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Along-strike continuity of structure, stratigraphy,
and kinematic history in the Himalayan thrust
belt: The view from Northeastern India
P. G. DeCelles1, B. Carrapa1, G. E. Gehrels1, T. Chakraborty2, and P. Ghosh2

1Department of Geosciences, University of Arizona, Tucson, Arizona, USA, 2Geological Studies Unit, Indian Statistical
Institute, Kolkata, India

Abstract The Himalaya consists of thrust sheets tectonically shingled together since ~58Ma as India
collided with and slid beneath Asia. Major Himalayan structures, including the South Tibetan Detachment
(STD), Main Central Thrust (MCT), Lesser Himalayan Duplex (LHD), Main Boundary Thrust (MBT), and Main
Frontal Thrust (MFT), persist along strike from northwestern India to Arunachal Pradesh near the eastern end
of the orogenic belt. Previous work suggests significant basement involvement and a kinematic history
unique to the Arunachal Himalaya. We present new geologic and geochronologic data to support a regional
structural cross section and kinematic restoration of the Arunachal Himalaya. Large Paleoproterozoic
orthogneiss bodies (Bomdila Gneiss) previously interpreted as Indian basement have ages of ~1774–1810Ma,
approximately 50Ma younger than Lesser Himalayan strata into which their granitic protoliths intruded.
Bomdila Gneiss is therefore part of the Lesser Himalayan cover sequence, and no evidence exists for
basement involvement in the Arunachal Himalaya. Minimum shortening in rocks structurally beneath the
STD is ~421 km. The MCT was active during the early Miocene; STD extension overlapped MCT shortening
and continued until approximately 15–12Ma; and growth of the LHD began ~11Ma, followed by slip along
the MBT (post-7.5Ma) and MFT (post-1Ma) systems. Earlier thrusting events involved long-distance transport
of strong, low-taper thrust sheets, whereas events after 12–10Ma stacked smaller, weaker thrust sheets into a
steeply tapered orogenic wedge dominated by duplexing. A coeval kinematic transition is observed in other
Himalayan regions, suggesting that orogenic wedge behavior was controlled by rock strength and erodibility.

1. Introduction

The Himalayan thrust belt is the principal result of ongoing collision between the Indian and Asian land-
masses. Together, horizontal crustal shortening in the Himalaya and the large volume of sediment produced
by its erosion since Paleocene time have influenced global climate, seawater chemistry, and the growth of
Tibet, Earth’s largest continental plateau [Derry and France-Lanord, 1996; Métivier et al., 1999; DeCelles et al.,
2002; Quade et al., 2003; Oliver et al., 2003; Clift, 2006; Najman et al., 2008; Replumaz et al., 2014]. As recently
as the late 1990’s the amounts of horizontal shortening, kinematic history, and fundamental chronostrati-
graphic aspects of Himalayan geology remained largely unknown, in part because of the ruggedness of
the orogen but also because the rocks that constitute most of its southern half lack fossils and are thus
difficult to date and correlate. Over the past 20 years two major breakthroughs have expanded the under-
standing of Himalayan geology: first, the application of detrital zircon U-Pb geochronology and Sm/Nd and
Lu/Hf isotope geochemistry allowed for orogen-scale clarification of the ages and along-strike correlations
of Himalayan tectonostratigraphic units [Parrish and Hodges, 1996; DeCelles et al., 1998a, 2000; Whittington
et al., 1999; Ahmad et al., 2000; Robinson et al., 2001; Argles et al., 2003; Richards et al., 2005, 2006; Martin
et al., 2011; Gehrels et al., 2011; McQuarrie et al., 2013; Mottram et al., 2014, and many other studies], and sec-
ond, pursuing the path blazed by Coward and Butler [1985], geologists began to produce numerous regional-
scale balanced cross sections that allow estimation of crustal shortening and the kinematic history of major
thrust faults along most of the strike length of the orogenic belt [Schelling and Arita, 1991; Schelling, 1992;
Srivastava and Mitra, 1994; Ratschbacher et al., 1994; DeCelles et al., 1998b, 2001; Corfield and Searle, 2000;
Murphy and Yin, 2003; Pearson and DeCelles, 2005; Robinson et al., 2006; Murphy, 2007; McQuarrie et al.,
2008, 2013; Mitra et al., 2010; Tobgay et al., 2010; Yin et al., 2010a; Webb et al., 2011; Long et al., 2011a;
Khanal and Robinson, 2013; Webb, 2013; Robinson and Martin, 2014; Bhattacharyya et al., 2015]. Together,
these new approaches have catapulted our knowledge of Himalayan thrust belt shortening and kinematic
history, with implications for crustal thickening throughout the Himalayan-Tibetan orogenic system. As in
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all scientific endeavors, however, the new data raise new questions, and notable debates have emerged con-
cerning along-strike correlation of Himalayan stratigraphic units and tectonostratigraphic terranes [DeCelles
et al., 2000; Myrow et al., 2003; Richards et al., 2005; Yin, 2006; McQuarrie et al., 2013], the geometry and kine-
matics of the Main Central Thrust [Yin, 2006; Webb et al., 2007, 2011; Searle et al., 2008; Webb, 2013; Célérier
et al., 2009; He et al., 2015; Larson et al., 2015], the best way(s) to identify and map major Himalayan thrust
faults (especially the Main Central Thrust [Martin et al., 2005; Richards et al., 2005; Searle et al., 2008; Webb
et al., 2013; Mottram et al., 2014; Martin, 2016]), and the underlying geodynamic mechanisms driving defor-
mation [Burg et al., 1984; Nelson et al., 1996; Grujic et al., 2002; Avouac, 2003; Beaumont et al., 2001, 2004;
Jamieson et al., 2004; Robinson and Pearson, 2006; Yin, 2006; Kellett et al., 2013; He et al., 2015].

The current debates are based mainly on data sets collected in Pakistan, northwestern India, Nepal, Sikkim,
and Bhutan. Arunachal Pradesh in far northeastern India has been relatively neglected, with the exception
of recent papers by Yin et al. [2006, 2010a, 2010b] andWebb et al. [2013]. These authors published new map-
ping, detrital zircon U-Pb ages, and structural cross sections that show large amounts of Indian basement
involvement in the northeastern Himalayan thrust belt and enormous pre-Cenozoic structures in the frontal
part of the Himalaya that profoundly influenced the development of the thrust belt [Yin et al., 2010a, 2010b].
If this interpretation is correct, the eastern end of the Himalayan thrust belt experienced a tectonic history
significantly different from that of the remainder of the orogen. Yin et al. [2010a] also reported thermochro-
nological data that were interpreted to indicate that the Main Central Thrust was active ~10Ma later than it
was in other sectors of the Himalaya (e.g., see reviews by Hodges [2000] and Kohn [2014]). We present new
geological observations, a revised geological map, and geochronological and thermochronological data from
one of the same transects documented by Yin et al. [2010a]. This work finds no evidence for significant
basement involvement in the Arunachal Himalaya. Total shortening in the southern half of the thrust belt
in Arunachal is similar to estimates from other transects of the southern Himalaya as far as 1800 km to the
northwest. Major structural elements found in other parts of the Himalaya are well represented in
Arunachal. The overall kinematic history of thrusting is broadly in line with other regions of the Himalaya
and suggests a significant increase in orogenic wedge taper beginning approximately 10–12Ma.

2. Geological and Tectonic Settings

Arunachal Pradesh occupies the far eastern end of the Himalayan orogen, stretching ~560 km along strike
and wrapping around the eastern enclave of the Himalayan foreland basin east of the confluence of the
Siang and Brahmaputra Rivers (Figure 1). The Himalayan thrust belt here strikes northeast-southwest, verges
southeastward, and merges westward into the east-west striking Bhutanese portion of the orogenic arc.
South of the foreland basin lie the basement-involved uplifts of the Shillong Plateau and Mikir Hills, as well
as the northwest verging northern portion of the Indo-Burman thrust belt (Figure 1). The complex geography
and kinematics of this region present a perplexing puzzle, with the Arunachal portion of the Himalaya and the
northern Indo-Burman Ranges verging in opposite directions only ~70–80 km apart.

3. Methods

We report data gathered during a 2008 mapping traverse along the road that connects the towns of
Bhalukpong, Dirang, Tawang, and Lumla in western Arunachal (Figure 2). This is the same route that Yin et al.
[2006, 2010a] referred to as their Bhalukpong-Zimithang transect. We will refer to this transect as the
Bhalukpong (BP) transect, after the town that occupies its southern end. Mapping was done at a scale of
approximately 1:100,000 on topographic maps supplemented with Google Earth images. Samples were
collected for petrography, detrital and igneous zircon U-Pb geochronology, and apatite fission track (AFT)
and 40Ar/39Ar thermochronology. The geological map was subsequently revised on the basis of U-Pb ages
from detrital and igneous zircons. Details about U-Pb, AFT, and 40Ar/39Ar analytical methods are provided
in the supporting information, and the resulting data are reported in Table 1, and Tables S1, S2, and S3 in
the supporting information.

4. Stratigraphy and Chronostratigraphy

The stratigraphy of Himalayan rocks in Arunachal Pradesh has been documented in numerous papers and
reports, dating back to the late nineteenth century (for example, see reviews by Kumar [1997] and Kesari
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[2010]). More recent work by Acharyya et al. [1983], Acharyya [1980, 1982], Kumar [1997, 1999], Bhusan [1999],
Srinivasan [1999, 2001], Tewari [2001], Saha et al. [2011], and Yin et al. [2006, 2010a] has resulted in
the scheme illustrated in Figure 3, which we modify according to our own data and recent work in the
Bhutan Himalaya [McQuarrie et al., 2008, 2013; Tobgay et al., 2010; Long et al., 2011a, 2011b, 2011c, 2012].

Figure 1. (a) Generalized geological map of the Himalayan thrust belt from Pakistan to Arunachal Pradesh, modified from Hodges [2000], Yin [2006], andWebb et al.
[2013]. (b) Geological map of Arunachal and adjacent parts of Assam and Myanmar, after Shanker et al. [1989], Yin et al. [2010a], and Webb et al. [2013]. For color
legend, see Figure 1, part a.
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As elsewhere throughout the Himalayan thrust belt, the tectonostratigraphy of Arunachal Pradesh can be
conveniently divided into Subhimalayan, Lesser Himalayan, Greater Himalayan, and Tethyan Himalayan
Sequences based on ages of the strata and their lithological characteristics [Gansser, 1964, 1983; Le Fort,
1975].

Although it is common practice in parts of the Himalaya where these terms were originally introduced to
associate themwith geographic regions and topographic aspects of the mountains, this practice has resulted
in much confusion when the terms are used to convey both geographic and structural meaning. We there-
fore restrict our usage of these terms to lithostratigraphic units or assemblages, irrespective of geographic
and structural position. Our view of the stratigraphy in Arunachal and elsewhere in the Himalaya emphasizes
the depositional ages of stratigraphic units, detrital zircon U-Pb age distributions, and petrogenetic affinities
of the various units [DeCelles et al., 2000, 2004; Ahmad et al., 2000; Gehrels et al., 2006a, 2006b, 2011; Richards
et al., 2005; Martin et al., 2005, 2011; Mottram et al., 2014]. Field identifications of several important quartzitic
units in the Himalaya should be viewed with skepticism until supporting geochronological and/or isotopic
data are collected. We use the geochronologic and isotopic data to help identify rock units [e.g., Gehrels
et al., 2006a], rather than proposing dramatic changes to rock unit ages based on potentially faulty mapping.
In this way, it can be shown that detrital zircon ages from Himalayan stratigraphic units are remarkably con-
sistent along strike, and stratigraphic schemes involving complex, local zircon provenance [e.g., Myrow et al.,
2010; Yin et al., 2010a;McQuarrie et al., 2013] are not needed to explain the data from Arunachal. The reason-
ing behind this approach is that detrital zircons collected from pure quartz arenites and quartzites deposited

Figure 2. Geological map of western Arunachal Pradesh and adjacent Bhutan. Data in Bhutan are from Long et al. [2011a, 2011c] and Long and McQuarrie
(unpublished mapping). In addition to data from this study, the map incorporates elements from Yin et al. [2010a], Burgess et al. [2012], and Long et al. [2011c].
The yellow boxes are the locations of detrital zircon and AFT samples; the orange boxes are the argon-argon thermochronology samples. The dashed rectangular box
highlights the Se La vertical profile area.
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in stable tectonic settings represent silt- to fine-sand-sized, ultrastable residues of continental-scale erosion
and weathering processes [e.g., Cawood et al., 2012; Blum and Pecha, 2014], rather than local sources. Such
detrital zircon data are analogous to whole-rock rare earth element and isotopic data collected from shales
as a means of characterizing continental-scale sediment provenance [Taylor and McLennan, 1981, 1985].

4.1. Lesser Himalayan Sequence

The Lesser Himalayan Sequence (LHS) in Arunachal Pradesh consists of the Bomdila Group [Kesari, 2010; Saha
et al., 2011], which comprises the Shumar and Daling Formations and the intrusive Bomdila (or Ziro) Gneiss.
Thus defined, the Lesser Himalayan Sequence is approximately 7 km thick on the BP transect (Figure 3).
4.1.1. Shumar Formation
The oldest rock unit exposed along the BP transect is a white and yellow, fine-grained, massive, medium- to
thick-bedded quartzite that we correlate with the Shumar Formation in eastern Bhutan [Long et al., 2011a,
2011b]. The unit is compositionally homogeneous, consisting of quartz and muscovite. In petrographic thin
sections, the quartzite exhibits strongly neocrystallized textures, with a prominent foliation defined by mica
flakes and bundles oriented approximately parallel to master bedding. This foliation, together with its com-
positional homogeneity, makes the Shumar Formation quartzite attractive as a quarry stone, and the best
exposures along the BP transect are found in quarries (Figure 4a; e.g., location 27.29903°N, 92.39478°E).
The quartzite grades upward into an interval of interbedded phyllite, thin-bedded quartzite, and fine-grained
schist. Mapping suggests that the entire interval is on the order of 1 km thick and the lower quartzite unit is a
few hundred meters thick.

We obtained two detrital zircon U-Pb age spectra from quartzite samples of the Shumar Formation (Figure 5).
Sample 2.07.08E was collected from the lower Shumar Formation massive quartzite lithofacies and yielded a
detrital zircon U-Pb age spectrum dominated by peaks between ~1870 and 2600Ma, with no grains younger
than 1830Ma and a prominent peak at 1873Ma (Figure 5). A second sample (2.07.08D) from the interbedded
quartzite and phyllite beds above the basal massive quartzite lithofacies produced an essentially identical
age spectrum, with major peaks between ~1877 and 2600Ma and three grains with ages between ~1832
and 1846Ma (Figure 5). Yin et al. [2010a] andWebb et al. [2013] reported a similar detrital zircon age spectrum
from a “metagraywacke” or “arkosic sandstone” unit collected near the northern end of their Kimin transect,
northeast of the BP transect (Figure 1b). The paucity of grains younger than ~1840Ma, together with the
presence of intrusive orthogneisses dated at approximately 1774–1810Ma in the overlying phyllitic section
(see section 4.1.3), suggests that the Shumar Formation and its equivalents along much of the eastern
Himalayan thrust belt were deposited during Paleoproterozoic time, similar to the lower part of the Lesser
Himalayan Sequence from Bhutan to northern India [DeCelles et al., 2000, 2004; Martin et al., 2005, 2011;
Amidon et al., 2005; McQuarrie et al., 2008, 2013; Célérier et al., 2009; Tobgay et al., 2010; Gehrels et al., 2011;
Long et al., 2011b; Webb et al., 2011; Mottram et al., 2014; Bhattacharyya et al., 2015].
4.1.2. Daling Formation
The Daling Formation in eastern Bhutan mainly consists of green and gray, chloritic and sericitic schist and
phyllite, with lesser amounts of quartzite [Long et al., 2011b]. Along the BP transect, we mapped a distinctive
green and gray phyllite (Figure 4b) with quartz boudins and augen, which we interpret to be the equivalent

Table 1. Apatite Fission Track Dataa

Sample Name
Lithology
Sample No Xls

Rho-S
e5 NS

Rho-I
e6 NI

P(χ)2

(%)
Rho-D
e6 ND

Age
(Ma) ±1 s

U
(ppm) Latitude Longitude

Elevation
(km)

2.10.08H (fh) gneiss 20 0.65863 52 2.23173 1762 100 1.35264 1949 7.1 1.04 18.1 27.5035 92.1046 4.202
2.10.08G (bc) orthogneiss 20 0.83595 66 2.77510 2191 100 0.89324 2169 4.7 0.61 34.2 27.4886 92.1083 3.935
2.10.08E (bc) paragneiss 20 1.81890 70 3.57489 2313 100 0.88761 2169 4.7 0.6 44.3 27.4724 92.1151 3.446
2.10.08.D (fh) paragneiss 20 0.44331 35 1.57184 1241 100 1.36848 1949 6.9 1.21 12.6 27.4563 92.1087 3.024
2.10.08C (bc) gneiss 20 0.79490 53 2.92913 1953 100 0.88199 2169 4.2 0.6 36.5 27.4505 92.1113 2.723
2.10.08B (bc) schist 17 0.83595 66 2.7751 2191 100 0.89324 2169 4.3 0.88 34.2 27.4398 92.1156 2.434

aAges reported are pooled ages. Zeta values: fh: 354.9 + 12.8; bc: 349.6 + 11.3 (CN5). No Xls is the number of individual crystals dated. Rho-S and Rho-I
are the spontaneous and induced track density measured, respectively (tracks/cm2). NS and NI are the number of spontaneous and induced tracks
counted, respectively. P(χ)2 (%) is the χ-squared probability. Values greater than 5% are considered to pass this test and represent a single population
of ages. Rho-D is the induced track density in external detector adjacent to CN5 dosimetry glass (tracks/cm2). ND is the number of tracks counted in
determining Rho-D.
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of the Daling Formation in eastern Bhutan. The unit does not crop out prominently owing to its fine grain size
and is probably on the order of several hundred meters thick. The phyllite contains chlorite, biotite, musco-
vite, and quartz. Mafic schists and amphibolitic intrusions are common in this interval [Bhusan, 1999; Saha,
2013]. Centimeter- to millimeter-scale microfolds are abundant in outcrop and petrographic thin sections.
Crenulation folds are present in some road cuts along the transect (Figure 4b), and cleavage is roughly par-
allel to lithological contacts suggesting intense shear strain and complete transposition of bedding [Yin et al.,
2010a]. The age of the Daling Formation is likely slightly younger than the underlying Shumar Formation but
older than the approximately 1810Ma age of the Bomdila Gneiss. Long et al. [2011a] reported a maximum
age of deposition for the Daling Formation in Bhutan based on detrital zircon minimum ages of approxi-
mately 1865Ma.
4.1.3. Bomdila Gneiss
The western Arunachal Pradesh Himalaya is unique in the Himalayan thrust belt for its abundance of thick,
granitic augen orthogneiss (Figures 4c–4e) [e.g., Shanker et al., 1989; Kumar, 1997; Saha et al., 2011;
Bikramaditya Singh, 2010; Yin et al., 2010a; Kesari, 2010]. These gneisses are referred to by several different
names, and early geochronological efforts using Rb-Sr suggested a range of Paleoproterozoic ages (as sum-
marized in Yin et al. [2010a] and Kesari [2010]). However, our geochronological results (see below) indicate

Figure 3. (a) Chart showing the tectonostratigraphic scheme used in this paper. MAD is the maximum age of deposition based on youngest population of detrital
zircons. (b) Schematic south to north stratigraphic cross section of the north Indian margin before the onset of Himalayan orogenesis. Detrital and igneous zircon
U-Pb ages of typical samples from each of the four major lithostratigraphic packages recognized in this paper are shown in the bottom left.
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Figure 4. Outcrop photographs of Lesser Himalayan rocks along the BP transect. (a) Fine-grained white and yellow quartzite of the Shumar Formation exposed in
quarry. Height of outcrop approximately 10m. (b) Phyllitic lithology in Daling Formation, with transposed cleavage-bedding relationship and chevron shaped folds.
Rock hammer at the middle bottom is 40 cm long. (c) Undeformed Bomdila Gneiss. Knife is 9 cm long. (d) Strongly shearedmylonitic Bomdila Gneiss, with crystal size
reduction and flattening. (e) Intermediately sheared facies of mylonitic Bomdila Gneiss, with large K-feldspar crystals set in a matrix of biotite and strongly sheared
quartz ribbons. (f) Sharp intrusive contact (dashed line) between mylonitized Bomdila Gneiss (below) and fine-grained quartzite (above) of the Daling Formation.
Hammer at right for scale (40 cm). (g) Large-scale planar-tangential cross stratification in Rupa Group sandstone. (h) Thin- to medium-bedded massive crystalline
dolostone in upper part of Rupa Group.

Tectonics 10.1002/2016TC004298

DECELLES ET AL. EASTERN HIMALAYAN THRUST BELT 3001



that along the BP transect these gneiss units collectively belong to the Bomdila Gneiss, which was probably
produced during a single, extended, approximately 1800 ± 30Ma igneous event [Bikramaditya Singh, 2010].

The Bomdila Gneiss along the BP transect is approximately 20 km thick owing to structural repetition along
major thrust-sense shear zones [Yin et al., 2010a]. Individual thrust-bounded units are 3–5 km thick (Figure 2).
Along the northwestern part of the transect, additional bodies of the orthogneiss crop out over thicknesses of
0.5–1.5 km, and in some thrust sheets the orthogneiss is intercalated with metasedimentary rocks at a meter
to decameter scale. The orthogneiss has a granitoid composition (quartz +muscovite + biotite + K-spar + pla-
agioclase ± cordierite, with accessory zircon, apatite, and tourmaline; Figures 6a and 6b) and well-developed
mylonitic fabric marked by strongly deformed quartz ribbons andmica-richmatrix surrounding generally less
deformed feldspar crystals (Figure 4e). The degree of deformation in the orthogneiss varies from practically
undeformed (Figure 4c) to fully mylonitized, with extensive grain-size reduction in major fault zones
(Figures 4d and 4e). Yin et al. [2010a] reported consistent top-to-south shear fabrics in the Bomdila Gneiss
as well as other rocks along the BP transect. Mineral stretching lineation is oriented variably but locally
plunges parallel to the main foliation dip direction. Foliation and bounding contacts of the Bomdila Gneiss

Figure 5. Probability density plots of detrital zircon U-Pb ages, normalized such that areas beneath curves are equal. See
Figure 2 for the sample locations.
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Figure 6. (a) Sample 2.5.08C from mylonitic Bomdila Gneiss directly above the Bome Thrust, with undeformed K-feldspar (K) and albite (Ab) grains prominent and
recrystallized quartz (Q) grains andmuscovite expressing themain foliation (yellow lines); crossed-polarized light. (b) Sample 2.8.08A, cordierite (Co)-bearing Bomdila
Gneiss, also showing quartz (Q), biotite (Bt), and muscovite (Mu); crossed-polarized light. (c) Sample 2.10.08J, from Greater Himalayan coarse-grained mafic gneiss/
schist, showing abundant clinopyroxene, orthopyroxene, biotite and muscovite, plagioclase, and quartz; crossed-polarized light. (d) Sample 2.9.08B, coarse-grained,
garnet (Gt)-quartz-biotite (Bt)-muscovite (Mu) schist from outcrop just above the Dirang Thrust at the bridge over the Dirang River. Note the fractures in garnet
perpendicular to principle foliation (arrows); plane-polarized light. (e) Sample 2.11.08B, calcitic marble with floating quartz (Q) grains, from within the Lumla window
below the Main Central Thrust; foliation is defined by biotite (Bt); plane-polarized light.
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are parallel to foliation and stratigraphic contacts defined by other Lesser Himalayan units along the BP trans-
ect, suggesting that the gneiss bodies have broadly lenticular shapes, similar to those documented in the
Ulleri orthogneiss of western [Robinson et al., 2006] and eastern [Schelling, 1992] Nepal, the Paro-Lingste
Gneiss in Sikkim [Sinha-Roy, 1980; Bhattacharyya and Mitra, 2009; Mottram et al., 2014], and various orthog-
neisses intruded into the Daling-Shumar Group of Bhutan [Long et al., 2011c]. Field relations indicate that the
orthogneiss is intrusive into the Daling-Shumar succession (Figure 4f) [Acharyya, 1980; Dikshitulu et al., 1995;
Kumar, 1997; Bhusan, 1999; Kesari, 2010; Saha, 2013]. Similar intrusive contacts between Paleoproterozoic
augen orthogneisses and lower Lesser Himalayan strata have been documented in Nepal [DeCelles et al.,
2001; Pearson and DeCelles, 2005; Robinson et al., 2006; Martin et al., 2011], Sikkim [Sinha-Roy, 1980;
Bhattacharyya and Mitra, 2009; Mitra et al., 2010], and Bhutan [Dasgupta, 1995; Long et al., 2011b;
McQuarrie et al., 2013] (N. McQuarrie, personal communication, 2014).

We sampled four separate intervals of Bomdila Gneiss along the BP transect for zircon U-Pb geochronology,
and all yielded ages of ~1774–1810Ma (Figure 7). Yin et al. [2010a] reported a U-Pb age of approximately
1740Ma (n= 12) from their sample 9-13-03(22) collected near our sample 2.6.08B (Figure 2), which produced
a weighted mean age of 1809.5 ± 18.1Ma (2 sigma; mean square weighted deviation (MSWD) = 2.6, n= 49;
Figure 7). Two other samples (2.7.08A and 2.7.08C) produced mean ages of 1807.3 ± 18.1Ma (2 sigma;
MSWD=1.0) and 1808.5 ± 18.1Ma (2 sigma; MSWD=2.9), respectively. The youngest age we obtained from
the Bomdila Gneiss is from sample 2.5.08B, which produced data that define a Discordia line with an upper
intercept at 1775.8 ± 8.4Ma and a lower intercept at 114 ± 87Ma, signaling a Cretaceous Pb-loss event
(Figure 8). A weighted mean age for this sample, using only the less discordant analyses, produced an age
of 1773.9 ± 15.8Ma (2 sigma; MSWD=1.13; Figure 7). Based on these data we suggest that the age of the
Bomdila Gneiss is approximately 1810Ma, with possibly younger (approximately 1774Ma) bodies locally.

The fact that Bomdila Gneiss bodies along the BP transect all postdate minimum detrital zircon ages in the
Shumar Formation quartzites supports field relationships that indicate intrusive contacts with the lower part
of the Lesser Himalayan Sequence in Arunachal Pradesh. This interpretation has significant implications for
construction and restoration of regional cross sections and differs from that provided by Sinha-Roy [1980],
Yin et al. [2010a], and Webb et al. [2013], all of whom interpreted the orthogneisses in western Arunachal
Pradesh as Indian cratonic crystalline basement with stratigraphic contacts with the lower Bomdila Group
units. In addition, our age interpretations suggest that in Arunachal all of the LHS is of Paleoproterozoic
age. As discussed below, the overlying Rupa Group (which we consider to be part of the Tethyan
Himalayan Sequence) is separated from the LHS by a major Himalaya-wide unconformity.

4.2. Tethyan Himalayan Sequence

The Tethyan Himalayan Sequence (THS) in Arunachal consists of the Rupa Group, which contains units that
are demonstrably younger than about Middle Cambrian in age (Figure 3). The Rupa Group has been divided
into three stratigraphic units referred to as the Khetabari, Tenga, and Chilliepam Formations [Kumar, 1999;
Kesari, 2010]. Individual formations in the Rupa Group have been described at many places in Arunachal,
and the lithologies reported range from medium-grade metasedimentary rocks to unmetamorphosed sedi-
mentary rocks [e.g., Kesari, 2010]. Because of the complexity of lithological descriptions in the literature, we
avoid the individual formation names and simply describe the Rupa Group as a whole along the BP transect.
The Rupa Group is ~3 km thick on the BP transect.
4.2.1. Rupa Group
The Rupa Group consists of a succession of quartzite, phyllite, slate, and carbonate rocks, which can be lithos-
tratigraphically correlated with the Buxa (or Baxa) Group of Sikkim and Bhutan [Acharyya, 1980; Kesari, 2010;
Long et al., 2011b, 2011c; McQuarrie et al., 2013]. Along the BP transect, the Rupa Group comprises three
major lithological units: a lower siliciclastic unit, a dolostone unit, and an upper black slate unit. The lower
siliciclastic unit consists of a roughly 200m thick granular to very coarse- andmedium-grained, massive white
and green quartzite, followed by an ~300m thick interval of variegated (gray, red, green, and purple) slate,
followed by a second quartzitic interval approximately 250m thick. This second quartzite interval contains
intercalated layers of phyllite, and cross-stratification is abundant (Figure 4g). This siliciclastic interval is well
exposed in road cuts and landslide scars near the bridge over the Tenga River.

Above the lower siliciclastic interval is a massive gray dolosparite (Figure 4h). No fossils were observed, but
stromatolites (Coniphyton and Collenia) have been reported [Das et al., 1986; as cited in Kesari, 2010].
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Figure 7. Weighted mean plots of U-Pb ages from igneous zircons. See Figure 2 for the locations and Figure 9 for the Concordia plots.
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Above the dolostone unit lies a several hundred meter-thick black slate interval, which is in turn truncated by
a major thrust fault (the Tenga thrust) placing a section of the Bomdila Gneiss on top of the Rupa Group. The
thickness of the entire Rupa Group ranges between ~2.5 and 5 km.

Sample 2.5.08E of quartzite in the Rupa Group was collected for detrital zircon U-Pb analysis near the bridge over
the Tenga River and yielded a spectrum of zircon ages with clusters at approximately 516–548, 939, 1170, and
1600–1750Ma (Figure 5). The approximately 516–548Ma minimum age cluster in this sample as well as mini-
mum individual ages of slightly younger than 500Ma (Table S1) indicate that the unit cannot be older than
Late Cambrian. This quartzite was clearly deposited after the orogenic and igneous events that took place in
the Greater Himalayan Sequence during Cambrian-Ordovician time [Gehrels et al., 2003; Cawood, 2005] because
it contains zircons probably derived from plutons that characterize this event (section 4.4.1) [Gehrels et al., 2006a,
2006b, 2011]. This suggests that the Rupa Group is broadly equivalent to the lower part of the Tethyan Himalayan
Sequence (THS), which was derived from erosion of the underlying Greater Himalayan Sequence [DeCelles et al.,
2000; Gehrels et al., 2006a]. We further suggest that the Rupa Group is much younger than, and separated by a
>1Ga lacuna from, the underlying Paleoproterozoic portion of the Lesser Himalayan Sequence.

4.3. Gondwana Group and Paleocene-Miocene Units

The Gondwana Group includes a variety of siliciclastic rock units that are distinguished by the presence of
coal, plant fossils, and diamictites. This group can be divided into three major units: the Miri, Bichom, and
Bhareli (or Diuri) Formations. The Bichom and Bhareli Formations were mapped as a single unit, and the
Miri was mapped separately (Figure 2). Stratigraphically above the Gondwana units are the Paleocene-lower
Miocene early foreland basin deposits.
4.3.1. Miri, Bichom, and Bhareli Formations
An approximately 100–200m thick, white to yellow, arkosic quartzite crops out along the BP transect at
27.12408°N, 92.54879°E, directly below (structurally) the first occurrence of the Bomdila Gneiss. Yin et al.

Figure 8. Photographs of Greater Himalayan Sequence rocks along the BP transect. (a) Migmatitic paragneiss. (b) Banded biotite gneiss with partial melt textures.
(c) Leucocratic rocks, including biotite-muscovite leucogranite with well-developed foliation. (d) Fine-grained biotite-quartz-plagioclase gneiss with thin leucocratic
sill. Pen knife in all photographs is 9 cm long.
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[2010a] referred to this quartzite and others that crop out along the BP transect as “marker beds” but did not
specify a stratigraphic identity. We interpret this quartzite as the Miri Formation quartzite [Acharyya, 1980]. At
this locality, the structurally overlying Bomdila Gneiss is intensely deformed, with a well-developed mylonitic
foliation dipping northwestward and a strong stretching lineation plunging downdip [Yin et al., 2010a]. The
Miri quartzite dips 66° (overturned) northwestward; is composed of quartz, K-feldspar, and muscovite; and is
also strongly deformed with a well-developed foliation defined by mica bundles and stretched quartz grains.
Feldspar grains are relatively undeformed. We concur with Yin et al. [2010a] in placing a major thrust fault—
the Bome Thrust—between this quartzite and the Bomdila Gneiss (Figure 2). A detrital zircon sample
(2.05.08A) from this location yielded an age spectrum dominated by peaks at ~511, 1088, 1629, and
1728Ma. The youngest age cluster (~511Ma) indicates that the Miri Formation must be younger than that
age (Late Cambrian).

The Miri Formation quartzite is stratigraphically overlain by a thick diamictite unit that we mapped as the
Bichom (or Diuri) Formation [Kesari, 2010]. The fine-grained matrix is composed of dark gray to black, lami-
nated shale and slate. Floating in the fine-grained matrix are flattened and stretched, granule to cobble-sized
clasts of quartzite and crystalline rocks. The Bichom Formation is tightly folded in road cuts along the BP
transect. Based onmap contacts, the Bichom is roughly 3 km thick; however, this is probably inflated because
of the numerous tight folds in the unit. Above the Bichom diamictite is a coal-bearing, coarse-grained, fluvial
sandstone interval, which we mapped as the Bhareli Formation. The coarser part of the Bhareli Formation
consists of a mixture of rusty brown, quartzose, trough cross-stratified, lenticular-bedded sandstone; pebbly
coarse-grained sandstone; and thin conglomerate layers with pebbles up to 10 cm long. Black carbonaceous
slate and shale, lignitic mudstone, and coal are common. Plant fossils belonging to the distinctive Glossopteris
flora are present within both sandstone and finer-grained lithofacies, and macrofossils and palynomorphs
recovered from the Bichom and Bhareli Formations indicate both marine and nonmarine environments of
deposition and generally Early Permian ages [Kesari, 2010].
4.3.2. Paleocene-Neogene Units
Stratigraphically above the Gondwana unit we mapped a thin unit of coarse-grained quartzose sandstone
and black, carbonaceous shale that contains plant fossils (but not the distinctive Glossopteris flora). We tenta-
tively assign this interval to the Paleocene based on lithological similarities with the Amile Formation in Nepal
[Sakai, 1983; DeCelles et al., 2004]. Above this unit lies a cross-stratified, lithic-rich, and quartzofeldspathic
(quartz, plagioclase, K-feldspar, andmuscovite) sandstone interval that we assign to the lower Miocene, again
based on similarities with the lower Miocene Dumri Formation in Nepal [Sakai, 1983; DeCelles et al., 1998a,
2004]. The thickness of the Paleocene-Neogene interval based on mapped thickness is ~1 km. Sample
2.4.08A was collected from a coarse-grained to pebbly, micaceous litharenite from the lower Miocene unit
for analysis of detrital zircon U-Pb ages. The resulting age spectrum is dominated by a peak at approximately
516Ma, with numerous lesser peaks extending back to approximately 1800Ma (Figure 5).

4.4. Greater Himalayan Sequence
4.4.1. High-Grade Metamorphic Rocks
High-grade metamorphic rocks of the Greater Himalayan Sequence are first encountered along the BP trans-
ect on the northwest side of the bridge over the Dirang River, ~9 km upstream (west) of the town of Dirang.
These rocks consist of coarse-grained schist, paragneiss, leucogranite, and migmatite (Figure 8) [Kesari, 2010;
Yin et al., 2010a]. Leucocratic bodies, both concordant and discordant with the main foliation, and granitic
gneiss bodies are common (Figures 8c and 8d). Characteristic mineral assemblages include kyanite, sillima-
nite, cordierite, K-feldspar, garnet, muscovite, and biotite. The lower portion of the Greater Himalayan
Sequence (GHS) consists of kyanite-bearing migmatitic gneiss and orthogneiss (Figures 8b and 8d), whereas
the upper part (particularly as exposed along the steep climb up to Se La and at the pass itself) is composed of
coarse biotite schist and paragneiss. Black, mafic schist and paragneiss containing clinopyroxene and
orthopyroxene, biotite, muscovite, plagioclase, and quartz (Figure 6c) are also common in the upper part
of the Greater Himalayan Sequence at and north of Se La. Gansser [1983] estimated a thickness of 15 km
for the GHS in Bhutan. Along the BP transect, the GHS above the Main Central Thrust (MCT) is probably less
than 10 km thick, but north of the Zimithang Thrust the section may be >15 km thick [Yin et al., 2010a]. Long
et al. [2011a] estimated more than 13 km of GHS above the Kakhtang Thrust in Bhutan. Peak metamorphic
conditions in the lower, kyanite-bearing part of the GHS in Bhutan are estimated at approximately 9 kb
and 700–780°C [Davidson et al., 1997; Long et al., 2012]. Anatexis and leucogranite intrusions occurred during
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decompression [Davidson et al., 1997]. Warren et al. [2014] estimated peak metamorphic temperatures of
525–700°C and pressures of 7–10 kbar for GHS rocks above and below the Zimithang Thrust, which cuts
Greater Himalayan rocks in Arunachal.

Four samples from the Greater Himalayan Sequence were dated by U-Pb zircon. Sample 2.09.08C was
collected 0.5 km upstream from the Dirang bridge from a quartz-feldspar-biotite gneiss with migmatitic
texture (Figure 8a). This sample produced a nearly concordant zircon age distribution with a weighted mean
of 803.9 ± 8.8Ma (2 sigma; MSWD=1.09; Figure 7). Sample 2.12.08A was collected from a granitic orthogneiss
near the village of Tawang. The weighted mean age of 22 zircon crystals from this sample is 508.5 ± 7.6Ma
(2 sigma; MSWD=1.5). Sample 2.10.08C is from a coarse-grained schist collected along the switchback road
approximately 3 km south of Se La. This sample produced 27 grain ages, with 22 grains yielding a weighted
mean age of 503.2 ± 6.4Ma (2 sigma; MSWD=0.47). This sample also produced small, probably inherited, age
clusters at 544, 810, and >1497Ma. Sample 2.10.08H was collected from a black, biotitic paragneiss at Se La
(4202m), and produced a strong age peak at approximately 820Ma, with 81 grains between 800 and 850Ma.
This sample also produced 30 ages between approximately 950 and 1750Ma and nine ages between 665 and
800Ma (Figure 5).

Yin et al. [2010a] and Webb et al. [2013] reported several analyses of GHS rocks along the BP transect with
detrital protoliths. These produced age spectra between approximately 830Ma and 1700Ma; two of these
samples had no age peaks younger than about 1000Ma (Figure 10). These workers also reported ages from
granitoid intrusive rocks in the GHS that are approximately 830Ma and 500Ma, similar to those that we
obtained (Figure 7), as well as the strong approximately 820Ma age peak in our detrital sample 2.10.08H.
The ~510Ma plutons and ~665Ma detrital zircon U-Pb ages (Figure 5) bracket the age range of GHS sedimen-
tary protoliths. However, the presence of ~810Ma orthogneiss requires that some parts of the GHS must pre-
date this age. This same age range is documented for GHS protoliths in Bhutan, Sikkim, Nepal, and northern
India [DeCelles et al., 2000; Gehrels et al., 2006a, 2006b; Célérier et al., 2009;Webb et al., 2011;Martin et al., 2011;
McQuarrie et al., 2013; Mottram et al., 2014; Zeiger et al., 2015]. Anatexis and leucogranite production took
place during early Miocene time [Yin et al., 2010a].

4.4.2. Jaishidanda Formation
Along the BP transect the grade of metamorphism increases abruptly just west of the structurally highest out-
crops of clearly Lesser Himalayan character, which consist of the Shumar Formation and overlying inter-
bedded phyllite, quartzite, and fine-grained schist. These LHS rocks are identified by their Paleoproterozoic
detrital zircon U-Pb age spectra (Figure 5). Structurally above them lies a thick succession of schist, quartzite,
marble, and highly sheared granitoid orthogneiss. The first significant medium- to high-grade minerals
(garnet and staurolite) are present in these rocks, which crop out continuously all the way to the bridge over
the Dirang River ~9 km upstream from the town of Dirang (Figure 2). The grade of metamorphism and the
textural coarseness of the rocks increase upsection westward, with the upper 2–3 km of the succession
composed of coarse-grained black, garnet-biotite-muscovite-quartz schist (Figure 6d). Foliation is defined
by the micas. Garnet porphyroblasts are fractured perpendicular to the principle foliation and contain quartz
inclusions (Figure 6d). Quartzite units are strongly recrystallized and contain abundant biotite and dense
minerals. Marble intervals are calcitic and biotitic with floating quartz, and foliation is manifested by aligned
biotite crystals (Figure 6e). In spite of their relatively high grade of metamorphism, the rocks are at least
locally not highly strained; for example, quartz and garnet crystals do not exhibit features typical of high
shear-strain rocks (Figure 6d). This assemblage of rocks also crops out within the Lumla window near the
northwestern end of the BP transect (Figure 2).

A similar lithological unit, the Jaishidanda Formation, has been described in detail in Bhutan, occurring in the
same structural-stratigraphic context: always directly below the Main Central Thrust (Figure 2) [Dasgupta,
1995; Long et al., 2011b, 2011c]. In Bhutan, the Jaishidanda Formation consists of biotitic garnet-bearing
schist, interbedded with biotitic quartzite. Kumar [1997] referred to these rocks in western Arunachal as
the Dirang Formation of Mesoproterozoic age. This age assignment is shown to be incorrect by the detrital
zircon data discussed below, so in order to avoid confusion we tentatively map this unit along the BP transect
as Jaishidanda Formation (Figure 2).

Samples of quartzite from both the Dirang and Lumla areas (2.11.08A, 2.8.08D, and 2.9.08A) produced detrital
zircon U-Pb age spectra that are characterized by dominant age peaks between approximately 2000Ma and
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Figure 9. U-Pb Concordia plots of analyses from igneous zircons. Data point error ellipses are 68.3% confidence. See Figure 2 for the sample locations.
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945Ma. Sample 2.9.08A, from a quarry at Dirang, also produced three ages of approximately 550Ma age
(Figure 5). Our U-Pb ages confirm those of Yin et al. [2006, 2010a] from samples collected near our sample
locations (their samples AY 9-16-03-14A and AY 9-17-03-15). Yin et al. [2010a] andWebb et al. [2013] mapped
these rocks as part of the lower Lesser Himalayan Sequence, but their detrital zircon age distribution is more
like those of the Jaishidanda Formation (in Bhutan) and Greater Himalayan paragneisses (Figure 10). We infer
that the Jaishidanda Formation is a somewhat lower metamorphic-grade equivalent of the Greater
Himalayan Sequence. An analogous situation exists in central Nepal, where the Bhimphedi Group is demon-
strated to be a relatively low-grade protolith equivalent to the upper amphibolites- to granulite-grade rocks

Figure 10. Comparison of relative probability distributions for detrital zircon U-Pb ages from individual samples and
composite data sets generated by previous studies in Bhutan, Nepal, and Arunachal Pradesh. (a) Data from two samples of
unambiguous Greater Himalayan paragneiss from above the MCT along the BP transect [Webb et al., 2013]. (b) Data from
quartz arenites/quartzites along the BP transect that were interpreted by Yin et al. [2006, 2010a] as Lesser Himalayan rocks. (c)
Data from a sample of the Paro Formation in the Paro window directly below theMCT in western Bhutan [Tobgay et al., 2010].
(d) Compilations of data frommultiple samples of the Paro and Jaishidanda Formations in Bhutan [McQuarrie et al., 2013]. (e)
Data from two samples near the Main Central Thrust in central Nepal [Martin et al., 2005]. (f) Data from Jaishidanda Formation
samples in this study. (g) Greater Himalayan Sequence reference curve showing detrital (black) and igneous (pink) ages.
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of the Greater Himalayan Sequence [Gehrels et al., 2006b; Kohn, 2014].Martin et al. [2005] also reported similar
detrital zircons ages from rocks in the lowest part of the MCT sheet in central Nepal (their samples 502147
and 502107), and Webb et al. [2011] showed that detrital zircon ages in the Haimanta Group in northern
India exhibit this same pattern.

Based on detrital zircon ages, Long et al. [2011b] inferred a Neoproterozoic-Ordovician age for the Jaishidanda
Formation and placed it stratigraphically above an unconformity that caps the Daling Formation. This age infer-
encewas based on two samples collected from rocks beneath theMCT in southwestern Bhutan and one collected
from theMCT footwall farther northeast and closer to our study area; all of these samples contained detrital zircons
of Cambrian-Ordovician age. All of the other six Jaishidanda samples reported byMcQuarrie et al. [2008] and Long
et al. [2011b] lack this young age fraction and resemble our three samples of Jaishidanda Formation with large
numbers of grains in the 950–2000Ma age range and no grains younger than approximately 550Ma
(Figure 10). The Jaishidanda Formation has not been observed in contact with the Baxa Group in Bhutan [Long
et al., 2011b]. It is plausible that the three younger samples of “Jaishidanda” Formation reported by Long et al.
[2011b] could be part of the Baxa Group, roughly equivalent to the Rupa Group in our stratigraphic scheme
(Figure 3). Alternatively, the Jaishidanda Formation could be partly equivalent to the oldest part of the Tethyan
Sequence, as well as the Greater Himalayan Sequence [Long et al., 2011b]. In Arunachal, wemapped the basal con-
tact of the Jaishidanda Formation as a thrust fault, based on an abrupt change from low-grade metasedimentary
rocks intercalated with Bomdila orthogneiss below to the coarse, garnet-bearing Jaishidanda schists above. The
top of the Jaishidanda Formation is also interpreted to be a thrust fault, the Main Central Thrust.

4.5. Subhimalayan Rocks and Younger Alluvium
4.5.1. Siwalik Group
The Siwalik Group in Arunachal Pradesh crops out along the frontal foothills of the Himalaya and has been
divided in ascending order into the Dafla, Subansiri, and Kimin Formations. These three lithostratigraphically
defined members correspond approximately to the informal lower, middle, and upper members of the
Siwalik Group in Nepal [Quade et al., 1995; DeCelles et al., 1998b; Huyghe et al., 2005; Szulc et al., 2006; Ojha
et al., 2009; Chirouze et al., 2012a]. The Siwalik Group in Arunachal forms an ~5–6 km thick upward coarsening
succession of fluvial and alluvial fan deposits (Figure 3) [Chirouze et al., 2012b]. The Dafla Formation is com-
posed mainly of interbedded gray siltstone and sandstone; the Subansiri contains thicker, more massive
sandstone bodies along with lesser amounts of siltstone; and the Kimin Formation is composed of sandstone
and conglomerate. Paleontological and paleobotanical data [Singh, 1977; Dutta, 1980] indicate Miocene and
Pliocene ages, detrital zircon U-Pb ages indicate a middle Miocene maximum age of deposition [Cina et al.,
2009; Lang and Huntington, 2014], and paleomagnetic stratigraphy suggests an age range between
12.5Ma and slightly less than ~2.5Ma [Chirouze et al., 2012b].

Sample (2.3.08A) of the Subansiri Formation (middle Siwalik member) was collected along the Bhareli River
from directly below the Main Boundary Thrust. Zircon U-Pb ages exhibit clusters as approximately 130Ma,
507Ma, 817Ma, and older ages (Figure 5).
4.5.2. Quaternary Alluvium
Younger alluvial deposits consisting primarily of fluvial terrace gravels have been mapped and trenched by
Kumar et al. [2010] and Burgess et al. [2012]. Burgess et al. [2012] divided these deposits into at least five
distinct units based on geomorphological and textural characteristics.

5. Structural Geology

Yin et al. [2006, 2010a] andWebb et al. [2013] provided the first structural geological synthesis of the Himalayan
thrust belt in Arunachal Pradesh, employing modern methods of cross-section construction complemented by
measurements of finite strain indicators (e.g., foliations and lineations, S-C fabrics, and miscellaneous sense-of-
shear indicators). Additional structural observations at mesoscale to microscale are provided by Saha [2013].
Our structural assessment of the BP transect takes advantage of data provided by Yin et al. [2010a] but also
entails several significant revisions in the mapped surface geology and the resulting balanced cross section.
We divide the thrust belt structures into five zones based on stratigraphy and interpreted structural relations
in our balanced cross section (Figure 11). From south to north these consist of the Subhimalayan imbricate zone,
Lesser Himalayan imbricate zone, Bomdila imbricate zone, Greater Himalayan zone featuring the Main Central
Thrust and Sakteng syncline, and the Lumla dome. Individual thrust sheets throughout the BP transect are
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numbered 1–14 in structurally ascending order (Figure 11). We
identified major faults in the field based on the presence of shear
fabrics, sharp lithological breaks, and abrupt changes in meta-
morphic grade. Thrust fault geometries were constructed using
standard algorithms for fault-bend fold geometry, while attempt-
ing to maintain thicknesses of units as constant as possible.
Hanging wall cutoffs are generally eroded throughout the
Himalayan thrust belt, so we attempt to minimize the resulting
shortening estimates by truncating reconstructed hanging wall
units as close to the topographic surface as possible. The cross sec-
tion was line-length balanced and imported into Midland Valley,
LLC software Move for retrodeformation and forward kinematic
modeling. Significant differences between this cross section and
those of Yin et al. [2010a] are discussed in section 8.1.

5.1. Subhimalayan Imbricate Zone

The Subhimalayan imbricate zone is bounded on the south side
by the mostly buried Main Frontal Thrust (MFT) and consists of
three thrust sheets (1–3) composed of the Siwalik Group—the
Main Frontal, Bhalukpong, and Tipi Thrust sheets (Figure 11)
[Yin et al., 2010a]. The Main Frontal Thrust carries in its hanging
wall the Balipara anticline in the Kimin Formation and locally
folded Quaternary alluvium [Burgess et al., 2012]. The
Bhalukpong Thrust places the Subansiri Formation on the
Kimin Formation and Quaternary sediments at the surface [Yin
et al., 2010a; Chirouze et al., 2012b]. The Tipi Thrust places the
Dafla Formation (lower Siwalik Group) on the Kimin Formation
(upper Siwalik Group) [Chirouze et al., 2012b].

5.2. Lesser Himalayan Imbricate Zone

The Lesser Himalayan imbricate zone is bounded on its south side
by the Main Boundary Thrust (MBT) and involves two major thrust
sheets—4 and 5—composed of the Gondwana Group-lower
Miocene unit (Figures 2 and 11). The MBT juxtaposes Permian
Gondwana strata in its hanging wall with the Siwalik Group in its
footwall. The fault is exposed along a small spur road off of the
main road above the Kameng River (27.08551°N, 92.58581°E).
This structural-stratigraphic relationship (pre-middle Miocene
rocks on top of the Siwalik Group) is typical of the MBT along the
central and eastern sectors of the Himalayan thrust belt [Gansser,
1964; Mugnier et al., 1999; DeCelles et al., 2001; Long et al., 2011c].
Our placement of the MBT differs from that of Yin et al. [2010a],
who mapped “lower” and “upper”MBTs. The “lower MBT” on their
geological map (their Figure 4) juxtaposes hanging wall lower
Rupa Group rocks with footwall Permian rocks of the Gondwana
unit. The “upper MBT” of Yin et al. [2010a] is equivalent to the
Bome Thrust on our map and cross section and puts Bomdila
Gneiss above the marker bed quartzite that we consider to be
the Miri Formation. The structurally higher thrust sheet (number
5) in the Lesser Himalayan imbricate zone consists almost entirely
of diamictite and the Miri Formation quartzite. These rocks are
complexly folded, and it is plausible that additional minor thrust
faults combine with folding to increase the mapped thickness of
the interval.Fi
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5.3. Bomdila Imbricate Zone

The Bomdila imbricate zone consists of five large thrust sheets (numbered 6–10; Figure 11) composed of the
Bomdila and Rupa Groups. Yin et al. [2010a] noted that the Bomdila Gneiss along the BP transect is cut and
probably repeated by two or three major northwest dipping shear zones defined by intense crystal-size
reduction, S-C fabrics, rotated sigma clasts, and well-developed mylonitic foliation (Figure 4e). The southern-
most of these thrust sheets (number 6) is bounded by the Bome Thrust on its south side (“upper MBT” of Yin
et al. [2010a]). Thrust sheet 7 consists of Bomdila Gneiss juxtaposed with footwall black slate of the upper
Rupa Group by the Tenga Thrust [Yin et al., 2010a]. Thrust sheet 8 is composed of penetratively sheared
Bomdila Gneiss and carried by the Bomdila Thrust (or shear zone [Yin et al., 2006, 2010a]). It is overlain by
the >10 km thick thrust sheet 9, composed of the entire Lesser Himalayan stratigraphic-igneous succession
including the basal Shumar Formation (Figures 2 and 11). Long et al. [2011a, 2011c] mapped a similar
structural-stratigraphic relationship in eastern Bhutan and named the fault the Shumar Thrust. We carry this
nomenclature eastward into our cross section and tentatively continue the trace of the Shumar Thrust west-
ward into eastern Bhutan (Figure 2). The great thickness of the Shumar Thrust sheet may owe to inflation of
the Daling Formation by numerous bodies of Bomdila Gneiss; it is also conceivable that this thick panel is
actually formed of more than a single thrust sheet. In the subsurface north of and structurally above the
Shumar Thrust sheet lies an additional, completely inferential, thrust sheet of Lesser Himalayan rocks (num-
ber 10). This thrust sheet and the large hanging wall anticline above an 8 km high footwall ramp beneath its
southern part support the structural relief expressed at the surface in the Lumla window (Figure 11, note N).
Although we infer that this thrust sheet consists of Lesser Himalayan rocks, it could equally well be composed
of Jaishidanda Formation.

5.4. East Dirang Thrust

The contact between the upper greenschist-grade rocks of the Jaishidanda Formation and underlying Lesser
Himalayan quartzite and phyllite is inferred to be a major thrust fault (the East Dirang Thrust (EDT)) based on
the stratigraphic/lithologic break and a concentration of shear strain in this part of the section. Because rocks
in the hanging wall of this fault are of GHS affinity, with detrital zircon ages predominately between about
1800 and 900Ma, we root this thrust fault at the same regional elevation as the structurally higher Main
Central Thrust. The same rocks are exposed in the Lumla window (Figures 2 and 11 [Kesari, 2010]), where they
were considered to be Lesser Himalayan by Yin et al. [2006, 2010a]. In northern India, rocks of the Haimanta
Group share zircon age distributions and lithological similarities with the Jaishidanda Formation [Célérier
et al., 2009; Webb et al., 2011], and are mapped in the hanging wall of the Tons Thrust, which Webb et al.
[2011] andWebb [2013] showed to be a major footwall imbricate of the Main Central Thrust system. In central
Nepal, the Mahabharat Thrust sheet, composed of metasedimentary rocks of lower metamorphic grade than
the classic upper amphibolite-grade rocks of the Greater Himalayan Sequence [Stöcklin and Bhattarai, 1980,
1982; Gehrels et al., 2006a], probably occupies an analogous stratigraphic/structural position.

Detrital zircon ages from two lithologically similar, Jaishidanda Formation quartzite units in the hanging wall
of the EDT (samples 2.8.08D and 2.9.08A) produced almost identical age spectra, so we infer the presence of
an intraformational detachment that repeats the quartzite interval (Figure 11, note K).

5.5. Main Central Thrust and Greater Himalayan Zone

As in other sectors of the Himalayan thrust belt along strike to the west, the Main Central Thrust (MCT) marks
the southern boundary of high-grade Greater Himalayan metasedimentary and metaigneous rocks. In some
regions, particularly in Nepal, the MCT is a broad shear zone and the tectonic boundary is difficult to locate
precisely in the field [e.g., Arita, 1983; Vannay and Hodges, 1996; Parrish and Hodges, 1996; Hodges, 2000;
Kohn et al., 2001; Kohn, 2014; Martin et al., 2005]. Martin et al. [2005] advocated using a protolith boundary
to locate the MCT within the broad zone of intense shear strain that characterizes both sides of the fault in
central Nepal. Grujic et al. [1996], Davidson et al. [1997], and Mottram et al. [2014] used a similar approach
to describe the MCT and its encompassing shear zone in Bhutan and Sikkim.

In Arunachal the MCT is mapped in two plausible positions. Yin et al. [2006, 2010a] mapped it just west of the
town of Dirang in a several hundred meter-thick zone containing many north to northwest trending meso-
scopic folds, at the approximate transition from lower-grade rocks that they inferred to belong to the
Lesser Himalayan Sequence to coarse-grained garnet- and kyanite-bearing schists and gneisses above. No

Tectonics 10.1002/2016TC004298

DECELLES ET AL. EASTERN HIMALAYAN THRUST BELT 3013



mylonitic or otherwise high-strain shear zones are present, although Yin et al. [2006] did note a local, weakly
developed stretching lineation in underlying phyllite. The low level of strain in this zone (aside from the
mesoscopic folds) is consistent with our observations.

An alternative location for the MCT is just west of the bridge over the Dirang River, 9 km upstream from the
town of Dirang (Figure 2). As discussed above, the lithologies and detrital zircon age signatures of all samples
collected from the rocks in the Dirang area as far east as the East Dirang Thrust can be reconciled as part of
the Jaishidanda Formation (Figure 10), which we interpret as a low-grade protolith of GHS rocks (Figure 3),
rather than LHS rocks (as suggested by Yin et al. [2006]) or typical high-grade GHS rocks. The rocks cropping
out northwest of the Dirang River bridge, on the other hand, are kyanite-bearing paragneiss, migmatite, and
Cambrian and Neoproterozoic orthogneiss laced with leucogranite veins and sills and replete with partial
melt textures. Structurally above the MCT as we mapped it the main foliation is defined by aligned micas;
well-developed S-C fabrics and quartz-shape fabrics indicate top south shearing. These fabrics are cut by
leucocratic dikes that are commonly involved in top-south shear sense folds.

The MCT sheet is folded into a broad synform, the axis of which trends roughly N70E through the Se La area
(Figure 2). Ten kilometers farther west, the Sakteng klippe of Tethyan sedimentary rocks is exposed in the
hanging wall of the South Tibetan Detachment (Figure 2) [Grujic et al., 2002; Long et al., 2011c]. The northern
limb of the synform is above the southern flank of the antiformal Lumla window (Figure 11).

The Zimithang Thrust (ZT) is generally considered to be the eastern continuation of the Kakhtang Thrust in
Bhutan [Yin et al., 2010a; Warren et al., 2014]. The Kakhtang Thrust is interpreted to be an out-of-sequence
thrust that partially repeats the Greater Himalayan Sequence [Swapp and Hollister, 1991; Grujic et al., 1996,
2002; Davidson et al., 1997]. In Bhutan the fault places migmatitic hanging wall rocks on footwall rocks that
experienced lower temperatures [Davidson et al., 1997]. We depict the ZT as a breakthrough thrust on the
north limb of the antiformal structure at the core of the Lumla window (Figure 11). Grujic et al. [2002] esti-
mated 10–20 km of slip on the Kakhtang Thrust based on the offset of the South Tibetan Detachment, but
Zeiger et al. [2015] suggest that this fault is not a major Himalayan structure. The ZT is shown with ~15 km
of slip on the cross section (Figure 11).

5.6. Lumla Window

The Lumla window is a small structural window in the Main Central Thrust sheet that exposes low-grade
metasedimentary rocks [Kesari, 2010; Yin et al., 2006]. The thrust boundary is a sharp lithological and meta-
morphic break [Yin et al., 2010a], with amphibolite-grade metasedimentary and igneous rocks of the GHS
above and marble and quartzite below [Warren et al., 2014]. We interpret these footwall rocks to be part of
the Jaishidanda Formation, based on their intermediate metamorphic grade, lithological characteristics,
and detrital zircon age spectrum (see section 4.4.2). The Lumla window has a roughly domal shape and is
cut in several places by minor, north-south striking normal faults of the Cona Rift in southern Tibet [Yin
et al., 2010a]. On the cross section the structural relief necessary to support the window is produced by an
8 km high ramp anticline in the leading part of a large horse (number 10) of unidentified rocks in the subsur-
face. Although the interpretation presented in Figure 11 assigns horse 10 to the Bomdila Group, these rocks
also could be the Jaishidanda Formation.

5.7. South Tibetan Detachment

Although our mapping does not include the region north of Tawang, the South Tibetan Detachment fault
has been documented to the northwest of Arunachal by Webb et al. [2013], who mapped a >200m thick,
top-to-the-north shear zone separating footwall mylonitic orthogneiss and quartzite from hanging wall
garnet-biotite schist and leucogranite. The orthogneiss yielded an approximately 480Ma U-Pb age, consis-
tent with the interpretation that these rocks are part of the GHS. In Bhutan, Kellett and Grujic [2012] drew a
distinction between low-angle ductile faults that underlie klippen of Tethyan rocks in Bhutan and a steeper
normal fault that offsets this low-angle shear zone (which they referred to, respectively, as the outer and inner
South Tibetan Detachment (STD)). A similar pattern exists in Arunachal, where the Sakteng klippe is underlain
by a low-angle (with respect to rocks above and below) synformal fault [Chambers et al., 2011], and a second
somewhat steeper normal fault is present farther north (Figure 2).
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5.8. Main Himalayan Detachment

The restored lengths of thrust sheets 1–5, together with their restored structural elevations (determined by
their stratigraphies), determine the minimum northward locations of significant structural ramps on the
Main Himalayan Detachment (MHD) at locations B, C, and D on the cross section (Figure 11). At the northern
end of the cross section, the MHD is at a depth of 22 km below sea level or approximately 27 km below the
surface. The MHD can be divided into three segments based on average dip: beneath the frontal
Subhimalaya, it dips northward 1.9°; the detachment steepens to 13° at the top of the footwall ramp marked
“B” on the cross section; and then flattens again to 4° approximately 18 km below the surface trace of theMCT
(Figure 11). The steep segment of the detachment, which comprises three footwall ramps separated by a pair
of flats, cuts upward through 8 km of footwall stratigraphy. Seismic profiles across the northern Himalaya
west of our study area show that the MHD steepens to as much as 20° beneath the Tethyan Himalaya north
of the STD (Figure 11) [Hauck et al., 1998; Acton et al., 2011].

Figure 12. Kinematic restoration of the balanced cross section (Figure 11). (a–h) Cross section was restored in 13 stages, but only key stages are illustrated here. The
thick blue line on cross sections indicates the approximate location of rocks exposed in the Se La vertical profile. Restoration step E depicts the slip along the thrust
fault within the Jaishidanda Formation (Figure 11, note K) to partially accommodate the emplacement of horse 10 beneath the Lumla dome. Because of its uncer-
tainty, results of this kinematic event are not shown in subsequent restoration stages. At the right is the chart showing the distribution of thermochronological,
geochronological, and geological data from Arunachal and eastern Bhutan that help to constrain the timing of kinematic events; left-hand margin of diagram and
blue highlights indicate the corresponding frames in the kinematic restoration. The vertical dashed lines separate data from footwall and hanging wall rocks at each
major thrust. See text for discussion. BAFT = Bedrock AFT; DAFT = detrital AFT; ZHe = zircon (U-Th)/He.
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5.9. General Regional-Scale Observations

On the sequential restoration (Figure 12) both the Lesser Himalayan and Bomdila imbricate zones are depicted
as duplexes. This is not based on any outcrop evidence (such as branch line patterns) but rather results only
from the requirement to maintain bed lengths of units as deformation proceeds. Erosion is quite likely to have
continuously shaved off most of the material that is depicted at high elevations in the restoration. The Lumla
dome, on the other hand, is probably a result of a duplex; our cross section shows a single-horse duplex, but
additional horses could fit in the space beneath the dome [Yin et al., 2010a]. In map view, the strike directions
of all major faults between Se La and the Tenga Thrust deflect abruptly from east-west to north-south (Figure 2).
The swing in structural trend suggests the presence of a large east facing footwall lateral ramp through the LHS
in the subsurface to the north. The height of this lateral ramp must be similar to the ~8 km high frontal ramp
beneath the trace of theMCT because it must cut the entire LHS. Similar features mark the traces ofmajor thrust
faults in central and western Nepal [DeCelles et al., 2001; Robinson et al., 2006].

6. Exhumation History

White mica 40Ar/39Ar ages on samples of schist and gneiss (see section 3) document the time of exhumation
and cooling of rocks through the ~400 ± 50°C isotherm [McDougall and Harrison, 1999]. Results of step

Figure 13. Argon release spectra and age interpretations for samples collected along the BP transect. Samples 2.10.08A, 2.10.08C, and 2.10.08D are from the Se La
vertical profile. Sample 2.11.08C is from the Lumla window, and 2.8.08A is from the proximal hanging wall of the Shumar Thrust. Sample 2.7.08B is compromised by
excess argon. Numbers adjacent to boxes indicate temperature steps in degrees C. See Figure 2 for the sample locations.
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heating experiments on these samples
are shown in Figure 13. Samples
2.10.08A, 2.10.08C, and 2.10.08D, col-
lected from the ~2 km high vertical pro-
file climbing up to Se La from the south,
produced plateau ages of 15.5±1.7 Ma,
13.9±1.2 Ma, and either 8.2±1.8 Ma or
14.6±1.9 Ma (uncertainties at 1 sigma;
Table S3). The age spectrum resulting
from step heating of sample 2.10.08D,
near the top of the profile, is indicative
of a slightly disturbed sample and
shows older ages at lower temperature
steps, which may be indicative of excess
Ar (although the absence of a clear
saddle shape in the release spectrum
suggests that this sample was only
“modestly affected” [McDougall and
Harrison, 1999]). Alternatively, the older
ages produced in the early heating
steps may indicate the presence of a
more retentive reservoir within the crys-
tal, whereas the younger ages produced
during the later steps of the experiment
could derive from a less retentive reser-
voir [Forster and Lister, 2004]. The inter-
pretation for this sample is therefore
complex. An older plateau age of 14.6
±1.9 Ma, based on four relatively low
temperature steps, is statistically indis-

tinguishable from the ages of the other two samples on the vertical profile and would reflect rapid exhuma-
tion at about that time, whereas the younger plateau age of 8.2±1.8 Ma based on higher-temperature steps is
difficult to reconcile with the position of this sample at the top of the profile as well as other geological obser-
vations (see section 7). Sample 2.8.08A was collected from the Bomdila Group above the Shumar Thrust and
yielded a plateau age of 10.11 ± 0.07Ma. Sample 2.11.08C was collected from Greater Himalayan rocks
directly above the MCT on the north flank of the Lumla dome and produced a plateau age of 8.58 ± 0.11.
Sample 2.7.08B is from the Bomdila Gneiss but produced a saddle-shaped argon release spectrum typical
of samples compromised by excess argon. Additional 40Ar/39Ar ages were reported by Yin et al. [2006,
2010a] andWarren et al. [2014] from Greater Himalayan rocks on the north limb of the Lumla dome, ranging
between approximately 12.3Ma and 6.5Ma. Yin et al. [2010a] reported a mica 40Ar/39Ar cooling age of
10.7Ma in what we consider to be the Jaishidanda Formation, below the MCT near Dirang. These authors also
reported 40Ar/39Ar ages of synkinematic mica bundles: one sample in the footwall of the Shumar Thrust pro-
duced an age of 13.4Ma and two samples in the Jaishidanda Formation above the East Dirang Thrust and in
the Lumla window produced ages of 6.5 and 6.9Ma.

AFT pooled ages range between 4.2 ± 0.6Ma and 7.1 ± 1.4Ma (1 sigma; Table 1) and show a trend with eleva-
tion (older ages at higher elevations) consistent with an exhumation rate of approximately 0.8mm/yr
(weighted regression line; Figure 14). The 1-D approach of calculating exhumation rates using a simple
regression of age-elevation data provides only a crude estimate because of the sensitivity of low-T thermo-
chronometers (particularly apatite U-Th)/He) to relief [Huntington et al., 2007]; this is especially problematic
for steep exhumation paths and high erosion rates. A similar exhumation rate of 0.9mm/yr is obtained by
using the white mica 40Ar/39Ar age of 13.9Ma and the AFT age of 4.2Ma for sample 2.10.08C, assuming a
closure temperature of 350°C for white mica 40Ar/39Ar, and 120°C for AFT and a paleogeothermal gradient
of 25°C/km (Figure 14). The AFT ages are similar to AFT ages reported by Grujic et al. [2006] from Bhutan

Figure 14. Age versus elevation plot of AFT ages from samples in the Se
La vertical profile. Also shown in inset diagram is the time-temperature
history of sample 2.10.08C based on both AFT and 40Ar/39Ar analyses.
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but significantly older than ages reported by Adlakha et al. [2013]. We note that Adlakha et al. [2013] used a
slow etching protocol for AFT, which has been shown to produce unreliable ages [e.g., Murrell et al., 2009;
Stevens et al., 2016].

Chirouze et al. [2013] reported detrital zircon and apatite fission track data from Siwalik Group samples
collected along the southern part of the BP transect; the stratigraphic age range of these samples is approxi-
mately 13Ma to approximately 1Ma. They found that in Siwalik Group deposits younger than approximately
4Ma, lag times between mineral cooling and deposition suggest locally rapid (1.5–2mm/yr) and moderate
(0.6mm/yr) exhumation rates. Grujic et al. [2006] found bedrock exhumation rates in eastern Bhutan to be
~0.6–0.9mm/yr, in line with estimates of bedrock exhumation rates from this study. These authors also found
evidence in the zircon fission track data for a static peak at approximately 20Ma.

7. Shortening and Kinematic History

Restoration of the cross section to an undeformed state implies a shortening distance of 421 km for the rocks
structurally below the South Tibetan Detachment (Figure 11). Because this estimate ignores substantial pene-
trative deformation, microscale to macroscale folding, and metamorphism, it probably represents a mini-
mum value. The rocks in the hanging wall of the MCT have experienced extremely complex deformation,
metamorphism, and melting (for example, see reviews by Kohn [2014] and Cottle et al. [2015]), but the kine-
matic restoration treats them as a homogenous mass for the sake of simplicity. Major uncertainties in the
shortening estimate derive from the general absence of hanging wall cutoffs (which have been eroded)
and paucity of subsurface data. Hanging wall cutoffs in the cross section (Figure 11) are placed as close to
the topographic surface as possible to minimize the shortening estimate. Much of the structure shown in
the subsurface depends on thicknesses of rock units, which are not well known regionally. In the restoration
process, faults are treated as brittle discrete surfaces, rather than the nearly ubiquitous brittle-ductile to
ductile shear zones that are actually present. Notwithstanding these uncertainties and limitations, the basal
Himalayan detachment in the deformed-state cross section nearly matches its location as imaged by seismic
experiments, particularly the interpretations of Hauck et al. [1998] and Acton et al. [2011] fromwestern Bhutan
and southern Tibet, and many features of the cross section are also evident in other regional cross sections
along the entire length of the Himalayan thrust belt [e.g., Valdiya, 1980; Coward and Butler, 1985; Schelling
and Arita, 1991; Srivastava and Mitra, 1994; DeCelles et al., 1998b, 2001; Pearson and DeCelles, 2005;
Robinson et al., 2006; Murphy, 2007; Mitra et al., 2010; Yin et al., 2010a; Long et al., 2011a, 2012; Webb et al.,
2011, 2013; Webb, 2013; Khanal and Robinson, 2013; Robinson and Martin, 2014; He et al., 2015;
Bhattacharyya et al., 2015].

The post-22Ma kinematic history of the Arunachal Himalayan thrust belt based on the available thermochro-
nology, geochronology, and dated cross-cutting relationships is illustrated in Figure 12. Although the kine-
matic history of major faults in Arunachal is generally not well known, previous work in Bhutan provides
age constraints that are included in Figure 12. Earlier thrusting in the Tethyan (Tibetan) Himalayan part of
the thrust belt is even less documented but was clearly active from late Paleocene time onward [e.g.,
Ratschbacher et al., 1994; Ding et al., 2005; Najman et al., 2008; Aikman et al., 2008; Webb et al., 2013;
DeCelles et al., 2014; Hu et al., 2015; Zeiger et al., 2015].

Timing of MCT slip/shear in eastern Bhutan is bracketed between approximately 23Ma and 16Ma (see
summary in Long et al. [2012], using data from Grujic et al. [2002], Daniel et al. [2003], Kellett et al.
[2009, 2013], and Chambers et al. [2011]). Daniel et al. [2003] reported monazite Th-Pb ages from rocks
in northeastern Bhutan that are probably equivalent to the Jaishidanda Formation; these ages are from
metamorphic monazite that was growing at approximately 20Ma in the footwall of the MCT at tem-
peratures greater than 400°C. Daniel et al. [2003] also reported 22 ± 1Ma metamorphic monazite above
the MCT, igneous monazite that recorded high-pressure (>10 kbar) anatexis at 18–14Ma, and high-
pressure metamorphism at 15–14Ma below the Kakhtang Thrust. The Kakhtang Thrust also cuts a leuco-
granite body with a monazite Th-Pb age of 14–15Ma [Grujic et al., 2002]. Grujic et al. [2002] interpreted the
Kakhtang as an out-of-sequence thrust that was active from approximately 14–10Ma. Warren et al. [2011]
attributed granulite grade metamorphism approximately 20–17Ma in the footwall of the Kakhtang Thrust
to burial by the thrust sheet. In Arunachal, rocks above and below the ZT have produced Th-Pb monazite
and thermobarometric data that indicate high-grade metamorphism owing to burial of the footwall
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approximately 21–18Ma and thrust-sense shear in the ZT fault zone at 14.9 ± 0.3Ma (Figure 12b) [Warren
et al., 2014]. This age range is in line with the available data from the MCT in Bhutan [Long et al., 2012].

The timing of slip on the STD has been dated as early to middle Miocene in many places along the
Himalayan thrust belt [e.g., Hodges et al., 1996; Dèzes et al., 1999; Searle et al., 1999; Searle and Godin,
2003; Leloup et al., 2010; Searle, 2010; Chambers et al., 2011; Kellett et al., 2013; Cottle et al., 2015, 2011].
In eastern Bhutan, Chambers et al. [2011] argued that the part of the STD underneath the Sakteng klippe
(the outer STD of Kellett and Grujic [2012]) was active approximately 25–20Ma. The northern trace of the
STD (inner STD of Kellett and Grujic [2012]) was active after approximately 15Ma [Kellett et al., 2009]. In
Arunachal, the approximately 15.5–12Ma mica 40Ar/39Ar ages from the Se La profile could represent cool-
ing of rocks during tectonic exhumation by the STD, consistent with the interpretations of Kellett et al.
[2009, 2013] in Bhutan (Figures 12c–12e). Though sparse, the available data from Arunachal suggest that
(1) the main phase of slip on the MCT was during early Miocene time, (2) the Zimithang (Kakhtang) thrust
was an out-of-sequence event during early to middle Miocene time, and (3) the STD was sporadically active
throughout the approximately 23–12(?) Ma time window (Figure 12). Episodic activation, reactivation, and
slip reversal on multiple faults and shear zones in Greater Himalayan rocks between the MCT and STD have
been demonstrated in several areas, where detailed structural and geochronological work has been done
[Vannay and Hodges, 1996; Hodges et al., 1996; Webb et al., 2011; Chambers et al., 2011; Kellett et al.,
2013; Cottle et al., 2015].

Rapid cooling of Greater Himalayan rocks north of the Lumla dome commenced about 12Ma [Yin et al., 2006,
2010a; Warren et al., 2014]. As mentioned above, the same rocks exposed to the south in the Se La vertical
profile had already cooled through the mica 40Ar/39Ar closure temperature (400–350°C) between ~16 and
12Ma (Figures 12d and 12e), perhaps in response to normal faulting along the STD. Apparently, rocks to the
north of the Lumla dome remained buried deeply enough to maintain temperature >350°C until 12Ma.
Warren et al. [2014] noted that 40Ar/39Ar ages in this area exhibit no spatial trend and overlap temporally
on either side of the Zimithang Thrust, suggesting that they are not related to ZT slip. The onset of cooling
in this area probably tracks the timing of growth of the Lumla dome as horse 10 was transported up its foot-
wall ramp while the locus of frontal thrusting shifted southward onto the Shumar Thrust and/or a minor fault
within the Jaishidanda section above the East Dirang Thrust (Figures 11 and 12e). Rocks of Greater Himalayan
affinity in the MCT and EDT sheets had already been emplaced on top of Lesser Himalayan rocks by 12Ma,
and thrust burial and footwall deformation below the Shumar Thrust had begun perhaps as early as 13Ma
in Arunachal [Yin et al., 2010a]. The Shumar Thrust may be considerably older in Bhutan, where ages of neo-
blastic mica and metamorphic zircon rims in samples from its footwall are ~15–17Ma [Long et al., 2012]; this
would imply that the Shumar Thrust was active during late stages of MCT slip. The mica 40Ar/39Ar cooling age
from sample 2.8.08A suggests that initial exhumation along the preserved frontal part of the Shumar Thrust
sheet began no later than 10Ma. The 40Ar/39Ar cooling ages between approximately 10 and 7Ma in the
Jaishidanda Formation within the Lumla window and GHS rocks in the north limb of the Lumla dome could
all represent a response to kinematic northward tipping and rock uplift above the 8 km high footwall ramp
beneath the dome (Figures 12e and 12f).

In the kinematic restoration, the south limb of the Sakteng syncline began to develop after ~15Ma as Lesser
Himalayan rocks of the Shumar Thrust sheet (and all overlying rocks) were shoved up the ~8 km high ST foot-
wall ramp (Figure 12d). Additional uplift and northward tipping of Lesser Himalayan rocks continue until the
present, as the frontal ramp of the Main Himalayan detachment steps southward. AFT ages of approximately
7.5–4.0Ma in the Se La vertical profile are interpreted to represent continued cooling (and exhumation) of
rocks in the orogenic wedge as it was transported up subsidiary footwall ramps beneath the Bomdila imbri-
cate zone (Figures 12g and 12h). Although almost no direct constraints are available for the timing of slip on
the Bomdila and Lesser Himalayan imbricate zones, Long et al. [2012] reported zircon (U-Th)/He cooling ages
of approximately 10–11Ma in the Lesser Himalayan duplex below the Shumar Thrust in Bhutan, suggesting
the onset of duplex growth and exhumation at that time.

Paleomagnetically dated synorogenic foreland basin deposits of the Siwalik Group [Chirouze et al., 2012b]
are cut by the Main Boundary, Tipi, Balukpong, and Main Frontal Thrusts (Figures 2 and 11), providing
bracketing ages on some of these faults. The MBT must at least partly postdate ~7.5Ma Middle Siwalik
Group strata in its footwall [Chirouze et al., 2012b]. The Tipi Thrust cuts upper Siwalik Group strata that
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are younger than 2.5Ma, and the MFT folds Siwalik Group deposits that are probably younger than 1Ma
(Figures 12g and 12h) [Chirouze et al., 2012b]. Quaternary terraces are deformed by ongoing folding above
the frontal Balipara anticline, which is considered to be a ramp anticline above the tip of the active MFT
[Burgess et al., 2012].

Overall, the Himalayan thrust belt in Arunachal shows a southward kinematic progression of major thrusting
events, with at least one major out-of-sequence event on the Zimithang Thrust (Figure 12). The rates of
shortening and southward (relative) thrust front propagation generally decreased through time, with long-
distance thrusting events during early Miocene time, followed at ~12–10Ma by the onset of internal duplex-
ing of Lesser Himalayan rocks and a corresponding deceleration of southward propagation (Figures 12f–12h)
[Long et al., 2012].

8. Discussion

The present work in the eastern Himalaya has relevance for ongoing debates about Himalayan tectonics and
stratigraphy. In the following, we address several of these issues from the perspective of Arunachal geology.

8.1. Crustal Structure of the Eastern Himalaya

Yin et al. [2010a] presented several different structural cross sections for the Arunachal Himalaya. Although
each of these cross sections contains bed-length and fault geometry incompatibilities (i.e., violations of the
template constraint in cross-section construction [Woodward et al., 1989; Wilkerson and Dicken, 2001]), they
all share major features with our cross section, including the out-of-sequence Zimithang (Kakhtang) Thrust,
the Sakteng syncline and the duplex that props up its northern limb, and the frontal imbricate belts. In addi-
tion, the corrected shortening estimate from Yin et al. [2010a] for rocks south of the STD is 440 km [Long et al.,
2011a], within 20 km our shortening estimate. Thus, to a first order, our interpretation is broadly consistent
with the cross section in Yin et al. [2010a, Figure 4f]. However, in all of their cross sections, Yin et al. [2010a]
andWebb et al. [2013] interpreted the Bomdila Gneiss as Indian cratonic basement, which is inconsistent with
its age and intrusive relationship within the lower part of the Lesser Himalayan Sequence. In their favored
interpretation, Yin et al. [2010a, Figure 4d] called for an early Paleozoic, ~20 km high, north verging basement
block uplift to be present beneath the frontal part of the Himalayan thrust belt. In this interpretation, the
uplifted block is mantled by a concordantly folded succession of Proterozoic through Permian strata.
Based on this interpretation, Yin et al. [2010a] concluded that the eastern Himalayan thrust belt is fundamen-
tally thick skinned. The inferred early Paleozoic age of this structure, is not compatible with a concordantly
folded Proterozoic through Permian stratigraphic section. In any case, the fact that the Bomdila Gneiss is
intrusive into the Paleoproterozoic stratigraphic succession rather than part of the cratonic Indian basement
obviates the need for an enormous basement declivity as depicted by Yin et al. [2010a].

8.2. Along-Strike Structural and Stratigraphic Continuities

The structural architecture of the Arunachal Himalaya is remarkably similar to that which has been documen-
ted in numerous cross sections over an along-strike distance of >1800 km farther west, from Bhutan
[McQuarrie et al., 2008; Long et al., 2011a; Long et al., 2012] to Sikkim [Bhattacharyya et al., 2015], central
Nepal [Pearson and DeCelles, 2005; Khanal and Robinson, 2013; Robinson and Martin, 2014], western Nepal
[DeCelles et al., 2001; Robinson et al., 2006], and northern India [Srivastava and Mitra, 1994; Célérier et al.,
2009; Webb et al., 2011; Webb, 2013]. Structural elements common to all of these cross sections include the
STD, a thrust sheet of medium- to high-grade metamorphic rocks that overlaps most of the frontal thrust belt
(the MCT sheet), the Lesser Himalayan duplex, sporadically preserved synformal klippen of the MCT sheet, a
foothill imbricate zone in Lesser Himalayan rocks, and a frontal imbricate zone composed almost entirely of
foreland basin deposits. Shortening estimates are also remarkably similar along this length of the Himalaya,
generally totaling 450–550 km, with perhaps somewhat greater shortening in western Nepal in the central
part of the Himalayan arc [Long et al., 2012; Bhattacharyya et al., 2015].

In detail, the stratigraphic elevations of major thrust faults (MFT, MBT, Ramgarh-Shumar andMunsiari Thrusts,
and the MCT) vary along strike owing to the presence of lateral ramps [e.g., Pearson and DeCelles, 2005; Yin,
2006], but the protolith packages are remarkably constant. For example, the MCT and its imbricates consis-
tently carry metasedimentary rocks (of varying metamorphic grade) of Neoproterozoic-Cambrian age, which
experienced Early Paleozoic metamorphism and granitic magmatism [Hodges, 2000; Gehrels et al., 2006a,
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2006b; Richards et al., 2006; Martin et al., 2005, 2011; Mottram et al., 2014; Bhargava et al., 2016; this study].
These rocks were buried by THS strata that contain the detrital derivatives of the GHS after Cambrian time
[DeCelles et al., 2000; Gehrels et al., 2006a]. Both GHS and THS rocks have been thrust southward on top of
Paleoproterozoic to Mesoproterozoic rocks of the LHS or younger THS strata, which are themselves ubiqui-
tously found in the hanging wall of the MBT.

In many regions, including Arunachal Pradesh, Tethyan strata of Paleozoic age were deposited as far south as
what has generally been referred to as the geographic Lesser Himalaya, giving rise to some confusion in
recent stratigraphic literature [e.g., Myrow et al., 2003, 2010]. In some cases, THS rocks, which are
distinguished by containing approximately 500Ma detrital zircons [Gehrels et al., 2006a, 2011], sit unconform-
ably upon Proterozoic LHS [e.g., Sakai, 1983], and in some cases low- to medium-grade Neoproterozoic-
Cambrian sedimentary or metasedimentary rocks (e.g., the Haimanta Group of northern India, Bhimphedi
Group of central Nepal, and Jaishidanda Formation of Arunachal and possibly Bhutan) are in thrust contact
with underlying Proterozoic LHS strata. In no case, however, is there a continuous, structurally unbroken suc-
cession of Paleoproterozoic through Paleozoic strata as depicted byMyrow et al. [2003] nor is there evidence
that the Lesser Himalayan, Greater Himalayan, and Tethyan Himalayan Sequences are age-equivalent parts of
a single lithostratigraphic succession that was draped across the northern edge of cratonic India [Myrow et al.,
2003; Yin, 2006; Searle et al., 2008; Célérier et al., 2009]. Instead, large volumes of geochronological and isoto-
pic data show that the GHS is as much as ~1Ga younger than the LHS and that the THS is mostly younger
than the GHS [e.g., DeCelles et al., 2000; Richards et al., 2005, 2006; Gehrels et al., 2011; Webb et al., 2011;
Long et al., 2011b].

Two aspects of theMyrow et al. [2003] analysis are critical to the issue of Himalayan tectonostratigraphy. First,
these authors sampled Cambrian strata in the geographic Lesser Himalaya of northern India (in rocks referred
to as “Outer Lesser Himalaya”) and regarded these strata as part of an unbroken stratigraphic succession of true
Lesser Himalayan Sequence strata. This interpretation ignores the major thrust fault beneath this package of
rocks that separates it from the structurally underlying Lesser Himalayan Sequence—the Tons-Krol thrust
[Auden, 1934], which Webb et al. [2011] interpreted to be a major footwall splay of the MCT (i.e., similar to
our interpretation of the EDT-MCT relationship in Arunachal). In this Cambrian-age sample, Myrow et al.
[2003] found a detrital zircon age pattern that resembles patterns found in GHS rocks. This is not surprising
because the rocks that were sampled are indeed likely protolith equivalents of the GHS [e.g., Webb et al.,
2011, Figure 17].Myrow et al. [2003, 2010] noted a close similarity in detrital ages in this sample and those from
another sample of Cambrian rocks from north of the STD. The similarity in detrital zircon ages in these two
Cambrian samples suggests that they are from more or less equivalent strata; however, neither of the
units sampled is part of the Lesser Himalayan Sequence. Rather, these rocks are more logically considered
to be protolith equivalents to the upper part of the GHS [Webb, 2013]. In any case, these strata are allochtho-
nous with respect to the Lesser Himalayan Sequence [Auden, 1934]. A second problem in the Myrow et al.
[2003] analysis is their claim that approximately 500Ma detrital zircons are present in GHS rocks [Myrow
et al., 2003, p. 438]. The approximately 500Ma zircons in the GHS are confined to plutons and partial melts
of that age, and GHS detrital zircons are older than 550–650Ma [DeCelles et al., 2000; Gehrels et al., 2011].
The fact that the THS contains detrital zirconswith approximately 500Ma ages, whereas the GHS contains only
plutons of that age, is evidence that the THS is generally younger than and largely derived from the GHS.

Contributing substantially to the stratigraphic confusion is the term Outer Lesser Himalaya for rocks in
northern India that are actually correlative with Greater Himalayan protoliths [Webb et al., 2011]. The logical
conclusion is that the term should be discarded and that these rocks should be referred to as a relatively
low-grade part of the GHS [Richards et al., 2005]. This would also be advantageous from a kinematic view-
point, because the fault that underlies these rocks may be part of the MCT system [Webb et al., 2011;
Webb, 2013].

8.3. Regional Kinematic History

FromArunachal to northern India, the kinematic history of the Himalayan thrust belt exhibits a consistent pat-
tern of long-distance, low-taper, thrusting events during early to middle Miocene time, followed by an abrupt
deceleration of thrust front propagation and an increase in orogenic wedge taper. Early thrusts (MCT, ZT, EDT,
and ST) in Arunachal carried thick, multiply metamorphosed, predominantly high-grade thrust sheets over
long distances, whereas thrusts later in the sequence involved smaller displacements of shorter, thinner
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thrust sheets composed of nearly
unmetamorphosed rocks, and the
growth of large duplexes beneath the
earlier emplaced metamorphic thrust
sheets (Figures 12 and 15). Long et al.
2011a, 2012, Bhattacharyya et al.
[2015], Robinson and McQuarrie [2012],
and Webb [2013] found similar patterns
in Bhutan, Sikkim, western Nepal, and
northern India, respectively. In each of
these studies, the transition, which
evinces a change from low- to high-
taper geometry of the Himalayan oro-
genic wedge, was found to occur
between ~12 and 10Ma (Figure 15).
The change in kinematic style was
accompanied by a decline in thrust
front propagation velocity and cumula-
tive shortening rate. The change in kine-
matics cannot be ascribed to a change
in overall plate convergence velocity,
which remained approximately con-
stant from approximately 15 to 0Ma
[Molnar and Stock, 2009; Copley et al.,
2010]. The kinematic transition also
coincided with the time of transition in
the foreland basin from relatively well-
drained fluvial floodplains with several
meter-scale channel sandstones to
thick, multistory fluvial channel systems
and swampy floodplains (the lower to

middle Siwalik Group transition [Quade et al., 1995; DeCelles et al., 1998b; Ojha et al., 2009; Chirouze et al.,
2012a, 2012b]) and the onset of strong seasonality in the isotopic proxy record of Dettman et al. [2001] from
mollusk shells in the Siwalik Group. The increase in paleo-channel dimensions has been interpreted to be a
response to development of monsoonal discharge patterns, with larger channels required to convey
monsoon-season water out of the mountains into the foreland basin [Quade et al., 1995; DeCelles et al.,
1998b]. It is tempting to attribute the kinematic change to increased monsoon intensity and erosion in the
thrust belt [Clift, 2006]; however, the simultaneous change from involvement of high-grade metamorphic
thrust sheets to low-grade thrust sheets, composed of plausibly weaker rocks, suggests that the change could
as well be related to decreased orogenic wedge strength, a factor that would have required increased wedge
taper for continued forward propagation. Growth of duplexes is a well-understood means by which orogenic
wedges can increase their taper [Mitra and Boyer, 1986; DeCelles and Mitra, 1995; Mitra, 1997].

9. Conclusions

Mapping, geochronology, and thermochronology provide the basis for a new regional-scale structural cross
section and kinematic restoration for the Arunachal Pradesh segment of the eastern Himalayan thrust belt.
The new data, combined with previously published information, demonstrate that stratigraphic units and
major structures documented along most of the Himalayan thrust belt continue into western Arunachal.
Total minimum shortening in rocks beneath the South Tibetan Detachment is approximately 421 km, consis-
tent with estimates from Bhutan along strike to the west.

A significant difference between the Arunachal Himalaya and other segments of the thrust belt is the abun-
dance of Paleoproterozoic augen orthogneiss (Bomdila Gneiss), which is shown to be part of the Lesser

Figure 15. Cumulative slip curves from regional cross-section restora-
tions in northern India [Webb, 2013], western Nepal [Robinson and
McQuarrie, 2012], eastern Bhutan [Long et al., 2011a], and Arunachal (this
study). Individual thrust faults are numbered from 1–16, north to south,
and most significant fault systems are highlighted with symbols as
indicated in the legend at the top. LHD is the onset of Lesser Himalayan
duplex growth, which is formed by many of the succeeding thrust events.
Although the ages of individual events vary somewhat among the cross
sections, all authors agree on the timing of initial LHD growth as
approximately 10–12Ma. This time represents the transition from
long-distance slip events to lesser events, as indicated on an average per
fault basis.
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Himalayan stratigraphic sequence rather than Indian cratonic basement. No evidence for significant “base-
ment” involvement was found in this part of the thrust belt.

The kinematic history of the Arunachal segment of the Himalaya roughly matches that documented in other
regions of the Himalaya as far along strike as 1800 km to the northwest. Of particular interest is a change from
low-taper thrusting to high-taper thrust belt growth, coincident with growth of the Lesser Himalayan duplex.
This change in thrust belt kinematics happened ~12–10Ma, raising the prospect that climate and lithological
composition and strength combined to control the dynamics of the orogenic wedge.
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