoclinally folded with hinge lines plunging ~62° towards ENE
(76°; Figure 6a,b). The axial planar schistosity of F1 folds dips ~43°
towards NNW (015°) direction. The F1 folds are refolded by open F2
folds observed in psammitic schists and gneisses. The axial plane
schistosity of the F2 folds dips ~48° towards NW or SE, whereas the
F2's hinge line plunges at low-angle (~18-24°) towards NE. The F1

Shear plane in DT zon
at Munna Camp,
Crrientation:

46 —310

Shear plane in DT zon
at Munna Camp,
Orientation:

at Munna Camp,
COrientation:
41—326

FIGURE 8 Dirang thrust zone at Munna camp. (a,b) S-C structure in quartz mica schists. The sense of shear is top-to-SW (to the left). The S
and C are making acute angles (~30°). The shear plane orientations are ~NE-SW and dips ~50° towards NW direction (a-1 and b-1). a-2 and b-2
depicts S-C structure through line diagrams. (c) The inter-layered quartzites and phyllites display boudin like structure. The shear plane orientation
is shown in c-1. The foliated quartzite (FQ) and vein quartz (VQ) are depicted in c-2. (d) The folded vein underwent top-to-SW shear. The initial
orientation of the quartz vein is NE-SW (d-1) due to top-to-left (SW) shear, the vein is folded and the folds verge towards both NE and SW
directions. The vein may be mimicking F1/F2 folds initially and suffered ductile shearing during late D2 phase of deformation. Line diagram (d-2)
further depicts the sinistral and dextral vergence of the folds in the quartz vein
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and the F2 fold hinges are sub-parallel and together they are refolded
almost coaxially (Srivastava et al., 2011).

About 10 km north of the Rama camp (27°24.7'47"N:
92°07.97'9"E), the ductile deformation in mylonitic meta-psammites
is documented at Sapper (27°24.7'47"N:92°07.9'79"E). The mylonitic
fabrics display asymmetric lenses and shear-related folds (Figure 6c,d).
These folds verge dominantly towards SW. 80% of the total number
of folds show this vergence. The tight isoclinal folds in Figure 6d are
refolded into open asymmetric folds and closing in opposite direc-
tions. The tight isoclinal (chevron) fold is dissected in the shorter limb
on the left (Figure 6d).

422 | Deformation in the rocks of DF

The LHC of the DF, in the hangingwall of DT, is folded thrice. The
outcrop-scale early first-generation tight folds are mapped at 800 m NNW
from Munna Camp at ~1 km from the north-western outcrop of the BG
(27°19'40.1"N:92°21'59.8"E). The axes of the F1 folds plunge ~69°
towards NW or SE. Therefore, the F1 axis trends transverse to the oro-
genic trend. These F1 folds verge towards SW or SSW and are thicker in
the hinges (Figure 7b). The short limbs of the asymmetric folds are attenu-
ated, sheared-off, and displaced. Initial horizontal orientation of the F1

folds is considered parallel or sub-parallel to the thrust plane (Figure 5a,b).

F1 folds reoriented during the folding of the thrust plane (Figure 5b).
Therefore, from the present disposition of the F1 folds, these are inter-
preted to be Himalayan. Here, we interpret that the reorientation of the
F1 folds is due to folding and synchronous ductile left shear along the
thrust zone, which have also affected the early folds in the immediate
hangingwall of the thrust zone (Figure 5b). The F1 folds are superposed by
close F2 folds in quartzite documented only at ~1 km north of the Dirang
Thrust Zone at Munna Camp (Figure 7b). These close folds are reclined
type and axis plunge around 64-67° to NW, WNW, or SE, or ESE direc-
tions (Figure 7c). The axial plane schistosity of F2 folds dip steeply to NE
direction. The near parallelism of the F1 and F2 hinge lines are noted
(Figure 7a-c). The open asymmetric folds at ~6 km NW from Munna
Camp display a progressive decrease in the deformation in response to a
~N-S compression. The asymmetries of the open folds in inter-layered
quartzite and phyllite is towards NNE and the hinge line of the folds
plunges at a low angle (20-30°) to NNE or northerly direction (Figure 7d).

423 | Thrust parallel shear at DT zone

At Munna camp, ~ 60 m thick mylonitic zone in metapelites differenti-
ates it from the Bomdila gneisses in the south. The mylonitic inter-
layered metapelites and metapsamites display a top-to-SW sense of
shear (Figure 8). The lithologic layers (So) are deflected by shear

FIGURE 9 Garnet inclusion trail
geometry in DT sheet: Spiral shaped
inclusion trails in the core of the garnet
porphyroblasts. (a,b) Top-to-NE rotation
of the inclusion trails in the higher
structural level (1 km north of Munna
camp) the inclusion trails are composed of
quartz, muscovite, biotite, epidote and
plagioclase and the garnets are snowball
shaped. (c) This garnet grain is not used
for shear sense determination. (d-f) Top-
to-SW rotation of the inclusion trails in
the lower structural level in the immediate
north (~500 m) of DT zone of Munna
camp. All photographs in x4
magnification. (a,b) In CPL and (c-f) in
PPL. Bt, biotite; Feld, K-feldspar; Mus,
muscovite; Qtz, quartz; Se, external
foliation; Si, internal foliation; St,
staurolite (detail in Section 4.2.4)
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TABLE 2

(a)

(a) Geometrical measurements of the garnet
porphyroblast from higher structural level of DF (total garnet
analysed = 28. Sense of rotation: Top-to-NE). (b) Variation in the
values of , f and R

Sl no a (in degree) B (in degree) R (unitless)
1 205 92 1.37
2 180 90 1
3 196 100 146
4 182 92 1.12
5 204 95 1.28
6 200 90 1.2
7 190 98 11
8 188 102 1.05
9 202 90 1.36
10 182 91 11
11 194 104 1.48
12 180 93 1.14
13 206 96 1.3
14 198 92 1.26
15 186 104 1.08
16 184 94 1.12
17 188 104 1.04
18 201 91 1.34
19 192 96 1.08
20 191 95 1.07
21 203 91 1.31
22 199 93 11
23 200 92 1.11
24 187 101 1.02
25 185 93 1.09
26 189 96 1.09
27 138 46 145
28 226 96 1.26
(b)
a variation p variation R variation
Range Range Range
Number of (in Number of (in Number of (in

observation degree)

N B O O O O

24
1

0-30
30-60
60-90

90-120
120-150
150-180
180-210
210-240

observation degree)

0
1
3
24

o O O o

0-30
30-60
60-90

90-120
120-150
150-180
180-210
210-240

Note: See text for details in Section 4.2.4.

observation degree)

19

O O O O O N N

1.0-1.2
1.2-14
1.4-1.6
1.6-1.8
1.8-2.0
2.0-22
22-24
24-2.6

TABLE 3

(a)

WILEY_L#%

(a) Geometrical measurements of the garnet
porphyroblast from lower structural level of DF (total garnet
analysed = 26. Sense of rotation: top-to-SW). (b) Variation in the
values of , f and R

Sl no a (in degree) B (in degree) R (unitless)
1 132 55 2

2 130 42 22

3 176 24 1.75

4 136 48 21

5 140 40 2

6 180 26 1.8

7 135 53 2.32

8 132 45 1.98

9 131 52 21

10 142 54 1.96

11 138 51 2.2

12 172 26 1.78

13 144 42 2.2

14 174 26 1.76

15 178 22 1.72

16 170 28 1.8

17 146 44 1.98

18 168 32 1.78

19 167 33 1.76

20 166 34 1.76

21 178 21 1.71

22 180 25 1.79

23 173 27 1.77

24 110 40 2.35

25 190 24 1.78

26 132 54 1.97

(b)

a variation p variation R variation

Number Range Number Range Number Range
0 0-30 0 0-10 0 1.1-12
0 30-60 1 10-20 0 1.2-14
0 60-90 10 20-30 0 14-1.6
1 90-120 5 30-40 1 1.6-1.8
12 120-150 5 40-50 12 1.8-2.0
12 150-180 6 50-60 12 2.0-2.2
1 180-210 0 60-70 22-24
0 210-240 0 70-80 0 24-2.6

Note: See text for details in Section 4.2.4.

foliation (C) producing S-C structures. The angle between S and C

planes falls from 35 to 28° in the metapelites (Figure 8a). The
(Figure 8b). The

psammites/pelites

display top-to-SW shear
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asymmetric sigmoids in psammites also show the same shear sense.
Interlayered phyllite in psammites displays boudins at 200 m to the
NW of the location of Figure 8a,b. The asymmetry in boudins with
top-to-SW shear is noted (Figure 8c). In quartzitic psammites, quartz
veins are folded with short wavelengths. The initial orientation of the
vein is as shown in the inset (d-1). Figure 8d is an example of a vein
folded due to shear under NE-SW compression.

424 |
of DF

Garnet inclusion trail geometry in the rocks

In a collisional orogen, the regional tectonic strain may often be paral-

lel to the principal directions of the finite strain in the outcrop-scale or

regional orientation of the folds or major shear zones (llg &
Karlstrom, 2000). Thus, the inclusion of trail geometry within
porphyroblasts is a good proxy for studying the history of rock's
deformation, through the interpretation of the fabrics that define
porphyroblast-matrix interrelationships (e.g., Aerden, 1998; Bell, Rub-
enach, & Fleming, 1986). The geometry of the garnet prophyroblast
inclusion trails in the rocks of DF is studied to understand the phe-
nomena of whether the rigid body rotation is in conformity with the
sense of the shear in the ductile Dirang thrust or shear zone.

The pelitic schists of the DF dominantly contain garnet, biotite,
muscovite, and quartz. Garnet in the metapelites is invariably
recorded from the thrust contact of the DF with the BG at Munna
Camp to the higher structural level up to Rama Camp. At the higher

level, kyanite is recorded along with garnet and progressive increase
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in the size of the garnet is noted. The oriented thin-sections from the
DT sheet indicate that the garnet porphyroblasts are snowball-shaped
with spiral inclusion trails composed of quartz, muscovite, biotite, epi-
dote, and plagioclase. The S1 foliations in the rocks are defined by
muscovite and biotite and these foliations are overprinted by perva-
sive S2 foliations (Figure 9). At the higher structural level, chlorite and
ilmenite are also recorded in the inclusion trails along with muscovite,
biotite, and epidote (Goswami et al., 2009). Therefore, rocks in the
hangingwall of DT offers an ideal setting for correlating deformation
history and microstructures.

The inclusion trails in garnet porphyroblasts are spiral-shaped in
the core whereas the rims are inclusion-free. The porphyroblasts are
wrapped by S2 foliations and quartz grains in the pressure shadow
zones are noted (Figure 9). This suggests syntectonic growth of the
porphyroblasts during D1 deformation and the porphyroblasts show
top-to-NE shear in the higher structural level in the north DT (~5 km)

zone. In a few cases, garnet porphyroblasts (Figure 9¢) are not consid-
ered for shear sense since those have non-conclusive patterns of
inclusions. The subsequent anticlockwise rotation of the porphy-
roblasts is interpreted to be pre-tectonic to the development of
pervasive S2 foliations (Bhattacharyya and Nandy, 2007) and this is
recorded in the lower structural level (~200 m north from DT zone).
The rotation of the inclusion trail (Si) in the garnets in the metapelites
in these two structural horizons in the hangingwall of Dirang Thrust is
illustrated in Figure 9a-e.

Geometrical measurements (Tables 2 and 3) of the porphyroblasts
in the pelitic schists in the DT sheet in the lower (Table 2) and higher
(Table 3) structural levels are carried out as per Trouw, Tavares, and
Robyr (2008). The inclusion trail curvature angle (a) is the angle
between the tangent of the inclusion trail in the porphyroblast centre
and average matrix foliation (S2); aspect ratio (R) is the ratio between

longest and shortest dimension (AB and CD in Figure 10) of the
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FIGURE 11 (a) The location of the
major Indian basement ridges, major
graben systems and traces of the major
lineaments in the western and central
Himalaya are shown (modified from
Figure 8, Godin & Harris, 2014). The
major orogen transverse basement
lineaments are shown as red dashed lines
which connect the underplated Indian
faults with upper crustal graben faults on
the overlying crust in the north of the
MFT. (b) Map of eastern Himalaya
showing major cross-stirke faults
(Kanchenjunga, Tista, Gangtok, Dhubri,
Kopili, and Bomdila). Seismicity mainly
associated with Kopili and Bomdila faults,
plotted from Sharma et al. (2018) for
188 FMS and shown through green, blue,
and red circles. The magnitude and year
of major earthquakes showing strike-slip
focal mechanism presented for Tista,

Gangtok, Kopili, and Bomdila faults along
with references
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crystal and ‘p’ is the angle between longest dimension of the crystal
and average matrix foliation (52) (Figure 10a,e).

The measured values of a, §, and R for 28 garnets in the higher
structural level (Table 2) in the DT sheet and 26 garnets in the lower
structural level (DT zone) (Table 3) are shown in Figure 10a-h. In the
higher structural level, the inclusion trail curvature angle of garnet
porphyroblasts (@) clusters around 200°, and $ values do so at ~90°.
The values of aspect ratio (R) are ~1 (1.0-1.48) (circular grains 52%).
This indicates that the garnet porphyroblasts developed almost up to
the spherical shape. In the lower structural level near the DT zone, a
values range between 110 to 190° and g values cluster within the O-
90°. The aspect ratio (R) values range from 1.71 and 2.35. The
R values of these garnets indicate that these are less spherical and
poorly developed. Further, the $ value clustering ~90° indicates a long
axis and the growth of the porphyroblasts is orthogonal to average
matrix foliation and R-value approaches to 1-which is observed in the
upper structural level.

The inclusion trails in the garnet grains from quartz-mica schists
at Dirang shows top-to-NE shear and this reverses to top-to-SW in
the sheared metapelites at Munna camp. The top-to-SW shear senses
are recorded both from the Seppar and Munna camps in the MCT and
DT zones (Figure 2).

MCT zone defines the high-strain zones of ductile deformation,
along which the Tertiary metamorphic rocks of the HHC place over
the low-grade LHC rocks. Further, the MCT zone marks the base of

the inverted metamorphic sequence (Martin, 2016). DT zone signifies

the ductile deformation at the base of the Dirang Formation. Along
DT zone, the LHC of the Dirang Formation places over the Bomdila
Gneisses. The Bomdila Gneisses represent the lower unit of the LHC
(Table 1).

5 | SEISMOTECTONICS

Along-strike variation of seismicity in the western and central
Himalaya due to the buried Indian basement ridges and major linea-
ments (discussed in Section 1) are shown in Figure 11a. In the eastern
Himalaya, the Bomdila Fault is 400 km long and extends in a WNW
direction from the belt of schuppen to the MCT zone in the HHC,
Arunachal Pradesh. In the Bomdila Fault zone, large concentrations of
the earthquake takes place in the depth of 50 = 2 km and the fault is
very active in its northern part (Sharma et al., 2018). The Bomdila
Fault zone is marked by the ductile fabrics in the mylonitic Bomdila
Gneisses with top-to-SSE shear. The focal mechanism solution of the
earthquake events characterize the Bomdila Fault to be strike-slip.
The inference of its strike-slip nature is further supplemented by grav-
ity, magnetic, and neotectonic evidences (Sharma et al., 2018), Stress
inversion results indicate a near N-S compressional stress (¢4) and an
E-W extensional stress (o3) for the formation of the Kopili-Bomdila
fault system. The magnitude of 54 is dominant within ~0-30 km depth
(Baruah & Kayal, 2013). Figure 2c presents the direction of the mini-

mum compression axis (Verma, 1985).

TABLE 4 Generalized stratigraphic succession in the north bank of Brahmaputra River (after Bharali et al., 1999)

Age Group Formation

Recent and Alluvial and high-level
Pleistocene terraces

Pliocene Dihing Dhekiajuli Beds

Unconformity

Mio-Pliocene Dupitila Namsang Beds
Unconformity
Mio-Pliocene Tipam Girujan Clay
Tipam Sandstone
Unconformity
Oligocene Barail Barail argillaceous and
arenaceous
Unconformity
Eocene/Upper Jaintia Kopili
Palaeocene
Sylhet Limestone
Precambrian Basement Basement
complex

Description

Unconsolidated to semi-consolidated
sandstone with minor silt stone bands

Sandstone with siltstone beds

Sandstone with interbeds of clay and
occasional carbonaceous matter

Mottled clay with sandstone

Sandstone with interbeds of silty clay and
occasional presence of coal in the lower part

Alternation of argillaceous shale and coal bands
with subordinate sandstone with minor shale
bands

Shale, Siltstone, claystone, alternations of
carbonaceous shale and calcareous
sandstone

Fossiliferous limestone, streaks with shale and
sandstone

Granite/granitic gneisses

Thickness in m

800-1,200

800-1,000

400-1,000

0-100 (absent in Bihpuria
Well-A)

400-1,800

0-4 but absent in
Bihpuria Well-A

200-280

100-300
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The present study attempts to link the surface deformation fea-
tures in the MCT zone and the deformation in the Indian basement
with the seismicity in the region. It is significant to note that earth-
quakes with >40 km focal depth are associated with underthrusting of
the deformed Indian basement in the eastern Himalaya (Paul, Mitra,
Bhattacharya, & Suresh, 2017; Sharma et al., 2018).

Field of the MCT zone

orthogneisses with leucogranite sills filling cracks and fissures) in the

signatures (high-grade  rocks,
Himalaya indicate ductile deformation exhumed rocks from below the
brittle-ductile transition zone (at depths of 15-18km) (Searle,
Avouac, Elliot, & Dyck, 2017). There are records of great earthquakes
in the Himalaya without any significant signatures of surface slip
through brittle thrusting south to MCT (Searle et al., 2017 and refer-
ences therein).

Figure 11b presents the focal mechanism solution of earthquakes
along the Kopili and the Bomdila faults (modified from Sharma
et al., 2018). Out of the 40 focal solutions along the Kopili Fault,
23 show strike-slip movement (green circles). Out of the 12 events
associated with the Bomdila Fault, nine- show strike-slip faulting (red
circles) during 1984-2015 (Sharma et al., 2018). The NW part of the
Bomdila Fault is more seismic than its SE portion.

Further, the earthquake database (ISC and USGS) of 1285 seismic
events for the last 30 years (1990-2020) with Mw 4.0-6.6 with 4-

FIGURE 12 The Gondwana basins of 1 -

200 km focal depth was used to prepare the epicentral location map
(Figure S1).

In the eastern Himalaya, the orogen perpendicular structures are
projections from transverse faults in the underthrust Indian basement.
These faults (Kanchenjunga, Tista, Gangtok, Goalpara, Kopili, and
Bomdila) create active seismic segments (Dasgupta et al., 2013; De &
Kayal, 2004; Kayal et al., 2010; Sharma et al., 2018). The stress build-
up in the region is also due to the movement along the cross-strike
Dudhnai Fault (Hossain, Khan, Abdullah, & Mukherjee, 2021). The
NNE and NNW-trending basement faults like the Monghyr-Saharsa
Fault or the Malda-Kishanganj Fault continue beneath the Himalaya
northward and are manifested as NNE-trending Kanchenjunga linea-
ment or the NNW-trending Tista lineament in the Sikkim Himalaya
(Dasgupta et al., 2013). Strike-slip motion along the Tista Lineament
caused two major earthquakes in 2007 and 2011 with focal depths of
~42 and ~51km, respectively (Dasgupta et al, 2013). Baruah and
Kayal (2013) found that out of 516 focal mechanism solutions for
earthquakes in the eastern Himalaya, from 1974 to 2011, 234 show
strike-slip focal mechanism. The depth range for these earthquakes is
5-150 km and the magnitude range is 2.5-8.6.

The 2011 Sikkim earthquake (Mw 6.9; focal depth 50 km) is asso-
ciated with a vertical fault with dextral slip and the displacement is

either along Tista or along Kanchenjunga Fault (Baruah et al., 2016;
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India and hydrocarbon prospect (modified g,

from Biswas, 1999; Mukhopadhyay,
Mukhopadhyay, Roychowdhury, &

Parui, 2010): (1) Bengal basin—Banerijee,
Marak, and Biswas (2013); Phaye et al.
(2013); Dwivedi (2016) (perspective with
hydrocarbon shows (gas), (2) Krishna-
Godavari Basin—Khan et al. (2000);
Biswas et al (2003); Dwivedi (2016)
(proven petroliferous basin), (3) Pranhita- o
Godavari-poorly explored—Dwivedi '_j‘f“"”"“ﬁ SOl
(2016), (4) Dhansiri valley-Assam-shows

hydrocarbon (liquid and gas): Both lower L ¥

and upper Gondwana—Das et al. (2004), / i,
(5) Cauvery Basin-proven petroliferous
basin (oil and gas)—Dwivedi (2016), (6)
Damodar and Son valley-coal bed
methane—Singh, (2010); Dwivedi (2016),
(7) Kutch-Saurashtra Basin-proven
petroliferous basin (gas)—Chatterjee et al. |
(2020), (8) Karanpura coalfield, Jharkhand- '|
hydrocarbon generation potential (oil and |
gas)—Singh & Jha (2018), (9) Rajmahal
Basin: Indication of hydrocarbon
generation in coal deposits—Singh &
Singh (1994), (10) Auranga Basin:
Hydrocarbon generation potential from
Barakar Formation: Verma et al. (2018),
(11) Cambay Basin-proven petroliferous
basin—Dwivedi (2016). (12) Palar Basin-
proven petroliferous basin—Biswas (2012)

_ sediment filled Bundelkhand Craton
. Cambay Graben

. ~30°N

Extrape]linsxllm Gondwanms
i Vi
-~

INDIA -

Tertiary . |
,l:iiglgf:m,g:\iﬁjf"?,

__Rajmuhal .
" provinee

Singhbhum 1.
“Craton

Athgarh

=20°N

Godavari- .
Krishna —7 ﬂ
Trough /
Palar —% ‘ Chennai
Trough =]

Cauvery
Trough

I:"-.\_ | \___{.' (3 400km

—10°N

85U8017 SUOWILWIOD BAEa.D 3|qeot(dde au Aq peuenob afe sajoie VO ‘8sn Jo sejn. Joj Ariq1aulUO A3 UO (SUONIPUOD-PL-SLLBY/LI0D A3 1M Aleq Ul JUo//:SdNY) SUOnIpUOD pue swe 1 ay) &8s *[£20z/c0/02] uo Ariqiauluo Ae|im ‘ABojouyse L JO emnnsu| Ueipul Aq 4TSt 6/200T 0T/I0p/wWo A8 | ImAleIq Ul UO//SANY Wouy pepeojumod ‘2T ‘2202 ‘YE0T660T



% | WILEY

GOSWAMI ET AL

Pradhan et al., 2013; Rajendran, Rajendran, Thulasiraman, Andrews, &
Sherpa, 2011; Ravi Kumar, Hazarika, Prasad, Singh, & Saha, 2012).
The NNE-trending and steeply west-dipping Gish transverse fault is
the northern extension of the Malda-Kishanganj Fault. The seismic
evidences suggest that the fault is continuing beneath the Himalaya
between the Dharan salient and the Gurubathan recess in Sikkim and
is highly seismogenic (De & Kayal, 2004).

Major shear component associated with MCT and DT zones
documented in the field (top-to-SW) indicates an NNW-directed com-
pression (Figure 2c). The direction of compression is in conformity
with the tectonic stress in the present area deduced from stress ten-
sor inversion (Baruah & Kayal, 2013). However, there are variations in
the compression directions in NE India (indicating heterogeneous
zones of transpression and transtension) as the Indian Plate sub-
ducted obliquely below the Burmese Plate (Baruah & Kayal, 2013).
Because the region is tectonically complex, care must be taken in
linking seismicity to different thrusts or strike-slip faults. Along the
Bomdila Fault, the heterogeneity of the basement topography may
reflect rotation of stress at sub-crustal depth below the brittle-ductile
transition (~15km, Fossen, 2016). It is possible that the plane of

detachment or MHT is intersected by Bomdila Fault in the form of a

|

lateral ramp dipping steeply to NE. This is inferred from the top-to-
SSE shear in the Bomdila mylonitic gneiss where the shear planes dip
steeply towards NE. Further, the intersection between the Bomdila
Fault and the Himalayan Frontal Thrust (HFT) and the MBT may be
studied keeping in mind the vulnerability of HFT and MBT in other
parts of the Himalaya (Mukhopadhyay, Riguzzi, Mullick, &
Sengupta, 2020).

6 | HYDROCARBON POTENTIAL OF
GONDWANA SEDIMENTS

Table 4 presents a generalized stratigraphic succession of the north
bank of the Brahmaputra River (Bharali, Gohain, & Sastri, 1999). The
extra-peninsular Gondwana rocks occur in a linear belt extending
along the MBT from Sikkim and Bhutan in the west up to the
Pashighat of Arunachal Pradesh in the east (Figures 12 and 13). Along
the Kameng River section, the Gondwana sediments cover a total area
of ~690km? and are divided into Bichom and Bhareli formations. The
Bichom Formation consists of dark grey shale, clay shale, calcareous

sandstone and diamictites indicating a marine facies. The Bhareli
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FIGURE 13 Gondwana Group of rocks in Arunachal Himalaya from Bhutan-Arunachal border in the west to Pashighat in the east (modified
from Srinivasan, 2003). Geological survey of India started the mapping of the Gondwana outcrop in Arunachal Himalaya in the early 50s. We have
given an account of the publications of the Gondwanas of Arunachal Himalaya. It is significant that a few workers analysed the Gondwana rocks
for its hydrocarbon potential. The Gondwana mapping was mainly carried out in the four corridors (a: Kameng, b: Subansiri-Ranganadi, c: West
Siang, and d: East and lower Siang). Majority of the publications cover two-three corridors for studies mainly in regard to palynostratigraphy,
geochemistry and field disposition of rocks. Accordingly the publications are shown through four ellipses: (a): (1) Bhuyan et al. (2007), (2) Dutta
(1980), (3) Dutta and Singh (1980), (4) Dutta, Srivastava, and Gogoi (1988), (5) Kumar (1997), (6) Acharya, Ghosh, Ghosh, and Shah (1975),

(7) Acharyya (1983), (8) Ramachandran and Mallick (1976), (9) La touché (1885), (10) Singh (1983), (11) Verma and Tandon (1976), (12) Tiwari and
Srivastava (2000), (13) Bhusan (1999), (14) Acharya et al. (1975), (15) Jain and Das (1973), (16) Sahini and Srivastava (1956), (17) Singh (1987),
(18) Sinha and Mishra (1984). (b): (19) Laskar (1956), (20) Singh (1973), (21) Singh and Mathur (1982), (22) Diener (1905), (23) Tripathi and Roy
Chowdhury (1983), (24) Laul, Mishra, and Shrivastava (1988), (25) Dutta, Gill, and Srinivasan (1983), (26) Acharyya et al. (1975), (27) Laskar (1954).
(c) (28) Nayak et al. (2009), (29) Prakash et al. (1988), (30) Singh (2013), (31) Mahanta et al. (2017), (32) Mahanta et al. (2019), (33) Mahanta et al.
(2020), (34) Mahanta et al. (2021), (35) Goswami et al. (2013) (36) Goswami, Baruah, et al. (2020), (37) GSI (2010), (38) Srivastava and
Bhattacharya (1996), (39) Roy Chowdhury (1978), (d) (40) Jayprakash and Patel (1991), (41) Singh (1975), (42) Singh (1979), (43) Singh and Singh
(1983), (44) Prasad, Dey, Gogoi, and Maithani (1989), (45) Sinha, Satsangi, and Mishra (1986), (46) Jayprakash et al. (1990), (47) Laskar (1954),

(48) Laul, Khan, and Sinha (1986), (49) Roychowdhury and Sinha (1983), (50) Sinha and Mathur (1977)
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Formation consists of alternating sequence of carbonaceous shale,
coal, silt stone, and sandstone in the lower part which indicates a con-
tinental facies (Figure 14). These sediments occur as thrust slices/
caught up materials in folds—between the Lesser Himalayan Bomdila
Group of rocks in the north and Sub-Himalayan Siwalik Group in the
south (Goswami et al., 2013; Goswami, Baruah, Mahanta, Kalita, &
Borah, 2020). Parts of the Permian Gondwana rocks might stay
concealed beneath the orogenic belts along the periphery of the
(Nayak et al., 2004,
Mukhopadhyay, 1977). Gondwana sediments in the Dhansiri valley

upper Assam  shelf Verma &
SW of Bomdila Fault are encountered at different locations
(Figure 1b). These sediments can be subdivided in to Lower Gond-
wana (Early Permian) consisting of predominantly sandstone with
shale intercalations deposited in marine to fluvial set-up and Upper
Gondwana (Early Cretaceous) composed of alternating sandstone and
carbonaceous/coaly shale accumulated under shallow marine to flu-
vial conditions (Das, Sarma, & Ayyadurai, 2004).

Gondwanas of Arunachal Himalaya have been mapped by the
Geological Survey of India in the early 50s. Since then, palynology,
palynostratigraphy of the Gondwana sediments, and geochemistry of
the Gondwana coals have been a major subject of study (Figure 13).
However, detailed information on the (structural) geology of the
Gondwana rocks in the eastern Himalaya has so far been scanty. This
is revealed by the lack of mention of Arunachal Himalaya in any of the
categories of basins as presented in the recent literatures
(e.g., Biswas, 2012; Dwivedi, 2016 & Peters, Mahanti, & Singh, 2005).
Bhandari (1983) categorized basins with the Gondwana rocks in India
as the Category IV basin. Categoy IV basins are the ones which are
‘either poorly explored or having inadequate geological information or

FIGURE 14 The Gondwana
sequence in the footwall of Bome thrust
in the Kameng River section, western
Arunachal Himalaya (see Figure 2).

(a) Sandstone, carbonaceous shale, and
coal in the lower Gondwana Bhareli
Formation, ~1 km east of the Pinjoli Nala
and the highway crossing. (b) Coal beds
within hard massive lower Gondwana
sandstone ~2 km east of Pinjoli Nala. (c)
Shear related folding in the lower
Gondwana Bichom Formation near Sessa
~2 km north of Pinjoli. (d) The thrust
contact of the rocks of the Bhareli
Formation show fault gouge and
carbonaceous shale (top right). The
location is ~7.5 km from Pinjoli Nala.
Maushumi Gogoi ~195 cm height
standing, as a marker

are rated poor based on present concepts and knowledge of petro-
leum geology but considered prospective by analogy as compared to
the similar basins in the world with proven prospects’ (Biswas, 2012).
Potter, Franca, Spence, and Caputo's (1995) global review on hydro-
carbon prospect of Gondwana rocks, there is no mention of India.
Dwivedi (2016) however referred Lesser Himalaya as a suitable loca-
tion for further studies. In fact, Lesser Himalaya has been targeted for
several isolated studies in the western Himalaya (Krol, Tal and Blaini
formations of the Garhwal Inner Lesser Himalaya) (review in Bose &
Mukherjee, 2020).

The Indian oil companies have been attempting basins with ‘poor
potential and high risk’ (Bhoj, 2008). In that context the Gondwana
rocks in the Arunachal Himalaya can be targeted for further studies,
noting that the Gondwana rocks in India (Biswas, 2012;
Dwivedi, 2016; review in Figure 12) and elsewhere (Potter
et al., 1995) have been proved to be prospective for H-C exploration
over the last two decades. Only Bhuyan, Rashidi, and Borah (2007)
studied organic geochemistry and source rock potential of the Gond-
wana rocks in Arunachal Pradesh. They found that the rock has a good
potential of having hydrocarbon in a gaseous form. Pahari, Singh,
Prasad, Singh, and Bhandari (2008) expected oil shale from Gondwana
sediments (gritty sandstones, carbonaceous shale, and coal lenticles)
in Arunachal Pradesh (and also in Assam, Naganad and Manipur).
Indian Gondwana rocks have a good potential for coal bed methane
exploration (Dutt, 2008). The Permian and the Early Cretaceous
Gondwana sediments in the transverse grabens formed in the Indian
basement show good hydrocarbon indications in the Dhanisiri valley
of Upper Assam shelf (SW of Bomdila Fault—Figure 1b) (Bhoktiary,
Borah, Mathew, & Phukan, 2017; Mishra, Bhoktiari, Rahman, &

Carbonaceous shale
o

Fault gouge
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Rahaman, 2016; Naik, 2001; Naik, Kumar, & Soren, 2004). These sedi-
ments above the basement can act as independent petroleum system
below the Tertiary sediments of the Upper Assam valley.

Detail textural studies of the Gondwana rocks in Arunachal Pradesh
indicated that the sediments were deposited in a marine condition,
where transgression and regression persisted (Bhuyan &
Borgohain, 2013; Mahanta, Sarmah, & Goswami, 2019). In other works,
swampy-marginal environment (Prakash, Singh, & Srivastava, 1988), a
passive margin tectonic setting (Mahanta, Syngai, Sarmah, Goswami, &
Kumar, 2020), a lagoonal environment (Mahanta et al., 2021) have been
deciphered for the Gondwana rocks in the Arunachal Himalaya. These
environments of deposition are promising in terms of the presence of a
hydrocarbon reservoir. The-concealed Gondwana rocks in the down-
faulted basement of the upper Assam shelf as well as the under-thrust
basement beneath the orogenic belt (the Himalaya and the Naga
orogen), are presumed to be the ‘source kitchen’ under deeper burial
condition and generated hydrocarbon, which have migrated and
redistributed in the suitable structures developed in the Upper Assam
foreland basin owing to thrust loading during the post-Oligocene
(Naik, 2001; Naik et al., 2004). Otherwise it is difficult to explain the
source rock for the petroleum system in the Upper Assam foreland basin
as the existing source rocks, namely, Sylhet limestone, Kopili shale, Barail
coal-shale litho units might be immature as evidenced by the reported
low vitrinite reflectance value of 0.5%, low TTI value (0.56-343.3) and
low transformation ratio of 0.28 (Naik, 2001; Naik et al., 2004). There-
fore, only the deepest part of the basin locally may form oil window zone
with high reflectance values, TTI and transformation ratio as mentioned
above. It may be suggested that a critical analysis is further required to
study the Gondwana sediments on the backdrop of the tectonic setup of
north-east India.

Gondwana sediments in the Dhansiri valley show good hydro-
carbon indications which can act as an independent petroleum sys-
tem where source, reservoir, cap, and entrapment exists in deeper
part of the grabens in the basement. The sediments exhibit migra-
tory bitumen with TAIl value 2.5 and P.l. 0.41 (Nayak, Singh,
Upadhyay, & Bhattacharyya, 2009). Moreover, the TOC ranges from
0.58 to 0.73 and the hydrogen Index ranges from 8 to 95 (Nayak
et al., 2009).

Considering a long-distance under-thrusting of the Permian and
Tertiary strata below the Bome and the MBT-Lr, we have prepared a
structural section a CD line (Figures 1b and 15—maodified from DeCelles
et al,, 2016; Yin et al., 2010b). The steepening of the detachment at the
top of the footwall ramp is not considered. Along the section, the Gond-
wana sequence may extend to the north of the Bihpuria Oil Well in the
north bank of the Brahmaputra (Kumar & Borgohain, 2005).

Narayanan (2005) emphasized the role of field-based studies in
discovering oil in the present time where geophysical techniques are
dominating the field. In this article with field data from the Gondwana
rocks, we suggest that these Gondwana sediments can be explored in
the underthrust basement below the Himalaya due to their deeper
burial during thrust loading. Further, these sediments may be explored
in the down-faulted basement in the east of Bomdila Fault beneath
the orogenic belts.

In the upper Assam shelf the sediment thickness is low (~5 km) and
the velocity variation pattern of the seismic waves matches with the
depth trend of the basement (Mandal, Chakraborty, & Dasgupta, 2011).
We interpret that in the south of the Bomdila Fault, the Gondwana
beds in the MBT footwall remain flat without further deformation and
are to be investigated further for hydrocarbon potential.

7 | DISCUSSION

Structural analysis of the LHS and HHC across DT and MCT zones
reveals significant imprints of deformation. Ductile shear fabrics in the
thrust zones depict a top-to-SW shear. Abrupt swing in the trace of the
MCT from NE to NNW created a salient in the MCT. Further, the
NNW-trending segment of the salient is parallel to the top-to-SSE
shear in the mylonitic Bomdila Gneiss. The salient in the MCT may be
due to the WNW-trending Bomdila Fault. This is because the MCT
salient in Sikkim and Bhutan are interpreted to be due to the northern
extension of the basement faults like Tista and Kopili faults (e.g.,
Acharyya, 1971; Mitra et al., 2010). Both Kopili and Bomdila Faults are
transverse basement faults extending from the belt of Schuppen to
MCT in Himalaya. Both the Kopili and Bomdila faults are highly
seismogenic. On this backdrop, a detail structural analysis of the
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FIGURE 16 Configuration of the upper Assam Shelf in the east of Bomdila Fault. (a) The map shows the position of oil fields in upper Assam
(modified from Desikachar, 1984). (b) The faulted basement east of Bomdila Fault. The older sediments consist of Gondwanas in faulted troughs
and marine Cretaceous sediments. The overlying sediments consist of complete Tertiary and younger sediments (Desikachar, 1984)

mesoscopic field structures was carried out to constrain the correlation
of the outcrop-scale structures to the regional structural framework.

In the internal domain of the orogen, the concentration of shear
strain is manifested by ductile shear zones and mylonitic structures
(Mukherjee, 2013; Wojtal & Mitra, 1988). In the MCT ductile shear
zone at Seppar we have noticed the tightening of the folds with top-to-
SW shear (Figure 6d). The late shear is indicated by the tightening of
the folds in the direction of shear (Figure 6d) (Mukherjee et al., 2015).
The orogen transverse close to tight Fland F2 folds plunge moderate
to steeply to the NW or SE direction in the lower structural horizon of
DT (400 m north of the Munna camp). These folds have a vergence
towards SW (Figure 7b,c). The NE to SW directed orogen-parallel shear
may be synchronous or overprinted the D2 ductile deformation along
the thrust zones of MCT and DT. Orientation of the minor structures in
MCT and DT zones indicates their progressive reorientation parallel to
the map-scale faults (MCT and DT).

We may also interpret that MCT and DT moved synchronously if
the MCT hanging wall never separated from the footwall and the
northern Indian craton (Martin, 2016). The coeval ductile shear in the
MCT and DT zone thus indicate a thrust-parallel top-to-SW shear and
all evidences point towards ductile shear during the D2 phase of
deformation. The synchronous ductile shear in the MCT and DT zones
thus indicate a thrust parallel top-to-SW shear. The pervasive ductile
shearing during D2 phase of deformation is also imprinted in the
northern part of Bomdila gneisses as top-to-SE shear (Bikramaditya
et al., 2017). The footwall ramp interpreted across the LHS is
observed to be roughly parallel to the seismogenic Bomdila Fault
(DeCelles et al., 2016) (Figures 1b and 2d).

The Bomdila Fault, in its ESE extension to the Belt of Schuppen,
separates the Mikir Massif from the Upper Assam Shelf. The fault dips
steeply to the NE direction and the down thrown basement in the
Upper Assam Shelf is shown in Figure 16ab (modified from
Desikachar, 1984). Thus, the Precambrian basement rocks exposed in
the Shillong-Mikir (Karbi-Anglong) Massif constitute the-floor of the
Upper Assam Basin over which the sedimentary pile belonging to the

Gondwana Group and Upper Cretaceous-Tertiary Period were accumu-
lated with variable thickness. Significantly, ~ 94°E longitude, gravity con-
tours of —80 to —180m Gals take a sharp southward turn along the
main edge of the Karbi-Anglong Massif with steep gradient (Figure 17a).

The Gondwana sediments deposited in the transverse grabens in
the down-faulted basement of the upper Assam Shelf may be the
source rock for the hydrocarbon under deeper burial conditions. The
formation of the rifts in the Indian craton and sedimentation in the
graben might have taken place during the break-up and northward
drift of the Indian Plate during Jurassic-Early Cretaceous Period
(Biswas, 1999). These sediments in the southwest of upper Assam
Shelf, interpreted as syn-rift-fill from the seismic data, show good
indication for hydrocarbon generation. These 38-389 m thick sedi-
ments are overlain by 34-74 m thick basaltic trap-rocks (Bhoktiary
et al., 2017). The sediments experienced post-Gondwana uplift along
with the Mikir Massif. Towards north and south-east, the sediments
deformed presumably beneath the adjoining Himalayan and the Naga
orogenic belts (Bhoktiary et al., 2017).

In the northern part of the Upper Assam valley, the basement
slopes down to the Himalayan foothills with a gravity low around
North Lakhimpur (27°14'N:94°06’E), where the basement lies at
5.5 km with thick cover sediments. It may be speculated that parallel
to the Bomdila Fault, the down-throw of the basement is inhomoge-
neous across the Brahamputra fracture. In the Mishmi Hills part, the
basement goes deeper towards northeast with thick pile of Tertiary
sediments along with the Mesozoic and Gondwana rocks (Verma &
Mukhopadhyay, 1977). The continuation of the Bomdila Fault under
the Himalayan orogen is visualized as in Figure 17b.

The geologic cross-sections along the Bhalukpong-Zimithang tra-
verse show possibilities for a north-dipping ramp in the MHT (Yin
et al., 2010b). Significantly, the Early-Middle Miocene deformation in
HHC is entirely ductile, whereas that in the LHS in Late Miocene-
Pliocene is generally brittle, which involves the foreland—propagation
of the upper crustal rocks (Searle et al., 2017). It is noteworthy that
below the depth of the brittle—ductile transition zone (~15km) the
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FIGURE 17 (a) Bouger gravity anomaly in the east of Mikir Massif and Bomdila Fault (modified from Nandy, 2001). Gravity anomaly contour
(—260 mGal) in the north showing North Lakhimpur low. (b) Cartoon showing Bomdila Fault in the Indian basement under the Himalayan orogen.

The recess in the MCT and DT shown prominently in the north

change in the stress is reflected through the heterogeneity of the
basement topography. It is possible that the plane of detachment
(MHT) is intersected by the Bomdila Fault in the form of a lateral ramp
dipping very steeply to the NE direction. As the deeper (>~20km)
motions were accommodated by ductile shear, any earthquake that
originated near the 20 km zone can propagate through 15-20 km of
the crust through brittle foreland propagating thrusting (Searle
et al., 2017). From this perspective, the cluster of earthquakes in the
NW of Bomdila Fault needs a detailed study regarding the major
earthquake in the region. The compression axis map (Figure 1c) shows
an ongoing ~N-S compression in the area. Therefore, major earth-
quakes can affect the oil-fields in the Brahmaputra valley.

Focal mechanism solutions indicate strike-slip movement in Kopili
and Bomdila faults. It is further observed that the focal depth of the
bulk of the earthquake originated around ~20 km (brittle-ductile tran-
sition zone) and propagates through the brittle foreland vergent
thrusts. Considering this aspect, the frontal shallower thrusts (MFT
and it splays) may become vulnerable and need indepth study as stud-

ied in other segments of Himalaya.

8 | CONCLUSIONS

1. In the western Arunachal Himalaya, the ductile shear fabrics in the
MCT and DT zones depict top-to-SW shear. This shear sense is
parallel to the cusp or salient of the MCT trace seen in the map
scale.

2. Ductile shear fabrics in the mylonitic Bomdila Gneisses depict a
top-to-SE shear, which is parallel to the southern trace of the cusp
in the map scale as well as the orientation of the WNW trending
Bomdila Fault.

3. Garnet inclusion trail geometry in the metapelites of the Dirang

Formation indicates reversal of shear sense towards the DT zone.

This depicts a late or post D2 reactivation of ductile shear and may
be synchronous with the formation of cusp or salient in MCT.

4. The focal mechanism solution of the earthquake events indicates
that the NW of the Bomdila Fault is seismogenic. The fault sepa-
rates the Shillong-Mikir Massif from the Upper Assam Shelf. There
may be number of synthetic faults in the basement with a variable
throw across the Brahmaputra fracture. Surface signatures of the
MCT and DT zone indicate exhumed ductile deformation below
the brittle-ductile transition zone. The present study links the sur-
face deformation due to ductile shear and signatures of under-
thrusting of the deformed Indian basement with the regional
seismicity. Further, the focal depths of the recent earthquake
events in the zone callfor a detailed study of motions originating
near the 20 km zone of ductile deformation, which may propagate
through the upper 15-20km of the crust in the form of brittle
thrusts propagating towards the foreland.

5. The SE or ESE extension of the marine Gondwana sediments in the
transverse grabens in the underthrusted basement may be
explored for hydrocarbon traps. Gondwana sediments of the
Dhansiri valley of south Assam shelf show good hydrocarbon indi-
cations. This study suggests exploration of the hydrocarbon-
bearing marine Gondwana sediments. These sediments underwent
deeper burial during thrust loading beneath the Himalaya. The
study further highlights the exploration for Gondwana sediments
in the down-faulted basement in the east of Bomdila Fault beneath

the Upper Assam Shelf and Naga-Patkai orogen.
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