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Abstract

In the foreland-side of an orogen, thrust-related structures develop that verge towards the foreland (fore-thrusts). Although
much less abundant, structures with opposite vergence (i.e., towards hinterland), named, back-structures, also exist. We
report back-structures (exposure scale back-thrusts and associated folds) from the Darjeeling Sikkim Lesser Himalaya, India.
These structures occur mainly in three Back-Structure Zones (BSZ-A, -B, and C). Back-structures probably originated in the
ductile regime and continued in the brittle domain. Tectonic setting of the study area, such as- critical taper, duplexing, etc.
indicates a good potential for the presence of back-structures in this region. Along with the previous work on back-structures
in collisional orogens, Himalaya in particular, these structures seem to be ubiquitous. The correlation of field observations
with tectonics indicate that mechanisms, e.g., critical taper, sub-surface barriers, and passive roof duplex played roles in

forming back-structures in this part of the Sikkim Lesser Himalaya.

Keywords Collisional orogen - Tectonics - Deformation mechanism - Meso-scale deformation - Brittle shear zone -
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Introduction

The Himalayan mountain chain is formed by continent—con-
tinent collision between the Indian and the Eurasian plates,
~54 Ma back (recent reviews in Hu et al. 2016; Najman
et al. 2017; Webb et al. 2017). Collisional orogens are char-
acterized by compressional fore-thrusts that dip towards the
hinterland and verge towards the foreland-side. Such thrusts
accommodate significant crustal shortening (e.g., Yin 2006
and references there in; Mukherjee 2013a; Bhattacharyya
and Ahmed 2016). But, although less numerous, thrusts
with opposite dip direction, i.e., towards foreland and with
opposite vergence towards the hinterland, also exist and
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are termed as back-thrusts (Fig. 1). Previous workers have
documented back-thrusts from several collisional orogens,
e.g., Zagros (Molinaro et al. 2004), Alps (Platt et al. 1989),
western Pyrenees (Dumont et al. 2015), and the Himalaya
(Mukherjee 2013b; Dutta et al. 2019; Mahato et al. 2019).
Study of back-structures is of great importance in collisional
orogens since (i) those might be related to seismicity (e.g.,
Buttinelli et al. 2016; Zhang et al. 2016; Jayangondaperumal
et al. 2017); (ii) they seem to constitute integral parts of col-
lisional orogens (e.g., Sun et al. 2016; Zelilidis et al. 2016);
and (iii) structural traps for hydrocarbon might consist of
those structures (Butler et al. 2004; Hao et al. 2016). Back-
thrusts have been deciphered mainly from geological field
studies (Carmignani et al. 1994; Thakur et al. 2007; Samimi
and Gholami 2017), cross-section balancing (Erslev 1993)
and seismic studies (Namson and Davis 1988; Li et al. 2016;
Shah and Abdullah 2017). Analogue- and analytical-models
too simulate back-thrusts and back-folds (e.g., Rodgers and
Rizer 1981; Dotare et al. 2016; Li and Mitra 2017).
Back-structures have already been documented in the
Himalaya, from the Siwalik range of Nepal (e.g., Mugnier
et al. 1998), and that of India (Dutta et al. 2019), Lesser
Himalaya in Himachal Pradesh state (India) (Mukhopadhyay
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Fig. 1 Schematic diagrams: a
orientations of fore- and back-
shears in the Himalaya. b, ¢
Shear senses related to fore- and
back- shears, respectively. d, e
Vergence of brittle back-shear
and ductile back-fold, respec-
tively. In this study, both of
them have been clubbed under
the term “back-structure”
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and Mishra 2005), and the Greater Himalayan Crystallines
(or the Higher Himalaya) at the Bhagirathi river sections,
Uttarakhand state (India) (Mukherjee 2013b). Back-folds
present in the hanging wall of the South Tibetan Detach-
ment (STD) of the Nepalese Himalaya, originated prior to
the extensional (normal) slip of the STD (Fig. 2 of Godin
et al. 1999). Hence, although these back-folds occur on the
hanging wall of a normal fault, i.e., the STD, they were
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formed by Himalayan compression. From the Siwalik range
of Himachal Pradesh (NW India), Jayangondaperumal et al.
(2017) report coeval fore- and back-thrusting, but the move-
ment along back-thrust is episodic. Based on AFT dating,
Patel et al. (2015) and Singh and Patel (2017) report back-
thrusting of the North Almora Thrust (Kumaun Uttarakhand
Himalaya) younger than the corresponding fore-thrusts. In
the Kumaun Lesser Himalaya, the North Almora Thrust
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and the nearby Kasun Thrust reactivated as back-thrust dur-
ing rapid exhumation (0.58 mma~') at ~ 14 Ma (Patel et al.
2015; Agarwal et al. 2016; Singh and Patel 2017).

In this context, this study has been conducted to docu-
ment the exposure-scale back-thrusts and to understand their
genesis. Here we use the term “back-structures” to describe
collectively such exposure-scale back-thrusts in ductile and
brittle regimes and associated folds. In meso-scale, the shear
sense of such back-structures can be observed in terms of the
angular relationship between the brittle Y- and the P-planes,
and between the C- and the S-planes in ductile regime (e.g.,
Mukherjee 2013a), deformed quartz veins, etc. In the duc-
tile domain, hinterland verging back-folds can also develop
(Dumont et al. 2015). For example, Avé Lallemant and
Oldow’s (1998) report back folds from the Brooks Range,
Alaska. The prerequisites of back-thrust formation (review
in Xu et al. 2015) are brittle rheology, presence of ramp/
fault bend, strain build-up zones, etc. These criteria match
well with the configuration of the Lesser Himalaya, which
is made up of Proterozoic (meta-) sediments (review by Yin
2006) and being deformed in brittle critical taper mecha-
nism. Here the ongoing Himalayan tectonic compression
results in high strain build-up, which is reflected through
intense duplexing (Srivastava and Mitra 1994; He et al.
2015; Carosi et al. 2016) and frequent seismicity. Hence, the
Lesser Himalaya is a favorable place to host back-structures,
and the Darjeeling—Sikkim Himalaya (DSH) has been cho-
sen in this study.

Geological setting

As its geographic name suggests, the DSH is distributed over
the Darjeeling district (West Bengal state) and Sikkim state
of India, i.e., between the longitudes 88°50'E and 88°47'E. It
is surrounded by the Nepal Himalaya in the west, the Bhutan
Himalaya in the east, the Tibetan Plateau in the north and
the Bengal Basin in the south. Most of the pioneering works,
including the geological mapping of this region, were done
by the Geological Survey of India (e.g., references in Basu
2013).

Framework

Towards north, the major tectonic discontinuities in the
DSH (Fig. 2) are the Main Frontal Thrust (MFT), the Main
Boundary Thrust (MBT = South Kalijhora Thrust: Mukul
2000), the Ramgarh Thrust (RT =North Kalijhora thrust:
Mukul 2000 =Daling Thrust: e.g., Bose et al. 2014), the
Main Central Thrust(s) (MCT/MCTZ/MCT,, MCT, etc.)
and the Sothern Tibetan Detachment (STD). Based on map-
ping, structural and geochronological analyses, Carosi et al.
(2018) plot a Higher Himalayan Discontinuity to be present

between MCT and STD. From field observations, many
workers have demarcated the STD as a back-thrust (e.g.,
Webb et al. 2011; Webb and He 2012). The DSH is a zone
of active tectonics with a minimum ~ 12 mm y~ rate of con-
vergence at present (Mukul 2010). Demarcated by the Main
Boundary Thrust (MBT) at S and the Main Central Thrust
Zone (MCTZ) at N, the Lesser Himalayan (LH) in Sikkim
is exposed as the Teesta half-window (Neogi et al. 1998).

Lithology

The Teesta half-window consists of Daling-, Buxa- and
Gondwana rocks, and the intrusives of Lingste Gneiss. The
LH mainly consists of Palacoproterozoic metapelites viz.,
slates, phyllites, (psammo-pelitic) schists, greywackes, etc.
(Gangopadhyay and Ray 1978). In this half-window, the
Daling Group separates from the underlying Gondwana units
and the Buxa Formation by the Ramgarh Thrust (RT, =North
Kalijhora Thrust: Mukul 2000). RT co-activated with the
MCTZ possibly ~10 Ma back (Mukul 2010) defining a
roof thrust for the Lesser Himalayan duplex (Bhattacharyya
and Mitra 2009; Robinson and Pearson 2013). The Lesser
Himalayan duplex zone shows the highest exhumation rate:
2.6-3.5 mm y~!, as per the numerical modeling by Lan-
dry et al. (2016). The simplified litho-tectonic setting of the
Lesser Himalaya in DSH is (after Parui and Bhattacharyya
2018 and references therein):

L S — Main Central Thrust---------------
Paro Gneiss
(Palaeo Proterozoic)

Lingtse Gneiss
(Palaeo Proterozoic)

Daling Group
(Palaeo Proterozoic)

Towards north

Gondwana Formation
(Permian)

Buxa Formation
(Neo Proterozoic - Early Cambrian)

Deformation history

Three stages of folding have been reported commonly from
the Lesser Himalaya in Sikkim (Supplementary Table 1).
The characteristic features of those phases are: D,- related
to F, folding and S, axial-plane foliation, D,- related to F,
folding and S, crenulations, and Dj;- related to F; folding
and S3 axial-plane crenulations. The axial plane schistosity
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«Fig.2 a Field locations plotted on a geological map of the Darjeel-
ing—Sikkim Himalaya (redrawn after Fig. 2 of Bhattacharyya and
Mitra 2009 and Fig. 1 of Das et al. 2016). Mapping of this terrain
was first done by the Geological Survey of India (e.g., references in
Dasgupta et al. 2000; Basu 2013), and subsequent workers enriched
it. The Tista Lineament: as per Fig. 3 of Mukul et al. (2014). MFT:
Main Frontal Thrust, MBT: Main Boundary Thrust, RT: Ramgarh
Thrust, RW: Rangit window, JT: Jorethang Thrust (after Bose et al.
2014), PT: Pelling Thrust, MCT: Main Central Thrust, DK: Darjeel-
ing Klippe. Location names (red boxes): D: Darjeeling, Di: Dikchu,
G: Gangtok, J: Jorethang, Ks: Kurseong, Ma: Martam, Pe: Pelling,
Ph: Phamthang, R: Rabangla, Ru: Rumtek, S: Sevok, TB: Teesta
Bazaar, Y: Yuksom. The blue boxes indicate Back-Structure Zones-
A, B, C. Numbers (inside hexagons) associated with the earthquake
epicenters represent their corresponding sl. no. as given in Supple-
mentary Table 2. The inset stereonets show back-structure related
attitudes of the Y- and P-planes, obtained in this study. b The duplex
stacking in the Rangit window is to be noted. Reproduced from
Fig. 1c of Parui and Bhattacharyya (2018). Cross-section drawn along
Line-1in a

related to the F, folds dip towards NNE (Gangopadhyay and
Ray 1978), which means that the F, fold verges SSW and is
a fore-fold. Sinha Roy (1973) provides sketches of conjugate
folds/monoclinal warps with vergence towards 310° (~NW)
from the metamorphic rocks of the Kalimpong hills in the
DSH. Bhattacharya (1985) identifies four phases of folding
from the Daling Group. The first two generations are coaxial,
isoclinal, sometimes recumbent and are Precambrian “pre-
Himalayan” events. Independent fieldwork by Ghose (2006)
re-identifies these two generations of folds. Pyne and Gan-
gopadhyay (1976) report two folding phases from the Buxa
Group: F;: minor but sufficiently penetrative tight to open
doubly plunging folds; and F,: local open puckers. Based
on these, the authors, in their Fig. 8, interpret two S verging
synclines with a possible S verging reverse fault plane in
between as the regional structure. Such folds and faults are,
therefore, fore-structures. Prakash and Tewari (2013) also
report three deformation phases based on combined observa-
tions of the Daling schists (Lesser Himalaya) and the Paro
gneisses (Higher Himalaya). Additionally, Bose et al. (2014)
document a fourth phase of folding (F,) that generated the
orogen transverse regional folds. These authors also report
that the regional structures in the DSH have been governed
by the interference of the F; and the F, folds. The RT slipped
the Daling Group and deformed quasi-plastically over the
Gondwana/Buxa Formation in an elastic-frictional regime
(Matin and Mazumdar 2009). From the microstructures of
the garnet porphyroblasts, Saha (2013) predicted that the
Sikkim LH underwent simple shear-dominated followed by
pure shear-dominated deformation.

The MCT (recent review by Martin 2017a) activated
in Sikkim multiply during 22, 14-15, 13 and 12-10 Ma
(Catlos et al. 2004; Mottram et al. 2015), which was previ-
ously known to be grossly 23—10 Ma (Harris et al. 2004).
The MCTZ is active even at present (Harris et al. 2004 and

references therein) as also revealed by recent seismicity
(De and Kayal 2004). The MCTZ, exhumed ~ 12 km (Har-
ris et al. 2004) for 6.9 + 3.7 Ma, underwent 42-73% simple
shear (Ghosh and Bhattacharyya 2015) and also slipped
right-laterally (De and Kayal 2004). The Higher Himalayan
part of the Sikkim extruded through channel flow mecha-
nism till 17-12 Ma and stopped before the LH started
deforming (Searle and Szulc 2005).

Metamorphism

The LH is metamorphosed dominantly to greenschist facies
with chlorite and biotite grades (Dasgupta et al. 2004). Here
the LH rocks gradually grade to MCTZ rocks of higher met-
amorphic grade through an inverted metamorphic sequence,
whereas a structural discontinuity between them is missing
(e.g., Lahiri 1973; Mohan et al. 1989; Dasgupta et al. 2004,
Fig. 1 of Rubatto et al. 2013; Mottram et al. 2014a). The
MCTZ rocks already reached the peak metamorphism prior
to the main slip before 20 Ma (Mukhopadhyay et al. 2017).
Prakash and Tewari (2013) link three phases of Lesser Him-
alayan deformations (D, D,, D;) with the two metamorphic
phases (M, M,) as follows: the regional greenschist facies
prograde (M, early) metamorphism correlate with the D,
deformation. This was followed by a regional-static-upper
greenschist and amphibolite facies metamorphism (M, late)
between the D, and the D, deformations. Finally, a lower-
greenschist M, retrogression happened during the D, and
the D, phases.

Tectonics and seismicity

The MBT and the MCTZ merge at ~10 km depth with
the Main Himalayan Thrust (MHT) dipping very gently
towards N that defines a low-velocity zone (Acton et al.
2011). Thus, the Lesser Himalaya in Sikkim defines a
crustal wedge. Reviewing its geometry and the kinemat-
ics, Mukul (2010) postulate a critical taper condition in
the DSH. Chakraborty et al. (2017) in addition consider
that the channel flow mechanism deformed the DSH. Fault
plane solution and strong motion studies indicate that the
MBT, a seismogenic and almost a mantle-reaching crustal
fault (De and Kayal 2003), has a strike-slip component as
well (Nath et al. 2005). Interestingly, the 6.9-Mw Septem-
ber 18, 2011 Sikkim Nepal seismicity too had a strike-slip
component (Pradhan et al. 2013; Baruah et al. 2016). GPS
studies indicate a ~0.4 mm y~! convergence rate for the
Lesser Himalayan part of the DSH, as manifested by a
flat topography (Mukul 2010). This might also be due to
the fact that, in DSH transverse tectonics plays a key role
in accommodating the India—Eurasia plate convergence
(Hazarika et al. 2010). Out of several transverse features,
the NW/NNW trending Tista Lineament (Fig. 2) passes
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through the study area along which several moderate
earthquakes, landslides and strike-slip movements have
taken place (Chakraborty et al. 2011; Dasgupta et al. 2013;
Pradhan et al. 2013). Strike-slip tectonics has been one
of the major mechanisms, besides fore-shear, for accom-
modating crustal shortening in the DSH (Hazarika et al.
2010). Details of few of the latest earthquakes have been
compiled in Supplementary Table 2 and the corresponding
epicenters are shown in Fig. 2. Review and original works
on field structural geology was recently done around the
Kurseong area by Banerjee et al. (2019).

Ages and provenance

The U-Pb zircon thermochronology by Mottram et al.
(2014b) shows that granites intruded the Lesser Himala-
yan host rocks before the injections in the Higher Hima-
laya. Presence of pre-Himalayan structural features and
~ 1850 Ma pegmatites that intruded in the Lesser Himala-
yan phyllites indicate Proterozoic magmatism at the north-
ern boundary of the Indian plate (Acharyya et al. 2017).
From “°Ar/*° Ar dates of detrital white micas, Grujic et al.
(2017) infer that the arkosic Gondwana rocks came from a
Cambro—Ordovician (530-470 Ma) granite orogen through
a southward sedimentary transport, whereas comparing the
dates from the Namche Barwa and the Shilong Plateau,
Martin (2017b) suggests the sources for these Gondwana
sediments were the Kuunga- and the Pinjarra- orogens and
a Neoproterozoic-Pleistocene Himalayan sequence. The
Lingtse Gneiss klippes in the eastern part of the Lesser
Himalaya were mainly pure sheared, followed by domi-
nant simple-shear due to the presence of a lateral ramp
(Das et al. 2016). Paul et al. (1996) report 1678 +44 Ma
(Rb-Sr) and 1792 +45 Ma (Pb-Pb) ages for the Lingtse
Gneiss.

Field observations

Brittle shear sense was deduced based on the well-estab-
lished concept that, from obtuse towards the acute angle
between the Y- and the P planes is the shear sense (Fig. 6.3
of Mandl 2005; Fig. 5.50 of Passchier and Trouw 2005).
We avoided possible cleavage refraction as shear sense
indicator (Fig. 3a). An overall top-to-S/SW/SSW compres-
sional brittle fore-shear has been documented from usually
curved (sigmoid) P-planes bound by near-parallel Y-planes
(Fig. 3b) as observed on road-cut ~ vertical rock-sections.
Both the Y- and the P-planes have near similar strikes indi-
vidually; their dips vary. While such top-to-S/W/SW Him-
alayan fore-thrusts exist profusely, back-structures were
found only at fewer locations (GPS location of field-stops
in Supplementary Table 3). The field locations presented
in this chapter are distributed over the East Sikkim, South
Sikkim and West Sikkim districts of Sikkim and the Dar-
jeeling district of the West Bengal.

There are three major Back-Structure Zones (BSZs; loca-
tions marked by blue squares in Fig. 2) with top-to-N/NE
brittle shear and NE verging folds from the Daling Group
of rocks. The BSZ-A locate near the “Damthang 3 km mile-
stone” near the locality Ravangla (location 15 in Fig. 2).
Y-planes of back-structure cut those of the fore-structure
(Fig. 4a) indicating the former to be younger. A few fore-
sheared quartz veins also exist (Fig. 4b). Up to 6 cm-thick
fault gouge zones exist along the planes of back-shear
(Fig. 5). Even inside the fault gouge, back-structure P-planes
develop locally. Such shear fabrics inside gouge have been
reported earlier from other brittle shear zones (Mukherjee
2013b). Fault gouge dating can bracket absolute timing of
this back-structure, but is outside the scope of this work.

The BSZ-B (Fig. 2 for location) develops near the
“Singtam District Hospital” near the National Highway

Fig.3 a Cleavage refraction in pelitic- and psammitic- schists of
Daling Group, location 21 (27°23.806'N, 88°21.346'E) of Fig. 2a.
Red arrowhead indicates the position of the 14 cm-long pen kept as
a marker. b Brittle fore-structures: curvilinear fractures in Daling
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Group quartzites, location 40 (27°17.216'N, 88°18.416'E° of Fig. 2a.
Red arrowhead indicates the position of the 15 cm-long scale kept as
marker
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Fig.4 ‘Back Structure location

Zone A’,
88°22.500'E) in Fig. 2a. Fore-structures present in psammitic schists
of Daling Group. a Truncation of fore-structure: Y-planes (blue par-
allel lines) against the back-shear Y-plane (yellow broken line).
Mukherjee ~80 cm height in seated position, as a marker. b Sigmoid
quartz vein shows fore-shear. Notice nearby unsheared quartz veins.
~4 cm portion of a pen is visible, as a marker. ¢ Fore-shear docu-

15 (27°14.676'N,

31A. Along with the brittle Y- and P- planes (Fig. 6a—c),
brittle shear is also revealed by a single back-fold (Fig. 6d).
The fold is a SW vergent round hinge isoclinal synform
with sub-horizontal fold axis and SE-dipping limbs. This
possibly indicates that the back-deformation started while
the host rock was in a deeper ductile regime and the same
pattern of deformation continued in the shallower brittle
domain, the terrain being under the same ~ NE-SW com-
pression regime of India—Eurasia collision. The BSZ-C is
~200 m-long exposure near the village Kyongsa close to
the “Geyzing 2 km/Pelling 7 km milestone”. As in BSZ-B,
back-folds also occur here but only few deformed quartz
veins exist (Fig. 7).

Besides the three BSZs, sporadic back-structures have
also been noted at several other locations (Figs. 8, 9, 10,
11; Fig. 2 for locations). Kink folds with moderate to low
dipping axial planes exist in a few locations (Fig. 12), but
are not reliable shear sense indicators (Mukherjee et al.
2015). Since back-structures are observed only at the sur-
face, their extent and geometries below the surface remain
indeterminate. Supplementary Fig. 1 plots the attitudes of
the Y- and the P-planes indicating fore- and back-shears.

mented by brittle Y- and P- planes. Y-plane attitude: 105°/45°— 15°
(strike/dip — dip direction; measured at the red arrow). P-plane atti-
tude: 150°/78° — 60° (measured at the green arrow). Poles of the Y-,
P-planes are plotted in the inset stereonet. Red rectangle indicates the
part sketched in the inset diagram. ~ 14 cm-long pen as scale. d Brit-
tle fore-shear documented by non-parallel Y-planes that bound sig-
moid P-planes. ~ 10 cm-long pen as a scale

Discussions: focus on genesis
of back-structures

Following the standard procedure of interpreting shear
senses in shear zones, we have interpreted sheared veins
(also see for similar approach Fig. 10 of Hodgson 1989;
Koehn and Passchier 2000; Mukherjee 2014, 2015). Tec-
tonic or large-scale deformation implications of small-
scale veins have been reviewed and discussed in detail by
Bons et al. (2012; also see Montomoli et al. 2005).
Based on (i) the structural data we gathered in the field
(e.g., stereoplots in Fig. 2), and (ii) plotting their locations
on the map (red second brackets in Fig. 2b), it is under-
stood that the sample locations all come from a nearly uni-
directional dipping lithounits. Therefore, we conclude that
the different shear senses (back thrusts) encountered in the
study area are not because any effect of regional folding.
Several cross-sections drawn across the Himalayan
strike at different locations by different authors have
shown the same structures such as the MCT and the STD.
Lack of geophysical data at this moment precludes us to
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Fig.5 ‘Back Structure Zone A’, location 15 (27°14.676'N,
88°22.500'E) of Fig. 2a. Back-structures present in psammitic schists
of Daling Group. a Back-shear represented by brittle Y- and sig-
moid P-planes. Fault gouge in the fractures. ~6 cm portion of a pen
as a scale. b Back-sheared fault gouge (width of view ~1.5 m). Red
rectangle indicates the part sketched in the inset diagram. Width of
exposure ~3 m. ¢ Curved P-planes of back-shear. Red arrowhead

Fig.6 ‘Back Structure Zone

B’, location 38 (27°13.717'N,
88°29.627'E) in Fig. 2a. Back-
structures present in psammitic
schist of Daling Group. a Back-
structure defined by Y- and
P-structures. Y -plane attitude:
30°/45° — 120° (measured

at the green arrow), P-planes
curved, sub-horizontal (meas-
ured at the green arrow). Poles
of the Y-, P-planes are plotted in
the inset stereonet. Mukherjee
(waist to head ~80 cm height)
as a scale. b Another back-
structure similar to the previous
figure. Width of exposure ~2 m.
¢ P-plane of a back-structure.
The high-angle fractures associ-
ate with it. ~8 cm portion of a
pen as a scale. d An isoclinal-
overturned-synformal back-fold.
Northern limb dips 60° towards
115°. N. Bose,~30 cm in the
photograph, as a scale
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indicates the position of a clinometer kept as a scale. Length of the
bridge of clinometer is ~8 cm. d Fault gouge preserved in the brit-
tle Y- and P-planes of back-thrust. (The plane photographed is a
sub-vertical plane with ~87° dip). Y-plane attitude: 30°/35° —300°
(measured at the red arrow). P-plane attitude: 150°/88° (measured at
the green arrow). Poles of the Y-, P-planes are plotted in the inset ste-
reonet. ~7 cm portion of a pen as the marker
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Fig.7 ‘Back Structure Zone
C’, location 44 (27°17.721'N,
88°14.784'E) in Fig. 2a, ductile
shear found. Back-structures
present in schists of Dal-

ing Group. a Sheared quartz
veins enveloped by undulating
Y-planes indicate back-shear.
Width of exposure~2 m. b A
part of previous figure (inside
red rectangle) zoomed. Notice
the sigmoid quartz veins and
the NE-vergence of the folded
quartz vein (top right). ¢ Sig-
moid shaped quartz vein show-
ing top-to-50° shear. ~8 cm
portion of a pen as a scale. d
Two quartz sigmoids: left one
is almost orthogonal showing
no shear, the right one shows a
top-to-right sense of shear (i.e.,
back-shear). Few quartz veins
are not sheared. ~4 cm portion
of the pen as a scale

Fig. 8 Back-structures found
at locations other than the
Back-Structure Zones A, B,

C. Location 11 (26°06.305'N,
88°21.738'E) in Fig. 2a. Back-
structures present in psammitic
quartzite of Daling Group.

a—d Back-structures present as
Y- and P-planes. Both straight
and curved P-planes are to

be noticed. a ~8 cm portion

of a pen as a scale. b Y-plane
attitude: 125°/38° —215°
(measured at the green arrow),
P-plane attitude: 90°/80° (meas-
ured at the green arrow). Poles
of the Y-, P-planes are plotted in
the inset stereonet. A~ 14 cm-
long pen as a scale. ¢ Width

of exposure ~3 m. d Width of
exposure ~2 m

extrapolate back structures at depth, and, therefore, we
cannot bring out the exact geometry of the back-struc-
tures at depth and in cross-sections. The back structures
we report occur many times inside a single lithology and
not at well-known lithological interfaces. If the latter were

the case, one could have extrapolated the back-structures
coincident with the litho-contact and in that way predict
the sub-surface disposition of structures in the existing
cross-sections where that litho-contact is already drawn.
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Fig.9 Discrete back-structures:
a sub-horizontal discontinuity
(yellow broken line) separates
deformed lower part from the
relatively undeformed upper
part. Shale of Daling Group,
location 12 (27°06.366'N,
88°21.587'E) in Fig. 2a.
Mukherjee in seated position,
~80 cm height, as a scale. b
Red box in previous figure
zoomed. Drag fold (Mukherjee
2014) in the lower part indicates
a back-shear along the disconti-
nuity. ¢ Brittle Y- and P-planes
show back-shear. Quartzite

of Daling Group, location 12
(27°06.366'N, 88°21.587'E)

in Fig. 2a. Width of expo-

sure ~2 m. d Anastomosing sig-
moid fractures define P- planes
and reveal back-shear. Phyllites
of Daling Group, location 13
(27°09.017'N, 88°20.917'E) in
Fig. 2a. A~ 14 cm-long pen as
ascale

Fig. 10 Discrete back-
structures: a curved Y- and
P-planes show back-shear.
Phyllites of Daling Group,
location 13 (27°09.017'N,
88°20.917'E) in Fig. 2a. Width
of exposure ~2 m. b—d Ductile
sheared quartz veins show
back-shear. Unsheared quartz
veins. Psammitic schists of
Daling Group. ~5 cm length
of a pen as a scale. b Location
24 (27°16.422'N, 88°22.076'N)
in Fig. 2a. ¢, d Location 25
(27°16.172'N, 88°21.915'E) in
Fig. 2a

Millimeter- to centimeter-scale displacements along  zone structures are fractal (Sammis and Steacy 1995) and
shear planes documented in a single terrain over a large  large-scale manifestation of small-scale structures such as
spatial extent can cumulatively give rise to kilometers of  brittle faults should exist in the field. However, since the
slip in shear zones (Jain and Manickavasagam 1993; Hub-  studied rock exposures are almost always vertical to sub-ver-
bard 1996; re-referred in Mukherjee and Koyi 2010a). Shear  tical, we could not apply Google Earth images to locate any
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Fig. 11 Discrete back-struc-
tures: a defined by Y- and
P-planes (red box) inside a zone
of fore-structures in psam-
mitic schists of Daling Group,
location 28 (27°14.988'N,
88°23.933'E) in Fig. 2a.
Mukherjee with~ 165 cm height
as a scale. b Red-boxed part

of previous figure zoomed.
P-planes curved. Y-plane atti-
tude: 15°/33° — 285° (measured
at the green arrow). P-plane
attitude: 0°/88° (measured at the
green arrow). Poles of the Y-,
P-planes are plotted in the inset
stereonet. ¢ Back-sheared quartz
vein, schists of Daling Group,
location 26 (27° 15.932" N, 88°
22.159"E) in Fig. 2a. ~5 cm
length of a pen as a scale. d
Discrete back-structure defined
by Y- and P- planes. Lingtse
Geneiss of Daling Group,
location 36 (27° 15.826" N, 88°
34.234' E) in Fig. 2a. ~10 cm
portion of a pen as a scale

Fig. 12 Kink folds: a Dal-

ing Group shales, location 6
(27°00.985'N, 88°26.110'E)

in Fig. 2a. Width of expo-

sure ~4 m. b Daling

Group shales, location 10
(27°05.541'N, 88°23.723")

in Fig. 2a. Width of expo-

sure ~3 m. ¢ Daling Group
psammitic schists, location 11
(26°06.305'N, 88°21.738'E)

in Fig. 2a. Fracture planes are
sub-parallel to the axial plane of
the fold. ~5 cm length of a pen
as a scale. d A sub-horizontal
shear plane separates deformed
(kinked) lower part from the
relatively undeformed upper
part. Shales of Daling Group,
location 12 (27°06.366'N,
88°21.587'E) in Fig. 2a. Width
of exposure ~3 m. The folded
layers and axial traces have been
sketched. Red rectangles in b, d
show the parts which have been
sketched in the inset diagrams

large-scale faults. Further, limited exposures were observed
in those sections because of the specific mountain terrain
that is partly covered by landslides and partly by vegeta-
tion. In summary, although we did not document large-scale
faults, repeated occurrence of small-scale structures with a

specific attitude (refer attitude info here for the Y-plane in
the three zones BSZ-A, B and C) connotes its large-scale
implication. Note that in no single exposure the entire or
even a partial exposure of the Himalayan cross-section
(e.g., Fig. 2a of Taccarino et al. 2016) has been understood.
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Previous authors have recognized thrusts structurally purely
based on meso- and micro-scale observations (e.g., the High
Himal Thrust through Fig. 2a—d in Montomoli et al. 2015).
Rather the information has been compiled based on surface
observations by geologists and sub-surface studies by geo-
physicists. Likewise, none has “seen” the parabolic velocity
profile for a crustal channel flow in the Greater Himalayan
Crystallines. It is rather interpreted so based on small-scale
observations, and sometimes coupled with geochronologic
data (e.g., Mukherjee and Koyi 2010b). Montomoli et al.
(2015) documented a km-scale thick mylonite zone and deci-
phered the deformation to be distributed and, therefore, hav-
ing a tectonic implication. In our case, we note back-shears
as isolated exposures and in smaller scale having nearly the
same N/NE vergence from a very vide transect. This means
that the deformation is regionally extensive and, therefore,
must have a tectonic connotation.

The prerequisites of back-thrust generation, such as brit-
tle rheology and fault bends (Xu et al. 2015 and references
therein) match with the geological setting in this study area.
The fault bend in the present case is the ramp and flat struc-
ture produced at ~ 10 km depth by the stacking of the Lesser
Himalayan duplexes (Fig. 2b). This section will link field
observations of the present study with the previously pro-
posed models of back-structures. All these models are the
different versions of critical taper mechanism. The present
field study cannot pin-point whether one single of these or
several of the factors of back-structures operated in the Sik-
kim Lesser Himalaya. Further, what mechanism guides back
deformation in other segments of the Himalaya, e.g., the
Siwalik range and the Greater Himalayan Crystalline, would
require separate field-based studies coupled with analogue/
analytical models.

Classical critical taper mechanism (Fig. 13a)

At the convergent plate boundary with a critical taper set-
ting, the ‘hard’ backstop, equivalent to the Eurasian plate
in our case, acts as a strong barrier, in front of which the
‘weaker’ foreland materials of Indian crust accumulates on
the subducting plate due to collision-induced crustal short-
ening. Due to this strength contrast and the velocity of the
subducting plate, the frontal part of the accretionary wedge
undergoes back-thrusting (Fig. 1 of Xu et al. 2015). Here
back-thrusting takes place along the contact between the
foreland-ward dipping backstop and the accretionary prism
(Fig. 13a). Such thrusts can generate either in the frontal part
of the Lesser Himalayan wedge, or near the back-stop. The
later position is the suture zones in the Himalayan context.
In the map of the Rangit Window, Bhattacharyya and Mitra
(2009) plotted four closely spaced S-dipping thrusts named-
Jorethang, Sorok, Kitam and Ramgarh Thrusts. Hence these
thrusts act as back-thrusts in this part. Interestingly, Ghosh
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et al. (2016) report shear intensification at Daling Thrust
and their Fig. 2b shows a back-thrust named the Jorethang
Thrust (plotted in Fig. 2a). Furthermore, Ghosh et al. (2018)
provide a field-example of back-thrust from the frontal part
of the Darjeeling-Sikkim Lesser Himalaya and their analog
modeling also shows generation of back-thrusts at the fron-
tal part of the crustal wedge. The locations 11-13 of this
study (Fig. 2a for location) are very close to this back-thrust.
Hence, the back-structures seen at those locations can be
correlated to their mechanisms, i.e., duplexing and strain
intensification.

Sub-surface barriers like ramp/thrust bend
(Fig. 13b)

The velocity of thrust sheet usually decreases while overrid-
ing a rampor a thrust bend. Thus, rocks compress more at the
toe of the ramp (Fig. 8 of Little 2004). In such a scenario,
back-thrusts develop in the thrust sheet present above the
ramp. As a consequence, the base of the ramp would release
the accumulated strain (Xu et al. 2015, Fig. 13b). Presence
of <10 km deep sub-surface ramps or bends (created by
duplex stacking) along faults/shear planes is also common in
our study area (Fig. 6 of Mitra et al. 2010). In this study, we
found three BDZs and six other back-shear locations on the
northern side of the anticlinal duplex stack (map: Fig. 2). In
this part, several thrust bends and ramps are present (Fig. 6
cross-section of Bhattacharyya and Mitra 2009). So, the
observed back-structures can be correlated with this model.

Wedging, passive roof duplexing (Fig. 13c)

Wedge-shaped crustal slices, enveloped by a pair of opposite
verging non-parallel faults, a fore-thrust and a back-thrust-
are common in collisional orogens. The opposite-dipping
faults meet at sub-surface constituting the tip of the wedge
defining a “flake structure” (Fig. 1 of Oxburgh 1972) or a
‘seismic crocodile’ (Fig. 2b of Meissner 1989). During col-
lisional compression, the tip of the wedge moves further
towards foreland by delaminating the crust. This foreland-
ward propagation of the crustal wedge is accompanied by
a system of passive roof duplexing (Banks and Warburton
1986; Avé Lallemant and Oldow 1998) whereby the moun-
tain front/foreland side shortens. This antiformal stack of
duplexes has an almost static overlying sequence, which is
separated by a sub-horizontal roof thrust. While the thrust
propagates by antifomal piggy-back stacking of the underly-
ing duplex horses, the roof sequence slices may imbricate
and erode to maintain equal lengths of the beds on either
side of the roof thrust (Fig. 13c). Thus, while the wedge
moves actively towards foreland, the overlying sequence
moves passively towards the hinterland (Figs. 6 and 7 of
Banks and Warburton 1986). A zone of back-shear develops
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Fig. 13 Geneses of back-structures in the collisional orogen such as
the Himalaya. Right-hand side is north geographic direction. Sche-
matic diagrams, not to scale. In all the sub-figures, right-hand side
indicates north-east direction if these concepts are to be matched
with this study. a Components of a critical taper and back-thrusts
at the fore-arc region (redrawn after Fig. 1 of Xu et al. 2015). b
Strain accumulation and back-thrusting at a frontal ramp/fault bend
(redrawn after Type I in Fig. 2a of Xu et al. 2015). ¢ Passive roof
duplex (redrawn after Fig. 7 of Banks and Warburton 1986) mecha-

along the contact of the overlying sequence and the wedge.
Back deformation overcomes the space problem arising due
to the backward rotation of beds and foliation planes present
in the duplexes. Zuppetta and Mazzoli (1997) supported the
idea of ‘passive roof duplex’ while describing the origin
of the out-of-sequence back-thrusts and back-folds present
at the southern Apennines thrust and fold belt, Italy. The
sizes of the wedges can range microscopic up to plate-scale
(Price 1986). In the Darjeeling—Sikkim Himalaya, the Lesser
Himalaya is duplexed intensely. Therefore, the ‘passive roof
duplex’ model is another possibility of the back-thrust mech-
anism here, as also seen in field (Fig. 9a, b).

Relation with back-folds

Back-folds (Fig. le) originate in deeper ductile regime
unlike the brittle back-thrusts at the shallower depth (Avé

High basg] Friction

Y W
~0OW bagg| Triction

{ Basal friction disparity

nism back-thrusts. d Example of “bi-vergent subduction” (redrawn
from “East Line” in Fig. 4 of Zhao et al. 2010). l—undifferentiated
India—FEurasia crust, 2—Indian mantle lithosphere, 3—crush zone,
4—Asian mantle lithosphere. e Blind thrust model for the origin of
frontal anticlines. Movement along the back-thrust and fore-thrust
(both originated from the tip of blind thrust) generates flexure slip
fold as the pop-up structure (redrawn after Fig. 4b of Schultz 2000). f
Back-thrusting associated with an increase in friction along the decol-
lement (redrawn after Fig. 2a of Xu et al. 2015)

Lallemant and Oldow 1998). In our study, few back-folded
quartz veins (Fig. 7) are noted inside the psammitic schist
(for detailed field observations see ‘BSZ-C’ in Sect. 3). The
low-metamorphic-grade of such a country rock does not
indicate that they were exhumed from the ductile regime of
the crust. Rather they were exhumed from much shallower
brittle regime. From magnetic studies, Tiwari et al. (2006)
proposed a ~ 12 km deep detachment for Sikkim Lesser
Himalaya. In this scenario, the genesis of the folded quartz
veins can be explained by the mechanism proposed by Trep-
mann and Stockhert (2009). From micro-structural analyses,
those authors concluded that the contrast in effective viscos-
ity between host meta-greywacke and quartz veins led to the
folding of the veins during a continuous high-stress defor-
mation at a rather low temperature of 250-300 °C. Hence,
the back-folds observed in our study (Fig. 7) are related to
shallow-level back-deformations in brittle regime.
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Other potential causes

These mechanisms might be valid in other Himalayan sec-
tions, but at the current state of knowledge, they cannot be
directly linked with the field observations presented in this
study.

Bi-vergent subduction (Fig. 13d)

Tectonic wedging of larger scales may lead to bi-vergent
shear and folding at the collisional plate boundaries (Fig. 19
of Price 1986). Back-thrusting in collisional terrains can be
due to a reversal in subduction direction (Review of Kroe-
hleret al. (2011). Zhao et al. (2010) presented India—Eurasia
subduction scenario from four seismic sections across the
Himalayan orogen. They report such tectonic wedge(s) in
the central- and the eastern- Himalaya (Figs. 1 and 4 of Zhao
et al. 2010). Backthrusts documented in the field within the
entire Lesser Himalaya (Sikkim) locate nearly equidistant
from their “central line” and the “eastern line”. Cross-sec-
tion along the central line does not show the presence of the
Asian mantle lithosphere. However, geophysical information
from the eastern line connotes the Asian mantle lithosphere
subducts ~ 170 km deep towards S. Whether this subduction
plays any role in generating back-structures in the Himalaya
needs to be checked. The explanation resembles the interpre-
tation of back-structures observed in Bhagirathi section of
the Higher Himalaya in Uttarakhand, India, as per Mukher-
jee (2013b).

Blind fault and pop-up structure

Significant strain accumulates in the fault zones when
one faulted block stops against the other, while the former
remains stressed (“stick” component of the “stick—slip mech-
anism”). The stored energy is manifested eventually by con-
jugate faulting- one fore-thrust and the other a back-thrust-
together constituting a pop-up structure from the tip of the
terminated fault (Type Il in Fig. 2a of Xu et al. 2015). While
presenting a new model for the origin of wrinkle ridges,
Schultz (2000) proposed that the conjugate back- and fore-
thrusts produce flexure slip anticlines in the overlying beds
of the blind thrust (Fig. 13e).

Back-thrust-induced back-folds can form in the hanging-
wall of the thrust plane (Zuppetta and Mazzoli 1997). Price
(1986) viewed differently such back-folds as a part of multi-
phase orogeny. Anticlinal back-folds (similar to fault-propa-
gation folds) can generate atop blind back-thrusts (Fig. 13e).
Such a mechanism generated frontal anticline near the Main
Frontal Thrust at the Kashmir Himalaya (India, Fig. 1 of
Vassallo et al. 2015). A regional frontal anticline is pre-
sent in the LHS near the Main Boundary Thrust in Sikkim
(Fig. 2). The Main Frontal Thrust too is blind in this part of
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the Himalaya (e.g., Mukul 2000). Therefore, pop up struc-
ture-related blind faulting could generate back deformation
in our study area.

Basal friction anomaly (Fig. 13f)

In addition to a tectonic wedge sliding in geological time
over a basal detachment, friction increases towards the toe
of the wedge along the fault. An inhomogeneous fault zone
with materials of different strength will have variable fric-
tion (Luo and Ampeuro2018). Where higher friction devel-
ops on the thrust, the thrust sheet retards (Type II in Fig. 2a
of Xu et al. 2015). Here, the thrust sheet strains more at the
zone of retardation and back-deforms to release the stored
energy (Cubas et al. 2013a, b and refs. therein). A very high
conductive zone of 2—5 Q-m at ~3—15 m depth documented
N to MBT in the Sikkim Lesser Himalaya may indicate the
presence of fluids (Patro and Harinarayana 2009). This can
reduce the friction for brittle faulting. Thus we consider
basal friction anomaly as a potential reason for back-thrust-
ing in Sikkim Lesser Himalaya.

Conclusions

In this study we document back-structures (meso-scale
back-thrusts in ductile and brittle regimes and back-folds)
from the Sikkim Lesser Himalaya. Along with several other
back-structure locations, three Back-Structure Zones (long
stretches with intense back-structures) have been identified.
Considering back-thrusting and -folding to be scale-inde-
pendent, their mechanisms have been correlated with the
field observations, to understand the genesis of the struc-
tures. Evidences for the back-structure mechanisms such as
critical taper, passive roof duplex and ramp-related models
have been provided and other potential models have been
discussed. Competency contrasts with the host rock back-
folded the quartz veins. This study works as a stepping stone
for many subsequent studies, such as- micro-structural inves-
tigations to understand the stress—strain conditions for the
generation of back-structures, relative-/absolute- ages of the
back-structures and their role in the deformation history, etc.

The ductile back-structures were presumably produced
before the brittle back structures. It could mean that the
extruding rock in the Lesser Himalaya was activated by first
the ductile backstructures, and it was then followed by the
brittle backstructures. Whether backstructures altered the
metamorphic evolution of the terrain could be matter of
future research.

We also documented backstructures from another transect
from the Garhwal Lesser Himalaya (Bose and Mukherjee
2019), which means that such structures developed mainly
as distinct zones at several places in the Lesser Himalaya.
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Focused fieldworks on Lesser Himalaya along other river
sections might prove that the back-structures are the integral
part of the Lesser Himalayan tectonics.
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